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Modeles déterministes et aléatoires d’agrégation limitée et
phénomene de gélification

Résumé

Dans cette thése, nous étudions des modeles d’agrégation limitée, qui modélisent la coa-
lescence de particules ayant des “bras”, c’est-a-dire un nombre fixé de liens potentiels.
Une particule ne peut donc créer plus de liens que son nombre de bras. On s’intéresse en
particulier & une variante de ’équation de Smoluchowski introduite par Jean Bertoin.

Ce document comprend, outre I'introduction, trois chapitres. Le premier est dévolu a
I’étude d’un modele sexué de coagulation, ou les particules ont des bras maéles et femelles
et seuls des bras de sexes opposés peuvent se joindre. Ce modele généralise et unifie ceux
de Bertoin, dont on peut en particulier retrouver les résultats.

Le second chapitre comprend un travail en collaboration avec Lorenzo Zambotti. On
s’y intéresse a 'unicité des solutions d’équations de coagulation apres gélification, en par-
ticulier ’équation de Smoluchowski avec noyau multiplicatif et 1’équation d’agrégation
limitée. En particulier, on donne des preuves rigoureuses de certaines heuristiques de la
littérature physique, par exemple en calculant précisément le temps de gélification. Dans
le cas d’agrégation limitée, on obtient aussi des formules particuliérement simples pour les
concentrations limites.

Pour expliquer celles-ci, on étudie dans le dernier chapitre un modeéle microscopique
pour I'équation de Smoluchowski d’agrégation limitée. Ceci est un travail commun avec
Mathieu Merle. On parvient a décrire précisément 1’état microscopique du systéme a tout
temps et ainsi a retrouver les formules du second chapitre. Une caractéristique frappante
de ce modele est qu’il possede une propriété de criticalité auto-organisée.

Mots-clefs

Equation de Smoluchowski, Modeles d’agrégation limitée, Gélification, Systémes infinis
d’équations différentielles, EDP non linéaires, Graphes aléatoires, Modele de configuration,
Criticalité auto-organisée



Deterministic and random models of limited aggregation
and gelation phenomenon

Abstract

In this PhD thesis, we study limited aggregation models, modeling coalescence of particles
with “arms”; i.e. a fixed number of potential links. Hence, a particle cannot create more
links than its number of arms. We are particularly interested in a variant of Smoluchowski’s
equation introduced by Jean Bertoin.

This document contains, after the introduction, three chapters. The first is devoted to
the study of a sexed model of coagulation, where particles have male and female arms, and
only arms with opposite genders can bind. This model generalizes and unifies Bertoin’s
model and we can in particular recover his results.

The second chapter contains a joint work with Lorenzo Zambotti. We deal with the
uniqueness to various coagulation equations after gelation, in particular Smoluchowski’s
equation with a multiplicative kernel and the equation with limited aggregations. We
provide in particular rigorous proofs to several heuristics of the Physics literature, e.g.
by computing precisely the gelation time. In the case of limited aggregations, we obtain
particularly simple formulas for the limiting concentrations.

To explain them, we study in the last chapter a microscopic model for Smoluchowski’s
equation of limited aggregation, what is a joint work with Mathieu Merle. We manage to
describe precisely the microscopic state of our system at any time, and thus recover the
formulas from the previous chapter. A striking feature of this model is that it exhibits a
phenomenon of self-organized criticality.

Keywords

Smoluchowski’s equation, Limited aggregation models, Gelation, Infinite systems of ODEs,
Non-linear PDEs, Random graphs, Configuration model, Self-organized criticality
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Introduction

Contents
1 Content of the thesis . . . . ... .. ... . oo 9
2 A short history of Smoluchowski’s equation . .......... 11
2.1 Presentation . . . . ... Lo oo 11
2.2 What is obvious? . . . . . ... Lo 12
2.3 Multiplicative kernel and gelation . . . . . . . . . ... ... ... 12
2.4 Microscopic model and Flory’s equation . . . .. ... ... ... 13
3 Smoluchowski’s equation of limited aggregations . ... .. .. 15
3.1 Bertoin’smodel . . . . ... o oo 15
3.2 Configuration model . . . . . . .. ... L oL 17
3.3 Microscopic model . . . . . ... 19
4 A two-type limited aggregation model . . . . . . ... ... ... 20
4.1 Model . . . . . . 20
4.2 Results . . . . .« o 21
4.3 A microscopicmodel . . ... oL L 23
5 Post-gelation uniqueness of coagulation equations . . . . .. .. 24
5.1 Post-gelation behavior for the standard Smoluchowski equation . 24

5.2 Post-gelation behavior for the model with limited aggregations . 25

5.3 Limiting concentrations . . . .. ... .. .. ... ... ... 26
6 A microscopic model for Smoluchowski’s equation . ... ... 26
6.1 Model . . . . . . e 27
6.2 Post-gelation result . . . . .. ... oo oo 27
6.3 Remarks . . . . . . . . . . 28
6.4 Final state . . . .. ... .. L 28

1 Content of the thesis

This PhD thesis focuses on the pre- and post-gelation behavior of Smoluchowski’s equation
for limited aggregation introduced by Bertoin [3], meant to model pairwise coalescence of
particles with a certain number of potential links, called arms in the text. We shall focus
on the continuous deterministic model as well as on a microscopic model. The latter is
related to random graph theory, more precisely to the configuration model.
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The main material of this text consists in three articles, each accounting for a chapter
of the thesis.

e The first [43] studies an alternate (continuous) model for limited aggregation, where
the particles are given two types of arms, called female and male, and where only
male and female arms can bind. This is quite natural when we think of ionic bonds.
The results we prove are similar to those obtained for Smoluchowski’s equation, with
or without limited aggregations, and in fact allow to recover the results proved by
Bertoin [3].

e The second is a joint work [44] with Lorenzo Zambotti. We prove therein the unique-
ness of the solutions to Smoluchowski’s equation (with or without limited aggrega-
tions) and provide representation formulas which allow to compute general relevant
quantities. The strikingly simple expressions obtained for the final state of that
model calls for a probabilistic interpretation, given in the last part of this work.

e The last chapter contains a joint work [41] with Mathieu Merle to be submitted soon.
It deals with a microscopic model for Smoluchowski’s equation with limited aggre-
gations, aiming at giving a probabilistic interpretation for some formulas obtained
in the previous chapter. This is achieved by describing precisely at any time the
shape of the “small” clusters in that model and observing a striking feature called
post-gelation self-organized criticality.

The goal of this introduction is threefold. We first provide a presentation of the one-
century-old Smoluchowski equation, which has been extensively studied but has also raised
many interesting and unanswered questions. Though we will mainly consider other models
(of limited aggregation), the intuition and ideas gained from earlier (mathematical or not)
works on Smoluchowski’s equation is at the very heart of many of our results and proofs.
Moreover many properties of Smoluchowski’s equation still hold for other models, up to
some quite obvious modifications.

One of these properties, and a most difficult one to handle, is the gelation phenomenon,
which heuristically corresponds to the appearance of giant clusters of particles. Oddly, it
turns out that this phenomenon is quite well understood heuristically (in what Aldous [1]
calls “scientific modeling literature”), but that few rigorous results have been obtained.
The third and fourth part of this thesis are actually devoted to studying rigorously this
phenomenon.

The second goal of this introduction is to present our main interest, namely Smolu-
chowski’s equation for limited aggregations, as introduced in 2009 by Bertoin [3]. It is
closely related, on the one hand to Smoluchowski’s equation, on the other hand to a ran-
dom graph model called the configuration model which we shall explain. The paper [3] is
actually the very starting point of this thesis, which gave rise to most of the questions we
tried to answer, and we shall thus state and explain the results it contains.

The last part of this introduction is devoted to the precise statements and descriptions
of the results of the three chapters. As already said, many results or models are easy to
understand when we know the results or heuristics concerning Smoluchowski’s equation,
and could with a little luck be guessed down to the last comma'. We hope however that
some of them are more unexpected.

'But hopefully, not the proofs!
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2 A short history of Smoluchowski’s equation

2.1 Presentation
2.1.1 A first motivation

Coagulation phenomena arise in many areas of science, such as chemistry (formation of
polymers from monomers), meteorology (creation of water droplets), biology (coagulation
of algae), astronomy (formation of planets) or, in mathematics, genealogy or random
graph theory. Aldous’ review [1] is a good introduction to the subject. Depending on
the phenomenon which is to be modeled, many mathematical formulations, random or
deterministic, can be given. Among the deterministic tools, one of the most usual is
Smoluchowski’s equation introduced in [57], which is meant to model pairwise coalescence
of particles (or clusters of particles) in a mean-field setting.

2.1.2 A matter of vocabulary

Let us be careful about the terminology we will use. Except in a part of the third chapter
of this thesis, the masses will always be discrete, integer-valued to be specific. We may
thus assume that the elementary entities of our system are particles of mass 1. When
particles bind together, they create a cluster, which has a mass m € N* being the number
of particles it contains.

The coagulations are seen as the creation of a link between particles. This also creates
a link between the clusters to which these particles belong. Hence, depending on the point
of view we wish to adopt, we will speak of coagulation of particles or of clusters, though
this is obviously the same.

2.1.3 The equation

To understand Smoluchowski’s equation, imagine that clusters of different masses move
through space. Two of them, of mass, say, m and m’, may, if sufficiently close, merge into
a cluster of mass m + m’. Obviously, taking into account all parameters (mass, position,
velocity, shape, ...) is rather complicated. In a mean-field model, the whole dynamic
is thus subsumed into a symmetric kernel x(m,m’), modeling the “rate” at which two
clusters of mass m and m’ coalesce. This is to be understood in the following sense: call
ct(m) the concentration of clusters of mass m at time ¢, i.e. the number of such clusters
per unit volume. Then, the average number of coagulations

m,m/ —m+m
{

in a time interval [t,t + d¢] is given by

]‘ /! /
§m(m, m’)ey(m)ey(m') dt.

The evolution of ¢;(m) as time passes thus obeys Smoluchowski’s equation, actually
an infinite system of nonlinear ODEs,

m—1
%Ct(m) = k(m,m’) c;(m) c(m —m') — Z k(m,m)ce(m)e(m'), (1.1)

mi=1 m'>1

N |

for m € N*. The first term of the RHS accounts for creation of clusters of mass m, by
coagulation of clusters of mass m’ and m —m/. The second accounts for the disappearance
of such clusters by coagulation with another cluster.
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2.2 What is obvious?

From a physical point of view, at least two facts should be intuitively obvious. Here and
below, for nonnegative functions ¢ and f on N, we write

(e, f) = (e, f(m)) = D _ c(m)f(m).

m>1

e First, the ¢;’s, supposed to model concentrations, should be nonnegative. Obviously,
we will only consider nonnegative initial conditions, and it is then easy to see that
any solution to (1.1) or any of its variants remains nonnegative. We give a proof of
this fact in the second chapter, but we will anyway take it for granted in the whole
text.

e Secondly, the mass
(ct,m) = Z me(m)
m>1
should remain constant, since none is lost when a coagulation occurs. This is in fact
quite a tricky question and a major breakpoint in the theory, as we shall now see.

2.3 Multiplicative kernel and gelation

The behavior of Equation (1.1) depends heavily on the kernel x, which itself depends on
the process we wish to model (see [1] for some examples). However, three kernels are of
particular interests, namely the constant «(m,m’) = 1, additive x(m,m’) = m + m’ and
multiplicative x(m, m’) = mm’ kernels. For the first two kernels, the system is quite easy
to solve, for instance by considering a PDE involving the generating function of (c¢(m)).
The constant case has actually been solved by Smoluchowski himself [57], the additive
case by Golovin in [20].

The multiplicative kernel has a much more interesting behavior, first pointed out by
McLeod [39].

Theorem 2.1 (McLeod, 1962). For initial conditions co(m) = 1y,,—1y, Smoluchowski’s
equation (1.1) with a multiplicative kernel has a unique solution fort € [0,1]. This solution
enjoys the following properties.

e Forallt <1,
sup <cs,m2) < +OO,
s€[0,t]
and
lim (c¢, m?) = +o0.
t—1—

o This solution is mass-conservative, that is, for all t € [0,1],

(ct, m) = (co,m) = 1.

Moreover, there is no mass-conservative solution defined on a greater interval [0,T] for
T>1.

Hence, if there is actually a solution on a larger time-interval, then the mass changes
after 1, and it easy to see that it can only decrease then. This is a phenomenon called
gelation. Though it seems physically rather counterintuitive, it may be interpreted as the
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appearance of a giant cluster with infinite mass but zero concentration, accounting for a
positive fraction of the total mass of the system?.

We may think of this phenomenon from a chemical point of view, where our clusters
experience a chemical reaction in a solution, which eventually leads to the formation of
huge clusters which precipitate. They then fall to the bottom of the solution where they
become inert. Hence, the mass in solution decreases. We will call these large clusters by
the generic name of gel. Throughout this text, we shall adopt this heuristic point of view,
using related vocabulary and metaphors.

Now, obviously, these questions only make sense if we know that a solution does exist
on a larger interval than [0, 1]. It can actually be proved that this holds, by using either
deterministic [34] or random [45] techniques. In the first case, this is done by considering
a truncated system taking into account only a finite number of masses. In the second
case, by exhibiting a discrete random model, which is shown to be tight, and such that
any converging subsequence solves Smoluchowski’s equation (1.1). Now is thus probably
the right time to introduce these models.

2.4 Microscopic model and Flory’s equation

2.4.1 Marcus-Lushnikov model

Let us now deal with a microscopic model underlying Smoluchowski’s equation (1.1).
To keep the model as simple as possible, we shall only deal with monodisperse initial
conditions c¢o(m) = 1 {m=1}- The most natural model is to consider a pure-jump Markov

process t — XgN) = (XEN)(m))meN*, with values in NN'. For m € N*, the variable
XEN) (m) should be thought of as the number of clusters with mass m at time ¢. In

particular, we start from initial condition X(()N)(l) = N and X(()N) (m) = 0 for m > 2.

Define
Am,m’ (Z) = ﬂ{i:m+m’} - ﬂ{z:m} - ]l{i:m’}’ i€ N*.

Then, the transition
XM XV A

occurs at rate x(m,m’). In other words, two clusters of mass m and m’ coalesce at rate
k(m,m’). This is called a Marcus-Lushnikov process, as it was introduced and studied by
Marcus [38] and Lushnikov [37].

One would thus expect that, after proper space- and time-rescaling, this would converge

to a solution of Smoluchowski’s equation. To be precise, let nEN) =X t(/NN) /N. We wish

to study its possible limit ¢ in the Skorokhod space D(R™, /1(N*)) of cadlag process with
values in ¢! (N*), expecting ¢ to be a solution to (1.1). This is actually only partly true.

In the case of a sublinear kernel (i.e. such that k(m,m’)/m — 0 as m — +oo for all
m'), it has been first proved by Jeon [27] that this indeed holds. However, sublinear kernels
do not exhibit gelation. Norris [45] considered this model for kernels which may exhibit
gelation, such as the multiplicative one. He shows that the convergence to Smoluchowski’s
equation holds only before the gelation time.

2.4.2 What is the gelation time?

Let us take advantage of this last result to insist on a slight issue regarding the definition of
the gelation time. For the continuous model (1.1), the most natural definition is the time

2Actually, there may just as well be several giant clusters, though we talk of “the” giant cluster by
abuse of language.
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when the mass starts to decrease. For instance, it is 1 in the context of McLeod’s result. It
turns out that this is also the moment when the second moment (c;, m?) explodes, though
this may be purely coincidental.

There is actually an easy implication: as long as the second moment remains finite,
the mass remains constant (this is just dominated convergence). The converse is not so
obvious, but it is commonly admitted to be the case. We shall prove in the third chapter
of this text that this is actually true for the multiplicative kernel.

In most cases where this relation is still unknown, as in Norris’ result mentioned above,
the gelation time is defined as the first time when the second moment explodes, mainly
because this is a stronger definition.

We may also want to define gelation times for microscopic models. Several definitions
exist in that case, which may yield different times. We refer to Jeon [27] for more details.
Concerning the present text, we will define in the last chapter a gelation time for our
microscopic model, and prove that it converges to the gelation time for the corresponding
continuous model.

2.4.3 Flory’s equation

In addition to Norris’ result mentioned above, Fournier and Giet [17] have shown the
following: when k(m,m’)/m’ converges to some I(m) as m’ — +oo (as is the case of the
multiplicative kernel), then, on the whole of R*, a limit point ¢ of (n(™)) solves Flory’s
equation:

d 1 i / / / /
act 5 Z_ ) Ct(m -m ) - /Zl K(m7 m )Ct(m)ct(m )
—~ m> (1.2)
—l(m)ci(m) Z m/(co(m') — cr(m)).

m/'>1

This is Smoluchowski’s equation with an extra term added, modeling an interaction
between the gel and the clusters in solution. Note indeed that [(m) may be interpreted as
the rate of coagulation of clusters of mass m with clusters of infinite mass, and that

> m(co(m) — er(m))

m/>1

is precisely the missing mass of the system, or, in other words, the mass in the gel.

The convergence of the discrete model to Flory’s rather than to Smoluchowski’s equa-
tion actually makes perfect sense. Indeed, in the discrete model, any cluster can interact
with any other, whatever their sizes are, whereas Smoluchowski’s equation does not al-
low any interaction with the gel. Hence, a decent microscopic model for the latter would
prevent the “big” clusters to interact with the others. This idea has been formalized by
Fournier and Laurencot in [19]. In that paper, they allow only the clusters of size less
than a(N) to coagulate, where 1 < o(/N) < N, and show that the process converges (up
to a subsequence) to a solution of Smoluchowski’s equation. That is the idea we will take
over to build our microscopic model in the last chapter.

2.4.4 Other microscopic models

The model we consider above is quite simple and probably does not really convey the
physical idea of coagulation. We may rather want to identify the clusters and actually
“see” them grow bigger as time passes.
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e On the one hand, we can forget about the space and study the combinatorial struc-
ture of our clusters. To be more precise, say that they are formed of elementary
particles. A coagulation is seen as the creation of an edge between particles, and the
clusters are the connected components of the graph which is formed this way. We
can then study the typical structure of such a graph and how it evolves. Probably
the best known model of that type is Erdés-Rényi’s [10, 11], where two vertices are
bound after an exponential time. The evolution of the size of the connected compo-
nents is closely related to Smoluchowski’s equation (1.1) with a multiplicative kernel
[2]. Another classical model, called the configuration model, is related to Smolu-
chowski’s equation for limited aggregation. We will see the relation between the two
in the next section.

e On the other hand, we may only keep track of the mass (or size) of the clusters,
assume that they move through space and may coalesce when sufficiently close.
When the motion of the clusters is a Brownian motion, it has been shown [32, 22, 23]
under various assumptions that, after proper rescaling, the cluster-size distribution
converges to a solution of Smoluchowski’s equation (1.1), with a kernel depending
on the model. This is probably the most striking evidence that this equation is a
good continuous model of coalescence.

3 Smoluchowski’s equation of limited aggregations

3.1 Bertoin’s model
3.1.1 The equation

Except in the third chapter, this thesis will mainly focus on a variant of Smoluchowski’s
equation introduced by Jean Bertoin [3], which we will call the modified Smoluchowski
equation. In contrast, Equation (1.1) will be called the standard Smoluchowski equation.

Two main ideas underlie the introduction of this equation. One is its link with the
configuration model, which we shall explain later. Amnother is the following important
issue concerning the standard Smoluchowski equation: an elementary particle can (and
eventually will if the kernel is positive) be bound to infinitely many other particles. How-
ever, physically, one may want to think of coagulations as covalent bonds, whose number
is limited. A way around this problem is to initially give each particle a certain number of
arms. These arms are used to create the bonds, in that two arms are used to create a link
and cannot be used again. Then, a cluster is characterized by its mass m and its number
of (free) arms a, i.e. the total number of non-used arms of the particles it consists in.
This model has first been considered by Bertoin in [3], and the evolution of concentrations
ct(a,m) of (a, m)-clusters, i.e. clusters with a arms and mass m, is given by

at+l m—1

d 1
&ct(a,m) =3 Z Z d(a+2—ad)e(a,me(a+2—d,m—m)
a’'=1m'=1 (13)
— Z Z aa’ci(a, m)cy(a’,m’).
a’>1m'>1

As for (1.1), the first term of the RHS accounts for the creation of (a,m)-clusters by
coagulation of (a’,m’) and (a+ 2 — a’, m —m/)-clusters. The second term accounts for the
disappearance of such clusters, by coagulation with other clusters.

Note also that here as well, the kernel is multiplicative. The reason for that choice
is the relation with the configuration model explained in Section 3.3. We may anyhow
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ask natural questions regarding this equation, in particular wonder if there is a unique
solution, and if we may observe the same phenomenon of gelation as for Smoluchowski’s
equation with a multiplicative kernel. Intuitively, this depends on the number of arms on
each particle. For instance, nothing happens if particles have no arm. If they all have one
arm, clusters of two particles only are created as time goes by. On the other hand, if all
particles have a huge number of arms, big clusters may very well appear.

3.1.2 Normalization

It is important to insist here on the normalization considered for the initial conditions.
Here and below, we denote, for ¢, f : N x N* — R*,

(¢, f) = Z c(a,m) f(a,m)

(a,m)eNxN*

writing a for the function (a, m) — a, m for (a,m) — m and so on.
In the text, we will consider two types of initial conditions:

e Either monodisperse initial conditions co(a, m) = p(a)l,,—1}. They have two main
advantages: the first is that they allow to obtain quite simple expressions for ¢;(a, m).
The second is that, when we consider a corresponding microscopic model, the initial
state is just constituted of a set of elementary particles, with no links created between
them.

e Or polydisperse initial conditions, where there can be particles of any mass at time
0. Obviously, the interest is to obtain more general results. It is however harder to
study a corresponding microscopic model, and we shall not use this approach.

We may also adopt two conventions for the normalization, namely either have initial
conditions ¢y with unit mean, i.e. (cg,a) = 1, or ¢g with unit concentration, i.e. {cg,1) = 1.
It really does not matter if (¢, a) < 400, since this only leads to a linear time-change in
the models.

e When considering the continuous model given by Smoluchowski’s equation (1.3) (as
in the second and third chapter), we will mainly choose the first normalization,
since it makes computations easier. For monodisperse initial conditions cy(a,m) =
w(a)l {m=1}, this means, from a microscopic point of view, that we consider

— a large number N of particles,
— with i.i.d. number of arms given by u/(u, 1),
— in a volume (u,1).

e When considering a microscopic model (as in the fourth chapter), we will only con-
sider monodisperse initial conditions co(a,m) = p(a)l,—1y with the second nor-
malization, i.e. such that p is a probability. It means that we consider

— a large number N of particles,
— with i.i.d. number of arms given by u,

— in a volume 1.

However, for the most part of the third chapter, no particular normalization is chosen,
so as to give the most general results.
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3.1.3 Result

In his paper [3], Bertoin considers initial conditions co(a,m) = p(a)lyy,—1y for a measure
i with unit mean and finite second moment. He then answers the standard questions on
Smoluchowski’s equation. Denote in the sequel K = (i, a(a — 1)) and

+00 if K<1
Tyl = 1 i (1.4)
— if K>1.
K1 1 >
Theorem 3.1. For initial conditions co(a,m) = p(a)l =1y, Equation (1.3) has a unique
solution defined on [0, Tye1). This solution has the property that, for all T < Tge,

sup {(ct,a?) < 400
t€[0,T]

and, if Tgel < 400,
lim (¢, a®) = +o0.

t—=T
gel

Moreover, for ¢ < Tgel, these solutions are given by explicit formulas.

By analogy with the result of Mc Leod (Theorem 2.1), the time Ty is interpreted as
the gelation time. When T, = +o00, the explicit formulas allow to compute the limiting
concentrations. To this end, we define a probability measure v by v(k) = (k+ 1)u(k + 1),
k € N, and assume that v # d;. Its m-th convolution product is written v*.

Corollary 3.2. When Ty = +00, the following convergence holds:

tlg—noo cr(a,m) = coo(m)L{a=o

where, for m > 2,
1

m(m — 1)

Coo(m) = v (m — 2). (1.5)

Those limiting concentrations can be interpreted in terms of the total progeny of some
Galton-Watson process. A rigorous explanation of this relation is given in the paper [4],
and we shall give an intuitive presentation of the result. This is achieved thanks to the
configuration model, which deserves an introduction of its own.

3.2 Configuration model
3.2.1 Definition

The configuration model is a random graph model aiming at producing a graph with pre-
scribed degrees. The simplest definition is to consider a set of N particles with a1,...,an
arms (or half-edges, or stubs), and then to take a uniform pairing of these arms, i.e. a
partition of the set of arms in pairs. If the total number of arms is odd, we leave an arm
unpaired. We then link the two arms in each pair to produce an edge, so, as a result, we
get a random graph. Note that the number of pairings is finite so that this variable is
well-defined. Note also that we may actually obtain a multiple graph. In the standard
definition of the configuration model (see e.g. [54]), one conditions on the graph being
simple, but this is not relevant in our case.

There are multiple ways of constructing a configuration model, other than naively (and
algorithmically extremely costly) picking a pairing uniformly at random.



18 CHAPTER 1. INTRODUCTION

e A first way is to choose a random uniform ordering of the arms, and to bind together
the first and the second arm, the third and fourth, and so on. To do so, one may for
instance set i.i.d. exponential clocks on the arms, which induce a natural ordering
of them.

e Another way is to first remove an arm uniformly at random if the number of arms
is odd. Then, pick a particle arbitrarily. Choose one of its arms, and bind it
with another one uniformly chosen among all other arms. Then, take any available
(i.e. not yet paired) arm of this newly-formed cluster, and bind it to another arm
uniformly chosen among all the other available ones. Go on until no more arms are
available in the cluster, then start over with any other particle. It is important to
note that, at each step, the choice of the first vertex or arm really is arbitrary, in
that we may choose them according to any random or deterministic rule.

To get a microscopic model for (1.3), an intuitive idea is to consider a dynamical version
of this algorithm. Obviously, the same issues as for microscopic models for Smoluchowski’s
equation arise. When no gelation occurs, this should however provide a good model, as
we shall see.

3.2.2 Giant component

A classical question about random graphs is the existence of a giant component, i.e. a
connected component with size Cy such that Cy = ©(N). This problem is entirely solved
in the case of the configuration model. The main assumption is that the empirical measure

1N
_ 51_
N;“

converges to a probability u with a second moment, and that so do its two first moments.

An important notion which we will use throughout the text is the size-biased shifted-
by-one probability & deduced from a probability . It is defined, whenever = # 4y (in
which case we let # = dp) and 7 has a finite mean, by

(k+1)7m(k+1)
2@1 i (i)

Its interests lies in the following remark. Consider N particles with empirical distribution
of arms 7 (i.e., there are w(k) N particles with k arms). When one picks a particle uniformly
at random, its number of arms has law 7. Now, pick an arm uniformly at random, and
consider the outer number of arms of the particle to which it is attached, i.e. its number
of arms but the one picked. Then this number has law 7. Notice that the size-bias stems
from the fact that we pick an arm, not a particle, uniformly at random; the shift from the
fact that we consider the outer number of arms.

The main result about the configuration model [42, 26, 54] is that a giant component
exists with probability tending to 1 as N — +oo if and only if (i, k) > 1, and else no
giant component exists with probability tending to 1.

This condition is in fact closely related to the occurrence of gelation in Smoluchowski’s
equation. To be precise, consider initial conditions co(a,m) = p(a)lyy,—1y, thus con-
sidering a different normalization from that of Theorem 3.1. This only induces a linear
time-change, and obviously does not matter to whether Ty < 400 or Tye = +00. Then,
Teel < +00 & (fi,k) > 1, i.e. there is gelation if and only if a giant component appears

(k) = k> 0.
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in the corresponding configuration model. This is natural if we think of the configura-
tion model as a microscopic model for Smoluchowski’s equation (1.3), and gelation as the
appearance of a giant cluster.

3.3 Microscopic model
3.3.1 Definition

A nice microscopic model for Smoluchowski’s equation with limited aggregation (1.3)
should be obtained as a dynamical version of the configuration model. To this end, proceed
as follows. Consider first a large number N of particles with i.i.d. number of arms with
law p; := p/(u,1). Then, set i.i.d. exponential clocks on each pair of arms, and bind the
two arms whose clock rings first. Then, wait for the next clock to ring on a couple of arms
{a,b}. If a or b has already been paired, do nothing, and else, pair them. Go on until all
arms (except possibly one) are paired.

This construction provides a process such that two clusters with a and a’ available arms
coalesce at rate close to aa’. This is not the exact rate since there is a positive probability
that the two arms we bind belong to the same cluster, in which case no coagulation occurs.
However, this event has very small probability when N is large, and so this does not play
any role in the limit. This is the reason for the rate aa’ in Equation (1.3), and why it is
interesting to study this one amongst all.

Now, the same result as for Smoluchowski’s equation, as explained in Section 2.4,
holds. To be precise, after space- and time-rescaling, the concentrations converge to the
solution to Smoluchowski’s equation (1.3) if there is no gelation. Else they converge to a
solution to Flory’s equation for limited aggregations, which will be introduced in Chapter
3.

3.3.2 Limiting concentrations

Now, the final state of this construction should explain the limiting concentrations (1.5).
But this final state is just a uniform pairing of the arms, or, in other words, a configuration
model. Hence, a typical cluster may be built thanks to the second algorithm of Section
3.2.1.

Recall from Section 3.2.2 the following facts.

e The law of the number of arms of a particle picked uniformly at random is u;.

e When one picks an arm uniformly at random, the number of outer arms of the
particle to which it is attached is v = ji;.

e Moreover, when few particles have been picked, these laws do not vary much.

Now, let us wonder what a typical cluster looks like, that is, consider a particle uni-
formly at random, call it 1, and let us build its cluster. Since N is large, it is very unlikely
that two of its arms bind together, or grab the same particle. The law of the number of
particles to which it is bound is thus approximately u;.

Then, take an arm b. By construction, b chooses an arm uniformly at random, attached
to a particle j, and hence, from the above remarks, the law of the number of outer arms
of j is very close to v. We can go on and see that the number of outer arms of any
particle but 1 is approximately v. When few particles are paired, there is only a very
small probability that cycles, loops or double-edges occur and thus, the cluster of 1 is
approximately a Galton-Watson tree GW,, ,,, whose ancestor has reproduction law ; and
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the other individuals have reproduction law v. We may check a posteriori that » has mean
less than 1 (since we assumed Tyl = +00), so these trees indeed are finite.

To recover the limiting concentrations from this remark, consider p(m), the probability
that a particle, picked uniformly at random, is in a cluster of size m in the final state. On
the one hand,

MCoo (M) B MCoo (M)

{Coo,m) (w; 1)

by definition. On the other hand, we just saw that this is (approximately) the probability
that the size T'(u,v) of a GW,, ,-tree is m, so that we get

p(m) =

1

m

{11, BT (1, v) = m).

Coo ()

But, by Dwass’ formula [9],

1 1
—V

P(T (i, v) = m) = " (m = 2),
hence verifying the result. This argument is made rigorous in the work [4] by Bertoin and
Sidoravicius subsequent to [3].

4 A two-type limited aggregation model

4.1 Model

The second chapter (following this one) of this thesis deals with a two-type limited aggre-
gation model. The material of this chapter is taken from an article [43] published in the
Journal of Statistical Physics and entitled “A model for coagulation with mating”.

The title is explained by the “sexed” model we consider. We indeed assume that we
are given particles with two types of arms, namely the male and female arms. Only male
and female arms can bind, and these arms are used to perform the coagulations: two
clusters coalesce when a male arm of one binds with a female one of the other. There are
two main motivations to this work. The first is the idea of ionic bonds, which is natural
when considering a medium filled with ions, which bind to create polymers. The second
motivation is to bring together the two models considered by Bertoin in [3]. We shall
however only discuss the relation with the symmetric model (in the terminology of [3])
(1.3) described above. The relation with the other model is explained in Chapter 2.

As coagulations occur in the sexed model, clusters of particles are created. These
clusters are characterized by a triplet (a, b, m), where a € N is its number of available (i.e.
not yet linked) male arms, b € N its number of available female arms and m € N* its mass,
i.e. the number of particles it consists in.

Two clusters may coagulate when one has an (available) female arm and the other has
an (available) male arm, and when a coagulation occurs, the used arms merge and create
an edge. Hence, we may only observe the transition

{(a,b,m),(a",V/,m)} = (a+d —1,b+b —1,m+m).

We will assume that this transition occurs with a rate given by the number of pairs formed
of a female arm and of a male arm, that is a’b + ab’.

Mathematically, define ¢;(a,b, m) the concentration of clusters with a male arms, b
female arms and mass m. Then these concentration abide by the sexed Smoluchowski
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equation given by

d m—1 a+1 b+1
act(abm Z ZZ 'b+1-V)+b(a+1—a))x
m'=1a’=0b'=
ct(a,b,m)ct(a+1—a',b—l—l—b',m—m’) (1.6)

- Z Z Z(ab’_|_a’b)ct(a,b,m)ct(a',b/,m,)-

m'>1a’>0b'>0

As for (1.1) and (1.3), the first term of the RHS accounts for the creation of (a,b,m)-
clusters by coagulation of (a’,t/,m’) and (a +1 —a’,b+ 1 — b',m — m’)-clusters. The
second term accounts for the disappearance of such clusters, by coagulation with other
clusters.

Our goal is to study this equation as done in [3] for (1.3). More precisely, we want
to know about the existence and uniqueness to a solution, and whether we may observe
similar phenomena as for (1.3), namely whether gelation occurs, whether we can give
explicit solutions and compute the limiting concentrations.

4.2 Results
4.2.1 Well-posedness

Our main result is existence and uniqueness of a solution to (1.6) up to a critical time.
Let S = N x N x N*. For two nonnegative functions ¢, f : S — R, define

(e, f) =Y cp)f(p).

peS

We also write a for the function f(a,b,m) = a, b for f(a,b,m) = b, and so on.

In all the statements and proofs, we are given nonnegative initial concentrations cg
such that {cg, 1) < 400, (co,a) = (co,b) =1 and (cp, a® + b?) < +00. We may then define

M = (cg, ab) + \/<co,a2 —a){co,b*> — b)

Tgel = {

We thus obtain the following result.

and

_l’_

o HM<I1

1.7
it M > 1. (17)

-

-1

Theorem 4.1. (i) Smoluchowski’s equation (1.6) with initial conditions co has a unique
solution (c;) defined on [0, Tyel).

(ii) Fort € [0, Tye1), supsejo q{Cs, a? +b%) < +o0, and (¢, a® + b*) — +00 when t — Tyel.
(iii) The total mass (c;,m) is constant on [0, Tgel).

It is obviously very similar to Theorem 3.1, so carrying out the same discussion is
probably not worth it. Let us rather insist on its consequences.



22 CHAPTER 1. INTRODUCTION

4.2.2 Explicit solutions

In [3], Bertoin obtained explicit solutions for (1.3) starting from monodisperse initial
conditions co(a,m) = p(a)ly,—1y. However, this cannot be achieved in our case for any
initial conditions co(a, b, m) = pu(a, b)1p,—1}, but only in some special cases. Probably the
most interesting case is the one which allows to recover Bertoin’s results for (1.3).

To do so, a natural idea is to give, at time 0, i.i.d. numbers of arms to each particle and
then give each of these arms independently a gender with probability 1/2. The knowledge
of the genders should then be irrelevant, and forgetting about them should allow to recover
Equation (1.3). So consider

a+b\ 1
/’L(a‘ﬂ b) = /’Ll(a+ b)( b >2a+b7

where 1 is a measure with mean 2, so that (cp,a) = (co,b) = 1. In other words, this
means that the particle have i.i.d. number of arms given by /2, and that each arm is
independently with probability 1/2 male or female.

Denote ¢¢(k,m) the solution to (1.3) with monodisperse initial conditions co(k, m) =
(111/2)(k)L{p=13- Then, we can see that

Z ce(a,b,m) = 2¢i(k,m)
a+b=k

and

1fa+b\ 1
ci(a,bym) = 2( b >2a+bct(a+b,m).

Hence, at any given time, the distribution of the number of male (or female) arms is
still binomial. So, if at some time we choose to reassign to each arm a gender uniformly
and independently, and let the system evolve on from this state, no difference would be
observed. Or we could forget about the genders at some time ¢ and observe the state at
time ¢ of Bertoin’s model (1.3). Or, finally, we could watch a system evolve like (1.3)
starting from an arm distribution p1/2, and then at some time give the arms a gender
uniformly at random and independently. The evolution afterwards will be the evolution
of the sexed model with initial arm distribution u.

Note also that the factor 2 in these equations is irrelevant, since it comes only from the
normalization: in our model, the total concentration of arms in the medium is 2, while it
is 1 in Bertoin’s model. Finally, it is worth noticing that the gelation time for this model
is the same as in the symmetric model with initial distribution /2.

4.2.3 Limiting concentrations

As in Bertoin’s result, we may want to compute the limiting concentrations whenever
the gelation time Tge is infinite. So let us start from monodisperse initial conditions
co(a,b,m) = p(a,b)Lip,—1) with (co,a) = {(co,b) = 1. We may then define the probabil-
ity measures ji,(a,b) = (b + L)u(a,b+ 1), pr(a,b) = (a + 1)p(a + 1,b) and p;i(a,b) =
p(a,b)/{p, 1).

Let T'(pis ftm, piy) be the size of a two-type Galton-Watson tree GWy, ,,,, ., Whose
ancestor has reproduction law u;, and the other individuals have reproduction law g,
for the males, py for the females. The assumption that Tye = +00 ensures that it is a
subcritical Galton-Watson tree. When it is not degenerate (i.e. has a positive probability
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of being infinite even though it is subcritical, see [24]), we may show that we have the
convergence
Ct(a‘v b, ’I?’L) - Coo(m)]l{a:bZO}

where

_ %(u, D)P(T (i poms, pof) = ).

In this formula, the factor (i, 1) stems from the normalization and is irrelevant. Having
said that, this formula may be interpreted as in Bertoin’s case with only one type of arm
(see Section 3.3.2). Note indeed that p; is the law of the number of (male and female)
arms of a particle picked uniformly at random, and that, when a male (resp. female) arm
is picked uniformly at random, g, (resp. py) is the law of the outer number of arms of
the particle to which this arm is attached. In other words, a typical cluster in solution
should be a GW,, 4, ., -tree.

Coo (M)

4.3 A microscopic model

The last section of this first work is devoted to providing a microscopic model to (1.6),
So as to give a more proper justification to this equation. As pointed out earlier, the
convergence of this kind of models has been first established by Jeon [27] and Norris
[45]. The framework here is slightly different because we consider particles with arms.
Moreover, we only study a multiplicative kernel, and the proof is made quite simpler by
using PDE techniques developed earlier in the paper.

Let us define the model a bit informally (in particular, the jump rates are not exactly
those below). Define, for p = (a,b,m), p' = (a’,b',m’), pop’ = (a+d' —1,b+V' —1,m+m/)
and

App (@) = Vig=popy = Lig=p} = Lig=pr}» 4 E 5

Then, we define a pure-jump Markov process (X,EN) (p),p € S)>0, where the jumps

XgN) — XEN) + Ap,p’

occur at rate ab’ + a’b. Rescale the process by letting cgN) = %X t(;VN), and assume that the

initial conditions are non-random and verify

e for every pe S, c(()N) (p) — co(p) for some co(p) > 0,

o (™ a) = (co,a) =1, (), b) = (co,b) =1,
e (co,a® +b%) < +o0.

(N)

In particular, ¢\*¥) belongs to

E:{Ce[o,us, > <a+b+m>c<a,b,m>SM}
(a,b,m)eS

for some large enough M, where E, endowed with the ¢! distance, is a Polish space. If we
define Tye as in (1.7), then we have the following convergence result.

Theorem 4.2. The process (CgN))te[o,Tgel) converges in the Skorokhod space D([0, Tye1), E)
to the unique solution of Smoluchowski’s equation (1.6) on [0, Tgel).

This gives a rigorous justification for the equation (1.6) we consider. It is also worth
noticing that the convergence takes place only before the gelation time, as was to be
expected upon knowing the results on the standard Smoluchowski equation (1.1).
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5 Post-gelation uniqueness of coagulation equations

The second part of this thesis is mainly constituted of a joint work [44] with Lorenzo
Zambotti. We prove therein that there is a unique solution on the whole of RT to Smolu-
chowski’s equation (1.1) or (1.3), in particular when gelation occurs. As far as we know,
this is the first rigorous uniqueness result proved in that case, except for Kokholm’s result
[29] on (1.1) for monodisperse initial conditions.

5.1 Post-gelation behavior for the standard Smoluchowski equation
5.1.1 Statement

Let us give here our precise result concerning Equation (1.1). The actual result of [44]
deals with a version of the equation with continuous masses, but we only give here the
statement for discrete masses which is easier to understand. We start from nonzero initial
conditions ¢ such that (cp,1) < +o0, and we define

1
Tgel = 2) S [0, +OO).

(co,m

Theorem 5.1. Smoluchowski’s equation (1.1) with the multiplicative kernel has a unique
solution (c;) on RY. It has the following properties.

1. The total mass My = (c;,m) is continuous on RY. It is constant on [0, Ty and
strictly decreasing on [Tge1, +00). It is analytic on RY\{Te}.

2. Let mp = inf{m > 1,¢o(m) # 0} € N*. Then, when t — +o0,

1
My ~ —.
mot

3. The second moment (c;,m?) is finite for t € [0, Tge1) and infinite for t € [Tyel, +00).

5.1.2 Remarks

This result really explains rigorously the heuristics given at the beginning of this introduc-
tion and in several papers from the Physics literature [13, 12, 36, 53, 59]. In particular,
the time T at which the second moment (c;, m?) explodes is precisely the gelation time,
as we already discussed in Section 2.4.2. This is obviously also reminiscent of Mc Leod’s
result (Theorem 2.1).

A most interesting feature is the continuity of the mass. This is a priori not obvious,
since at the gelation time, we may think that a positive fraction of the mass would fall
into the gel. Proving this fact is actually at the very heart of the proof, the other results
being quite easily deduced from this one.

Finally, let us note that the mass behaves asymptotically like 1/¢, a phenomenon
which was already observed in the monodisperse case [29]. The factor of 1/t depends on
the smallest masses in the system at time 0 (and thus at any time). It is however quite
intriguing that a tiny fraction of particles of unit mass at time 0 is enough to ensure a
factor of 1. There is in particular no continuity in that respect. In the case of continuous
masses, the mass may decrease slower than 1/t if there exists dust, i.e. particles with
arbitrarily small mass (see Chapter 3 for some details).
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5.1.3 Comparison with Flory’s equation

Without stating the result, let us end with a few remarks on Flory’s equation. In that
case, we also obtain the existence and uniqueness of a solution, result already obtained
by Norris [46] in a much more general setting. We can also show that, starting from
the same initial conditions, the mass is, after gelation, strictly smaller in Flory’s than in
Smoluchowski’s case. The mass even actually decreases exponentially fast, to be compared
with the decrease in 1/t above.

This may at first sight seem natural, since in Flory’s model, the gel attracts the clusters,
so the rate at which clusters fall into the gel should be higher. However, it turns out®
that the clusters not in the gel are larger in Smoluchowski’s than in Flory’s model. Hence,
in the second case, fewer clusters fall into the gel because they coagulate and reach a
giant size. But they do fall because of interactions with the gel, which do not exist in
Smoluchowski’s model. A priori, it is not obvious which effect should prevail.

5.2 Post-gelation behavior for the model with limited aggregations

Let us now describe the results concerning (1.3) since they are the motivation for the
study undertaken in the last part of this thesis. We start with initial concentrations
(co(a,m),a € Nym € N*) such that (cp,1) < +o0, A := (cp,a) € (0,400] and K :=
(co,a(a—1)) € [0,+00]. Then K = 400 whenever A = +00. We may then let

g fA<K <400
Ty = {0 if K =+o0 (1.8)
+oo IfK <A< +4o00.

Theorem 5.2. Equation (1.3) has a unique solution (¢;) defined on RT. When Tye < +00,
it enjoys the following properties.

e The mass M; := (ct,m) is continuous, constant on [0,Tge), strictly decreasing on
[Tgel, +00), and analytic on RT\{Tye }.

e The mean number of arms Ay := (¢, a) is continuous and strictly decreasing on R,
and analytic on RT\{Tge}.

e The second moment (c¢,a?) is finite on [0, Tye1), infinite on [Tge1, +00).

Moreover, representation formulas for the generating function of ¢; are given. They
are however significantly more cumbersome than the explicit formulas of [3].

There are obvious parallels to be made with the result above, on which we shall not
dwell. The only difference lies in the decrease of A;, which is actually quite similar to
that of the mass. Indeed, the “normal” (if no gelation were to occur) behavior of the
mass is to be constant. The gelation time is precisely the time when this stops holding.
Similarly, the normal behavior of A; is to be equal to Ay/(1+ tAp), which corresponds to
the continuous limit of the pure-death process obtained by killing a couple of arms when
its clock rings, as explained in Section 3.3. The gelation time is once again precisely the
time when this normal behavior is altered.

3But this will be clear only after the study of a microscopic model for Smoluchowski’s equation under-
taken in the last part of this thesis. See however Section 6.3 for more explanations.
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5.3 Limiting concentrations

The representation formula which are obtained during the proof of the result above allows
to compute basically any quantity of interest. The expressions are particularly simple
when starting from monodisperse initial conditions co(a,m) = p(a)l =1}, where p has a
second moment, and having t — +o0. Define v(k) = (k+ 1)u(k + 1). We assume that

e there are particles with one arm, or, in symbols, that p(1) > 0, since otherwise it is
easy to see that nothing but the initial particles with no arm remains in solution in
the final state,

e and that Tye < +00, i.e. that (u,a) < (v,a).

In particular, this readily implies that the equation

Gy(n) =G, (n) (1.9)
has a unique solution, where G, denotes the generating function of v.
Corollary 5.3. When t — +o0,

Ct(“) m) - Coo(m)]l{azo}

in (1(N x N*), where

Coo(m) = Brlym(m — 2) (1.10)

m(m —1)

and 3 is given by
g=_1_= . (1.11)

Moreover, the mass at infinity is given by
(Cooym) = Gu(n). (1.12)

The link with the result without gelation is once again really clear, the only difference
lying in the appearance of the factor 5 in the expression of coo(m). However, at this
point, it is not clear where it stems from, and giving a probabilistic interpretation for that
constant is actually the incentive for the last part of this thesis.

6 A microscopic model for Smoluchowski’s equation

The last chapter is dedicated to the study of a microscopic model for Smoluchowski’s
equation, whose stated goal is to explain Formula (1.10), as was done in [4] in the case
gelation does not occur. The methods used are however quite different and rely heavily on
random graphs considerations. This part is extracted from a joint work [41] with Mathieu
Merle.
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6.1 Model

The model is similar to those already mentioned in Sections 2.4 and 3.3. We start from
N particles with empirical distribution of arms M(N ) (i.e., for each k, there are N M(N )(k:)
particles with k& arms). We then set i.i.d. exponential clocks on each arm. When a
clock rings, the corresponding arm is activated, so an arm will be said to be active if the
corresponding clock has rung, and awvailable if it has not.

At each time, the model provides a multigraph C;. We say that a particle or arm is in
solution if its cluster (i.e. connected component) has size less or equal than some a(N),
and is in the gel otherwise. We then join pair of arms of particles whose respective clocks
ring consecutively when they are both in solution and when they are not already paired.
To be more precise, when an arm b is activated:

e if bis in the gel at that time, or if it is still in solution and there is no other unpaired
and active arm in solution, nothing happens.

e If on the other hand, b is in solution and there is another unpaired an active arm in
solution, say o', then the arms b and b’ are bound together, i.e. a new edge in the
graph is created.

We also proceed in such a way that the process is cadlag.

We obviously need some assumptions on a(N) and p'™V/). For p'™*/; classical results
on random graphs, as explained in Section 3.2.2, require that there exists a probability
1 such that the sequence (u(N)) converges to p weakly and (uV), k2) — (u, k?) < +oc.
This is also the assumption we will make. For technical reasons, we also require that u
has a third moment, i.e.

(N) (N)

(1, k?) < 400,

though we believe that a finite second moment should be enough.
Concerning «(N), it is clear from Fournier and Laurencot’s work [19] that we should
take 1 < a(N) < N. Actually, for technical reasons, we need

@ —5 0 and 22 +
N N-ooo . N1/3N—>oo %0

though we also believe that having a(N) — 400 should be enough.

6.2 Post-gelation result

At any time t > 0, this model provides a good microscopic model for (1.3), in that the
techniques of [19] can be adapted to show that the concentration of clusters with a available
arms and mass m converge to a solution of a time-changed Smoluchowski’s equation (1.3).
This time-change comes from the fact that the model is slightly different from the one
explained in Section 3.3, where clocks are set on couples of arms, whereas here, clocks are
set on arms. However, this time-change is explicit and is a diffeomorphism of R*, so it
hardly makes any difference. In particular, the limiting quantities as ¢ — +o0o are the
same.
Now, our main interest is to study two relevant quantities, namely

(N)

e the proportion of particles in solution at time ¢, denoted n; ’,

e the empirical distribution 7T§N) of activated arms of the particles in solution (that is,
for each k, WIEN)(]C) is the proportion of particles in solution with k activated arms).



28 CHAPTER 1. INTRODUCTION

Our main result is the convergence of these two quantities in the space D(RT, R™ xM;)
of cadlag processes with values in R™ x My, where M is the space of probabilities on N.

Theorem 6.1. The sequence (n™), 7N)) converges in D(RT, Rt x M) as N — 400 to
some continuous deterministic (n,m). Moreover, for t > Tyel, ™ is critical, in the sense
that (fty, k) = 1.

We can also provide explicit formulas for n; and for the generating function of 7y, so
we can compute basically any quantity we wish.

6.3 Remarks

This result actually describes precisely the state in solution at any time ¢. Indeed, we will
see in Chapter 4 that, at time ¢, the state in solution is approximately a configuration
model CM (nyN, ;). Hence, the same description of a typical cluster in solution as in
Section 3.3.2 can be carried out. In particular, it means that a particle picked uniformly
at random in solution is the root of a GWy, 1, -tree.

Probably the most interesting part of this result is the post-gelation Self-Organized-
Criticality (SOC), i.e. in symbols (¢, k) = 1 for t > T,e. The fact that we let all the
big clusters fall into the gel indeed allows for the model to remain at criticality, after it
has reached it at time Tge. In comparison, this is not the case for Flory’s model, which
is subcritical before Ty, critical at Tye and becomes subcritical again just afterwards.
Informally, the criticality is achieved because the two phenomena of activation of arms
and falls into the gel compete to reach an equilibrium. This SOC phenomenon is well-
known in the Physics literature, but quite seldom proved mathematically. It is however
worth mentioning Rath and Téth beautiful paper [47], where it is proved, under similar
heuristics (growth of trees vs. forest fires), that SOC occurs.

In our case, the post-gelation SOC means that the typical clusters in solution are
critical Galton-Watson tree, which are thus a.s. finite but quite large, whereas in Flory’s
model, the typical clusters in solution are subcritical trees, and so are significantly smaller.

6.4 Final state

Let us conclude this introduction and come full circle by explaining Formula (1.5). So
consider the final state of the system. Recall that 7 is defined as the unique solution to
Equation (1.9).

Corollary 6.2. The mass converges to a limit

Noo = Gu(n) (1.13)
and m; converges to a critical probability m with generating function

G (2) = S212) 101, (1.14)

Gu(n) 7

The first obvious remark is that Formulas (1.12) and (1.13) agree. Now, as already
noted above, a typical particle in solution is the root of a GW __ » -tree. As in Section
3.3.2, we may then say that cs(m), the concentration, in a unit volume, of clusters of
mass m and with no arms in the final state, can be written as

1

Coo(m) = EP(T(?TOO,ﬁ'OO) =m).
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But Dwass’ formula [9] yields

P(T(Too, ine) = m) = (m — 1) 1M L™ (m —

and we have therefore recovered (1.5).

2)






Chapter 2

A model for coagulation with
mating

The material of this chapter is taken from an article [43] published in the Journal of
Statistical Physics.
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1 Introduction

1.1 Model

In this chapter, we study a “sexed” model of coagulation of clusters, generalizing the
original model (1.1) of Smoluchowski [57], and Bertoin’s model (1.3) introduced in [3].
The model is sexed in that we consider particles which are initially given a certain number
of male and female arms. These arms are used to perform the coagulations: two clusters
coagulate when a male arm of one and a female arm of another bind. Introducing this
kind of model is natural when we think of Chemistry. For instance, consider male particles
(which have only male arms), and female particles. Then a coagulation between a male
and a female particle can be thought of as an ionic bond between a cation and a anion.
This kind of models has also been investigated in the Physics literature. For instance, in
[48, 49], the authors study coalescing monomers with two types, A and B, with bonding
only allowed between A and B, hence forming alternating linear polymers. In this work,
this corresponds to giving to each particle exactly one male arm and one female arm.

When (elementary) particles coalesce, clusters are created. In our model, a cluster
is characterized by a triple (a,b,m), a € N being its number of male arms, b € N its
number of female arms, and m € N* its mass. Two clusters may coagulate when one has a
female arm and the other has a male arm, and when a coagulation occurs, the used arms
merge and create an edge, so they cannot be used again. Hence, we may only observe the
transition

{(a,b,m), (d’,t/,m")} = (a+d — 1,0+ —1,m+m).

We will assume that this transition occurs with a rate given by the number of pairs formed
of a female arm and of a male arm, that is a’b+ab’. We wish to study how the concentration
of each type of cluster evolves when time passes. The precise mathematical formulation
of this problem is given in Section 2.

1.2 Bertoin’s models

Our model can be seen as a variation of the two models of Bertoin introduced in [3]. In this
work, he considers coalescing clusters characterized by a number a of arms and a mass m,
and studies two models. We already discussed in the introduction the “symmetric” model
(1.3) (in the terminology of [3]), where each pair of arms is activated independently. The
concentration ¢;(a, m) of (a, m)-clusters is then governed by the equation

gc (a,m) = L Cil ’”’il a(a+2—ad)e(d,m)ey(a+2—a,m—m)
dt t\, 92 - - t 3 t )
a/=1m/=1 (21)
— Z Z aa’cy(a,m)cy(a’,m').
a'>1m'>1

In that case, there is a critical time such that there is a unique solution up to this time.
Moreover, for monodisperse initial conditions, explicit solutions are given, which can be
related to Galton-Watson processes at the limit, whenever the critical time is infinite.
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The second model (actually the first in [3]) is an “oriented” model, where each arm
is activated independently, and then chooses to bind to another cluster chosen uniformly
at random. Hence, only one arm is consumed when a coagulation occurs, and we only
observe the transitions

{(a,m),(a’,m")} = (a+d —1,m+m').

The evolution of the concentrations is then given by the equation

d 1 a+1 m—1
act(a,m) =3 Z Z (a+ Dey(a,m)e(a+1—a';m—m')
a’=0m'=1 (22)
— Z Z (a+a')ey(a,m)ey(a’,m').
a’>0m'>1

The main result of [3] in that case is that there is a unique solution on R, for which
explicit formulas are given.

We will see that our sexed model contains Bertoin’s: the oriented model corresponds
indeed to ours if each particle is given precisely one female arm, and the symmetric model
corresponds to the sexed one if the arms are given a gender uniformly at random.

1.3 Results and plan of the paper

This paper is divided in two parts. In the first one (Sections 2 to 6), we shall study
the sexed Smoluchowski’s equation. We first (Section 2) introduce the problem and state
our main result, viz. the well-posedness of the sexed Smoluchowski equation up to some
critical time. In Section 3, we provide some preliminary results and prove some physically
intuitive facts. Then (Section 4), we prove our main result. The tools used are analogous
to those in [3], but since we are dealing with a two-dimensional problem, several technical
issues need to be addressed. The outline of the proof is as follows. First, we transform the
system into a PDE by considering the generating functions of the concentrations. This
PDE is not quasilinear, but it may however be solved by the method of characteristics.
This method requires the inversion of a two-dimensional mapping, and this can be done
precisely up to the critical time.

Unfortunately, even for monodisperse initial conditions, the inversion is not explicit
(one could use the two-variable Lagrange inversion formula, but in general, the expres-
sion it provides is too cumbersome). Nonetheless, in some specific cases (Section 5), the
Lagrange Inversion Formula yields explicit results. In particular, we recover the solu-
tions obtained in [3]. Finally, we show (Section 6) that there exist limiting concentrations
when t — 400, and that they are related to the distribution of the total progeny of some
two-type Galton-Watson process.

In the second part (Section 7), we study a microscopic model. Given a finite number
of particles, we let them coagulate and observe the evolution of the concentrations of
the different types of clusters. This is a Marcus-Lushnikov process, and we show that
it converges, before the critical time, to a process solving Smoluchowski’s equation (2.3).
As pointed out in the introduction, this kind of convergence had already been proved by
Norris ([45], see as well [27]). The difference here is that we consider a model with male
or female arms. Moreover, the proof is made much easier by the fact that the rate of
coagulation is explicit. In particular, we will appeal to the PDE obtained in the first part.
This discrete model provides a justification to the sexed Smoluchowski’s equation (2.3).

Finally, note that our construction can also provide a model for random oriented
graphs, since a coagulation can be seen as the creation of an oriented edge between two
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vertices in a graph, whose orientation is given e.g. from the male arm to the female arm.
Hence, we can consider a large number n of particles and let them coagulate. When all
the coagulations are performed, we obtain a set of oriented graphs. When n — +o00, we
may wonder what the distribution of their sizes is, what a typical graph looks like, etc. A
heuristic answer, motivated by the works [4, 5], and by the results obtained in this paper
(Section 6), is that a typical graph would be a two-type Galton-Watson tree, provided
there are few arms (in the notations of this chapter, this means that T,e = 400 and p is
not degenerate).

2 Setting and results

2.1 Notations

Let us first introduce some notations as well as the sexed Smoluchowski equation, and
state our main result.

e N=1{0,1,2,...} and N* ={1,2,...}.

e S =N x N x N* is the set of the different types of clusters. A generic element of S
will be denoted by p, and if p = (a,b,m), we will call a p-cluster a cluster with a
male arms, b female arms, and mass m.

e For p=(a,b,m) € S and p' = (d/,V/,m’) € S, we will denote
p.p =ad'b+ ab’
the rate of coagulation and
pop =(a+d —1,0+V —1,m+m')

the type of the cluster resulting from such a coagulation. We say that p’ < p if
a<a+1,0 <b+1and m' <m — 1. When p’ < p, we write

p\p=(a+1-d,b+1-0b,m-—m')
the type of cluster such that p’ o (p\p') =

e For two functions ¢, f : S — R, we will denote, when the series converge absolutely,

peS

When using this notation, we will write, with a slight abuse of notation, a for the
function (a,b,m) — a, b for (a,b,m) — b, etc.

Let us recall our goal. We are interested in a system of coagulating clusters with male
and female arms. We assume that each couple formed of a p-cluster and of a p’-cluster
coagulates at rate p.p/, to form a pop/-cluster. This means that if we denote c¢(p) the con-
centration of p-clusters, then (¢;(p), p € S) solves the following infinite system of nonlinear
differential equations

% Zp P\ )er (0 )er(p\p') = Y p-p'er(p)er(p'). (2.3)

p'=p p'eS
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The first term accounts for the creation of p-clusters by coagulation of p’- and p\p/-clusters
(the factor 1/2 stems from an obvious symmetry). The second accounts for the disappear-
ance of p-clusters by coagulation with other clusters.

To see the resemblance with Bertoin’s equations (2.1) and (2.2), let us once write down
this formula in full: for all (a,b,m) € S, the concentration of (a, b, m)-clusters verifies

d m—1 a+1 b+1
o(a,bm) = Z ZZ "b+1-V)+b(a+1—ad))x
m/=1a’=00b'=

ct(a,b,m)ct(a+1—a',b—l—l—b',m—m’)

=3 S (@l + db)ey(a,b,m)ci(d b m).

m'>1a’>0b>0
Let us now define what we call a solution to the sexed Smoluchowski equation.

Definition 2.1. We call a family (c¢;(p),p € S,t € [0,T)) of differentiable functions a so-
lution of Smoluchowski’s equation (2.3), if

1. for every t € [0,T), (|ct], a + b) < 400,
2. the family (¢;(p)) solves the system (2.3) for ¢t € [0,T).

Remark 2.2. e We will always assume that at time 0, (cg,a + b+ 1) < 400, and that
the mean number of male arms (cg, a) and the mean number of female arms (cg, b)
are equal. Physically, it is then obvious that they will remain equal as time passes.
This shall be proven later on, in Lemma 3.5.

e It is easy to see that if (c;)¢co,7) is a solution to (2.3) with initial conditions co, and
A > 0, then (Acy/x2)icpo,r) 18 a solution to (2.3) with initial conditions Aco. Hence,
it is enough to assume that (co,a) = (co,b) = 1, what will always be the case from
now on.

2.2 Main result

Our main result is existence and uniqueness of a solution to (2.3) up to a critical time. In
all the statements and proofs, we are given nonnegative initial concentrations ¢y such that
{co,1) < 400, {cg,a) = (co,b) = 1 and (cg, a® + b?) < +00. We can then define the critical
time Tgel.

Definition 2.3. Let

M = {cy, ab) + \/<co, a(a —1)){cg,b(b— 1))

and define the gelation time as
+oo ifM <1
Toel = { 1 ) (2.4)

Remark 2.4. As explained in the introduction of this thesis, this gelation time is a priori
just a technical device: after this time, the equations become much harder to solve, since,
as the following theorem will show, this is actually the time when the second moment
{ct,a® + b?) explodes. However, we will not give a proof that a solution to (2.3) defined
on a larger interval than [0, Tye1) sees its mass decrease, which would show that Ty really
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is the gelation time. That being said, we firmly believe this to be true, since this holds
for Bertoin’s equation (2.1) as we will show in the next chapter. The techniques of that
chapter could probably be applied to the present case, though doing so would surely be
really tedious.

We will also constantly use the generating function of (cg)

go(z,y, 2) == (co, x%YP2™) = Z cola, b, m)zy2™.
(a,b,m)esS

Since (cg, 1) < 400, go is well-defined on [0, 1]3. Thanks to the assumption (cy,a + b) <
400, its partial derivatives with respect to x and y are well-defined and continuous on
[0,1]% and they remain in [0, 1]. We may now state our main result.

Theorem 2.5. (i) Smoluchowski’s equation (2.3) with initial conditions ¢y has a unique
solution (ct) defined on [0, Tyel).

(ii) Fort € [0, Tya), (ct,a® 4+ b?) < 400, and (ct,a® + b?) — +00 when t — Tye.
(iii) The total mass (c;,m) is constant on [0, Tgel).

(iv) Fort € [0,Tge) and z € [0,1], the mapping ¢u(.,.,2), given for (z,y) € [0,1]% by

0 0
(bt(x,ya Z) = ((1 +t)$ —t 8‘20 (.@,y, Z)? (1 +t)y - t%(l’,y, Z)) )

has a right-inverse hy = (hgl),h?)) which is well-defined and analytic on (0,1)2.
Then the generating function g of (¢t) is given by

1 ~ (2 ~(1
ou(wy.2) = 1 (B (.9.2) + HV(0,9.2)) + Gul2) (2.5)
where, fort > 0,
~ 14+t T - 1+4+1¢
B = ——=hD oy ) -7 W= —h Py ) - (2:6)

and

° fft(l) is the antiderivative of ﬁgl) with respect to y, vanishing at y = 0,
° fNIt(2) is the antiderivative of ﬁ§2) with respect to x, vanishing at x = 0,

o Gy(z) is the antiderivative of

dgo (, (1) (2)
E(ht (07072)7ht (07072)72) (27)

with respect to z, vanishing at 0.

The relation with Bertoin’s Theorem 3.1 is obvious. The two differences are the conser-
vation of the mass, which is implicit in [3], and the representation formula, which is given
for monodisperse or polydisperse initial conditions. Bertoin gives explicit formulas in the
monodisperse case, what we cannot do here, except in some special cases (see Section 5).
This representation formula is however at the heart of the proof, and allows to prove the
properties of the solution given in the statement.
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3 Preliminary results

In this section, we give some physically intuitive results, and deduce the “weak” form of
the equation.

3.1 Nonnegativeness of the solutions

Let us start with the following lemma. Recall that ¢;(p) is meant to model a concentration,
and that co(p) > 0 for any p € S.

Lemma 3.1. Any solution to the sexed Smoluchowski equation remains nonnegative, that
is, if (ct)iejo,r) 15 a solution to (2.3) with initial conditions (co), then, for allt € [0,T)
and p € S, c;(p) > 0.

Proof. Take some t € [0,T"). System (2.3) gives

d
d—ct(a,b,l) —ci(a,b,1) Z Z Z at! + a'b)ey(a’,b',m’) := —y(t)c(a, b, 1).
t m'>1a’>0b'>0
Let G(t) = fé v(s) ds. Then ¢/(a,b,1) = co(a,b,1)e”® so it remains nonnegative. Let
now m > 1, and suppose that the c¢(a, b, m’) are nonnegative for a,b > 0 and 1 < m/ < m.

For some p = (a,b,m + 1), we have

d
el Zp (P\P)ee(p')ee(p\p') — ce(p) Y p-p ('

p'<p p'eS

=B(t) = ct(p)y(t).

c(p) = <co +/ B(s)et) ds> G,

But £(t) > 0 since it is a linear combination with nonnegative coefficients of the ¢;(a, b, m’)
for a,b > 0 and 1 < m' < m. So ¢(a,b,m + 1) is nonnegative, what gives the result by
induction. O

So we may write

3.2 Weak form of the equation

The following result is a straightforward generalization of Lemma 1 in [3]. Note however
that the monotone convergence used in the proof requires that the coefficients (¢;) be
nonnegative.

Lemma 3.2. (i) If (¢;) is a solution to Smoluchowski’s equation (2.3), then t — (¢, 1),
t— (¢, a) and t — (¢, b) are decreasing.

(ii) A family (¢¢) is a solution to (2.3) if and only if it solves

d

@l Z p-p'ei(p)ec®@)(f(pop) — flp) — F)) (2.8)

p,p'€S
for every bounded f : S — R.

Remark 3.3. e The derivative in this lemma has to be understood in the weak sense,
i.e. the formula actually holds in the integral form. But if f(a,b,m) — 0 when
(a,b,m) — oo, then it is easy to check that the formula holds in the strong sense.
The distinction is implicit in the proofs (i.e. we only write derivatives) and should
not stop the reader.
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e Consider in particular, the generating function of ¢, g¢(z, y, 2) = (cs, 2%y%2™). Then
g is regular, in the sense of Definition 3.4 below.

Definition 3.4. We say that a function (t,z,y) + gi(x,y) defined on [0,7) x (0,1)? is
regular if

o t— gi(x,y) is C! and (z,y) — (Zit(x,y) are C1,

o (z,y) = gi(z,y) is C?, t %(x,y) and t — ggt(q:,y) are O
x y

3.3 Number of arms

This result is also a generalization of Lemma 2 in [3], and stems directly from the weak
form of the equation.

Lemma 3.5. Let (¢;) be a solution to Smoluchowski’s equation (2.3), and let

[, =inf{t >0, (c;,a® +b*) > 1}, T =supl,.
r>0
Consider the mean numbers of male and female arms Ay = (¢, a) and By = (¢, b), and

assume Ag = Bg = 1. Then

1
Ay =By = —— 2.9
V= Bi= 29)

forallt € [0,T Nl'y).

3.4 Boundedness of the second moment

Recall that (cp, a® +b%) < +00. The next result ensures that actually (c;, a® + b?) remains
bounded on a small time-interval after 0. This ensures that 'y, as defined above, is
positive, so that, informally, we will be able to write the PDE at least on that interval.
This fact was actually taken into account in the definition of a solution in [43], as well as
in [44], but, as we shall now see, this turns out to be an unnecessary assumption.

Lemma 3.6. Let (¢t) be a solution to Smoluchowski’s equation (2.3) with initial conditions
(co) such that (co,a® + b*) < +00. Then (ct,a® + b*) is bounded in a neighborhood of 0.

Proof. Take f*M(a,b) = (a A M)*1p<pry and oM (a,b) = (b A M)*114<ppy for some
M > 1. Then it is easy to see that, for p = (a,b,m) and p' = (a’, b/, m’),

oM pop) = fMp) — fM ) < 2001 g p<rry iy <ny-
From (2.8) and Cauchy-Schwarz inequality, we then get

£<Ct7 fa’M> <

” Z 2ad/(ab’ + a'b)ci(a, b,m)cy(a’, b, m" )Ly p<nny Lo pr<nry

(a,b,m),(a’ b/ ,m’')eS
<2 ({er 7)) (ter 221) 7

Taking now f = f®M in (2.8) also shows that

N | =

d

e My <2 (te ) (e £441)”
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Recalling that these two quantities are nonnegative, we then get

d

e £ M) e, 44 < 2 (G, M) e, £51)

which readily shows that

-2
1 : 2t)
\/<CO7 fa,M) <CO> fb7M>

as long as the RHS remains bounded. Having M — +o00 and using monotone convergence,
we thus get that

(o, f2M ) (er, fOM) < (

-2
1
2 2
ct,a“){c, b7y < — 2t
O e e )
as long as the RHS is bounded, what shows the result. O

This gives an a priori lower bound on I'y,, and thus, as we shall see, of the time of
existence and uniqueness of a solution to (2.3). However, this bound is not interesting for
us since we will be able to easily get a better one.

4 Proof of the theorem

4.1 Overview of the method

In this section, we give a sketch of the proof which contains all the important ideas. The
rigorous proof however requires some care, and it is given in detail afterwards. So, consider
a solution (c¢);ejo,r) to Smoluchowski’s equation (2.3), and

gt(xaya Z) = <Ctaxaybzm> = Z Z Z Ct(aa bvm)xaybzm'

a>0b>0m>1
Using (2.8) and Lemma 3.5, it is easy to see that g; solves the following PDE

gt Ogi Ogu 1 < dgt 3gt>
Ty .
ox dy

ot Oz Oy 1+t (2.10)

Now, we can solve this PDE using the method of characteristics: we want to find a
trajectory (z(t),y(t)) starting from some (z,y) € [0,1]? such that g;(z(t), y(t), 2) is easy
to compute. So let

(102200 = (20,0, 2), 2 0(0).5(0).2))

An easy calculation shows that

o g (. z(t) gr (. y(t) pi(t)
p0 =55 (40 +ma0) - 10 ) + 52 (004 me - 220) -0 @y
and a similar formula for ps. Now, if we require
. Ca) )
#(0) + pa(t) — T = g0) + i) - 2 =,
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then )
. Di
() = —28 =12,
) =-1
0 0
These ODE’s are readily solved, with p;(0) = %(x,y) and pa(0) = aiyo(x,y), and we
obtain )
P
i(t) = 2.12
lt) = 42 (212
and
z(t) =z + (x—p2A0))t ; y(t)=y+(y—pi(0)t.
Using the PDE, we now see that
d p1(0)p2(0)
— t t = ——" 2.13
so by integrating
t
u(e(0).3(0),2) = r0u(2.0:2).2) = 90,5:9) — s P, P 2). (210
To obtain g¢, it only remains to invert ¢, for, if ¢¢(h:) = Id, then
_ t Ogo 990
gt(x,% Z) - g()(ht(.’ll', Y, Z)a Z) - 1+t O (ht($7y7 Z), Z) ay (ht(.’IJ, Y, Z)? Z)

We may now start a rigorous proof, which consists mainly of 3 steps: study the map
¢¢, then solve the PDE (2.17), and show that the generating function of a family (c;)
solves (2.17) if and only if (¢;) solves Smoluchowski’s equation (2.3). The conclusion is
then easy to obtain.

4.2 Inversion of the mapping

In this section, we study the map ¢;, which is useful both for solving theorically the PDE,
and for obtaining explicit solutions. We will need two preliminary lemmas.

Lemma 4.1. Let a > 0, 5,7 > 0 and K = [0,«a] x [0, 8] x [0,~]. For (r,s,t) € K, denote

A(r, s,t) == (: i) .

Then for every e > 0, there is a norm |.| on R? such that

max ||A(r, s, )| < a+ By +¢,
(r,s,t)eK

where we also denote by ||.| the induced norm on the 2 x 2 matrices.

Remark 4.2. This is a uniform version of the well-known result (see e.g. [51]) which states
that

e for every (square) matrix A and norm ||.||, one has ||A| > p(A), where p(A) is the
spectral radius of A;

e for every matrix A and € > 0, there is a norm ||.|| such that | A|| < p(A) + €.
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Note indeed that o + /[ is the spectral radius of A(«, 3, 7).

Proof. 1. First assume that § and ~ are positive. We can diagonalize A := A(a, 3,7).
If we let a := @, b:=+/B and ¢ := /7 then

A:P<a+bc 0 )P—l,

0 a —be
where _— . ,
p=(0 ) el )
Now, consider the following norm: for € R2, let ||z|| = ||P72o0, where || - oo is

the sup norm: ||(z1, z2)||cc = max(|z1], |x2|). Then for any 2 x 2 matrix M,

M P~ 'M P~'MP
w20 lzl| w20 [Pzl w0 19lloo
An easy computation shows that for (r,s,t) € K,
bt 4 cs bl 4 cs
P A(r 5. 1)P = ( P b)
2¢ "2 TT2ak T2
Recall that for a matrix M,
Mo = max 3 [Mi 1,
J
so that, since r > 0,
bt cs bt cs
Pl A, 8,t)Plloc =7+ — + — + |~ — — | := F(r,s,1).
H (T,S, ) ||oo r+ 2 + 2 + 2% 2 (’I“,S, )

It remains to find the maximum of F on K. First, note that for (r,s,t) € K,
0 < F(r,s,t) < F(a,s,t).

Then, for every (s,t) € [0, 8] x [0,7], we can write t = ps, p > 0. If p < ¢?/b?, then
cs/(2b) > bt/(2c), so that F(a,s,t) = a+cs/b. But s < b?, so F(a,s,t) < a+bc=
o+ +/By. And if p > ¢?/b?, then cs/(2b) < bt/(2¢), so that F(a,s,t) = a + bt/c.
But t < ¢?, so F(a, s,t) < a+ bc = a++/B7. Finally, the maximum of F on K, i.e.
the maximum of ||A(r, s,t)| on K, is a + /37.

2. Assume now that § or « is zero, say e.g. v = 0. Take € > 0, and M > 0 such that
B/M < e. Consider the norm ||z|| = ||Pz||c, where P is a diagonal matrix with
diagonal (1, M). For (r,s,0) € K, we have as before

||A<r,s,o>|r=||PA<r,s,o>P—1||oo=H(g W)H -

Since s < 3, this shows that ||A(r,s,0)]| < a +e.
O

We will deal often with real-analytic functions in the remaining of the proofs. For the
definitions and results on this topic, we refer to [31]. We will show the following result.
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Proposition 4.3. Fort € [0,T,a) and z € [0,1], define ¢u(.,.,2) : [0,1] — R? by

a2 = (L4 00 = 120 (0.9, (14 Oy~ 190 (@.2)) . (215)
and let K(z) be the closed subset of [0,1)%: K(2) = ¢¢(.,.,2)71([0,1]?). Then

(i) ¢:(.,.,2) : K¢(2) — [0,1]? is a homeomorphism. Denote hy(., ., z) its inverse and write
he(ey s 2) = (B (s 2), B (0 2)).

(ii) Fori=1,2, (z,y,2,t) — hgi)(x,y, z) is an analytic function on (0,1)3 x (0, Te).

Proof. (i) Fix some z € [0,1] and some t € (0,7Tge), and keep the notations of the
statement. For notational simplicity, we omit the parameter z. Let 0 <t < Ty, We
first want to show that ¢; : K; — [0,1]? is one-to-one and onto. Fix (u,v) € [0, 1]?
and let us check that there is a unique couple (x,y) € [0,1]? such that ¢;(z,y) =
(u,v). This requirement is equivalent to finding a unique fixed point to

Dlapa).

u t dgo v t dgo

F _ (vt %% v
Hz,y) (1+t+1+t8y($’y’z>’1+t 1+¢ 0

Because of the remark above, F} is a mapping from [0, 1]? to [0,1]2. It remains to
check that it is contracting. Its differential is

g0 g0
_ ot |azay oy | ._ t (alzy,z) B(z,y2)
DFt(xay) - 1 +t a2g0 8%0 — 1 +t (’Y(.’L‘,y,Z) Oé(.’,lf,y, Z) . (216)
022 dxdy

Let o = «a(1,1,1) = (cg,ab), B = B(1,1,1) = (co,b(b— 1)) and v = ~(1,1,1) =
(co,a(a —1)). Since t < Ty, then (a 4+ /By +¢) < 1 for some small enough

1+t
e > 0. Hence, by Lemma 4.1, there is a norm ||.|| such that
max |[DF <——(a++By+e)
ey PHE )H_1+t

so that F; is contracting. Hence it has a unique fixed point. As a consequence,
there is a unique couple (z,y) € [0,1]? such that ¢;(z,y) = (u,v). Moreover, since
F; is continuous with respect to (u,v) and uniformly contracting in (u,v), then the
mapping (u,v) + (x,y) is continuous, that is h; : [0,1]? — K; is a homeomorphism.

(ii) For tg € (0,74e1), 20 € (0,1) and (zo,y0) € Uy, the matrix Dy, (20, yo, 20) is in-

vertible. Then Theorem 2.5.3 in [31] shows that the inverse mapping of ¢; has
()

real-analytic coefficients, i.e. h;" are real-analytic functions on (0,1)3 x (0, Tge).-

O
4.3 Study of the PDE
The following (non-quasilinear) PDE is a central feature of our discussion
dg¢ _ gt Ogt 1 < dgt 39t>
Yot _ 9999 - (99t 99t 2.17
ot Or dy 1+t x8x+y8y (2.17)

A preliminary result to the proof is the following. Its proof is exactly the same as the one
of Lemma 3.1.
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Lemma 4.4. Let (ct)icpo,r) be a solution to the system

% Zp (P\p")ee(p")er(p\p') —

l<p

a+b
14+t

ct(p) (2.18)

for p = (a,b,m) € S, with nonnegative initial conditions. Then for all t € [0,T) and
p €S, a(p) >0.

Recall also that the regularity of a mapping is to be understood in the sense of Defi-
nition 3.4.

Proposition 4.5. (i) For every z € [0,1], the PDE (2.17) with initial conditions gy =
90(., -, 2) has a unique regqular solution (t,x,y) — gi(x,y,2) defined on [0, Tye1) X
(0,1)%.

(ii) The solution of the PDE is given by

t ago

gt(x,y,z) :go(ht(:c,y,z),z) - m%(ht(l’,y,z)y )aa(ht(x Y,z )7 )7 (219)

where hy is defined in Proposition j.5.

(iii) We have the alternative expression

gi(w,y,2) = —— (AP (@,y,2) + BV (0,y,2)) + Gu(2) (2:20)

i

in the notations of Theorem 2.5.

(iv) For everyt € [0,Tgel), gt has an analytic expansion

gt(x,y,2) = Z cela,b,m)zy’z™ (2.21)
(a,b,m)eS

for (x,y,2) € [0,1)2, where c;(a,b,m) > 0.

Remark 4.6. Formula (2.20) will be useful to compute explicit solutions, since with it, it
is enough to have the analytic expansion of h; around 0 to obtain the one of g; (whose
coefficients are precisely the solution to (2.3)). Note however that G; may be tedious to
compute in general, but since it is a function of z only, it is relevant only when we wish to
compute the concentrations of clusters with no arms. Rather than computing Gy, a better
way to obtain those concentrations is to use Equation (2.3), since
d m—1
+(0,0,m) ct(1,0,m")ce(0,1,m — m 2.22
dt Z_ t t ) Ly ) ( )
m=1
Proof. We will prove the statement in four steps. Fist we will show that a solution has to

be written as in (2.19). Next that this formula does provide a solution. Proving formula
(2.20) is then an easy matter. In all the proof, some z € [0,1] is fixed.

1. Let Uy = ¢x(.,.,2)71((0,1)?), and consider g; a regular solution of (2.17) on [0,7T) x
(0,1)%. Fix tp € (0,T) and (x,y) € Uy, and let

(10 22(0)) = (G 01920, Gen(o.9.2).9))



44

CHAPTER 2. A MODEL FOR COAGULATION WITH MATING

It is easy to see that U; decreases with ¢, so for t < tg, this definition makes sense
and we can differentiate p;. The regularity assumptions on g; are just those needed
to allow the use of Schwarz’s theorem, and an easy computation shows that, on
[0,to], (p1,p2) solves a linear differential system with continuous coefficients, whose
solution is given by (2.12). Hence

gt 990 990

%(gbt(:v,y,z),z) = %(l‘aZﬁ Z)/(l + t)’ %Zt(ﬁbt(l';yy Z)?’Z) = 6—y(3},y,z)/(1 + t)
(2.23)

for all (x,y) € U;. Then, it is easy to check that for all (z,y) € Uy, (2.13) and (2.14)
hold. Replacing (x,y) by h(z,y,z) (recall hy : (0,1)2 — Uy is the right-inverse of
¢¢), we finally obtain (2.19). This shows that the PDE has at most one solution.

. The existence of a solution is now straightforward. Let g; be defined as in (2.19).

Because of the regularity of h; and of gg, ¢ has the required regularity properties. It
then suffices to show that it is actually a solution. To this end, let us first compute

(r1(0).22(0)) 1= (00), S (00))
for some fixed ¢ € [0,Tye1) and (z,y) € U;. By differentiating g;(¢¢) with respect
to x and y, it is easy to see that it solves a linear system, which has, before Ty, a
unique solution, given by equation (2.23). To conclude, we may differentiate g;(¢¢)
in two different ways: one using (2.19) and (2.23). The other with the chain rule.
Compounding by h; in the obtained equality readily shows that g; solves the PDE
(2.17) for t € [0, Tya1), (z,9y) € (0,1)2.

. The formula (2.20) is easy to obtain, by differentiating go(h:(z,y, 2), z) with respect

to x, y and z, and using the fact that

990 =2 090 (1
%(ht,z) = h§ )a Ty(ht,z) = hwg g

in the notations of Theorem 2.5.

. To prove the last point, consider ty € [0,Tgel). ¢¢ is well-defined and analytic (in

(t,x,y,2)) in a neighborhood of (¢p,0,0,0), and D¢y, (0,0,0) is invertible. So, by
theorem 2.5. in [31], h; is analytic near (¢o,0,0,0), hence so is g = go(ht). So we
may write
gi(z) = Z ci(a,b,m)zy’z™ (2.24)
(a,b,m)esS
for (t,z,y,z) in a neighborhood of (¢y,0,0,0) and analytic ¢;. By analytic continu-
ation, the ¢; are uniquely defined, so we can let

E ={te[0,T), Vp € S c:(p) > 0}.

By continuity, E is a closed set containing 0. On the other hand, (2.24) holds for
(t,z,y,z) in a neighbourhood of (ty,0,0,0), so for ty € E, there is a ¢ > 0 such
that (2.24) holds for t € (tg — &,t0 + €) and (z,y,2) € (—¢,¢)3. In particular, since
g¢ solves the PDE (2.17), it is easy to see, using a Cauchy product and identifying
the coefficients, that ¢; solves (2.18) for t € (tog —€,t9 + ¢). So by Lemma (4.4),
(to —e,to+¢€) C E. So E is open and E = [0, Tye1). Finally, recall from Proposition
4.3 that hy, and so g;, are analytic on [0,1)3. But we have just shown that g, has an
analytic expansion around 0 with nonnegative coefficients. So (see e.g. the proof of
Berstein’s theorem in [31]), this expression actually holds on [0, 1)3.
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4.4 Equivalence between the system and the PDE
Smoluchowski’s equation (2.3) is solved thanks to PDE (2.17).

Proposition 4.7. (i) Let (ct)icpor) be a solution to Smoluchowski’s equation (2.3), and
let g; be its generating function, defined by gi(x,vy, ) := {(ct, x%yb2™). Then for all
z € [0,1], (t,z,y) — gi(z,y,2) is a reqular solution to the PDE (2.17) on [0,T A
T) % (0,1)2, with initial conditions go(., ., 2).

(ii) Conversely, let (ci(p))pes, t € [0,T), be a family of differentiable functions. Let
gt(x,y, z) be its generating function and assume it is defined for t € [0,T), (x,y) €
(0,1)? and z € [0,1]. Assume that for every z € [0,1], g:(.,.,2) is a reqular solution
to the PDE (2.17) with initial conditions go(.,.,z). Then

e forallpe S andt € [0,T), ct(p) > 0;

o (ct) is a solution to Smoluchowski’s equation (2.3) fort € [T NTgel), with initial
conditions cg.

Remark 4.8. An important feature of this result is that the PDE (2.17) and the system
(2.3) are equivalent only before the critical time (Tgel or I's,). This fact is crucial when we
study the microscopic model. We indeed obtain a family of coefficients whose generating
function solves the PDE (on R*), but we cannot ensure that they solve Smoluchowski’s
equation (2.3) after T,e1. Actually, there is every chance that they do not, as we already
discussed in Section 2.4 of the introduction of this thesis.

Proof of Proposition /.7. (i) First note that g is regular according to Remark 3.3. If one
takes f(a,b,m) = x%P2z™ in (2.8), for some fixed (z,y,2) € (0,1)% x [0, 1], then one
gets

%gt(wayaz) = (Zz:%z; - Aty%(;t - Btl‘%-

Recall from Lemma 3.5 that when ¢ < 'y, Ay = B, = 1/(1 +t). Replacing in the

equation above shows that g; solves (2.17) for (z,5) € (0,1)2 and 0 <t < T A Two.

(ii) As in the fourth part of the proof of Proposition 4.5, we see that the (c;(p)) solve
(2.18), and hence that they are nonnegative. By uniqueness of a solution to the PDE
(2.17), for t € [0, T A Tge1), these coefficients are those obtained in (2.21). Now, let
t < Tua AT, Up = ¢, (., 1)((0,1)?), K; = Ki(1) = ¢;(.,.,1)([0,1]2), and recall
from (2.23) that since g is a regular solution to (2.17), then for all (z,y) € U,

Ogt 90 1

e — 1),1) = — 1)——

(9112‘ (¢t(x>y7 )7 ) 83} ('rvya )1+t>

what we can write
1
Z acy(a, b, m)gbgl)(x,y,l)agbg)(az,y, 1)° = Z aco(a, b, m)zy’ x T
(a,b,m)esS (a,b,m)esS

(2.25)

Note now that since t < Ty, then ¢(.,.,1) : K¢ — [0,1]? is a homeomorphism, so
U; = K;. Since (1,1) € K;, we can pass to the limit in the equality above when
(z,y) — (1,1). Using monotone convergence and the continuity of ¢;, we obtain

1 1

= X — = —
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The same reasoning shows that (c;,b) = 1/(1 +t) for t < T,e. Hence, we may
re-write (2.18) before T,e1 by substituting

a b
b
T et

which shows that (c¢) solves Smoluchowski’s equation (2.3) before Tgel.

= b{cy, a),

4.5 Existence and uniqueness of a solution

With these results, proving Theorem 2.5 is now an easy matter.

Proof of theorem 2.5. 1. Let us first prove that (c;,a? + b?) is finite before Tge1 and
tends to +oo when t — Ty . So take (ct(a,b,m))co,r) @ solution to the system
(2.3), and g; its generating function. Since (¢, a® + b*) < +o0 in a neighborhood of
0 by Lemma 3.6, we have

& gi
Erel
as long as (c;,a® + b?) < +oo. Note that by Lemma 3.5 (¢, a) is bounded by 1,

(1,1,1) = {ct,a® — a),

so (ct,a?) explodes if and only if

82
gzt(l, 1,1) explodes. Let us compute the latter.
x

Differentiating (2.23) with respect to x and y and having (x,y) tend to (1,1), we

obtain that
l4+t—ta  —ty s\ 1 [y
—tp 1+t—ta)\n) 1+4+t\a)’

where
9%g0 g0 2 al i
({)):an_<007ab>7 5_Ty2_<co,b -b), ’Y—W—@o?a —a).
and 82 32
Hence 52
gt = i
5= 02 (1,1,1) = (¢, ala — 1)) = (1+1t—ta)?—t243

This expression is valid as long as ¢ < Ty, since the determinant of the matrix is
then nonzero. In the same way, we also have

8291&
3 9,2

p
(1+t—ta)?—t246"

If v or 3 is nonzero, then (¢, a® + b?) — 400 when t — Ty If v = B = 0, then
{ct,a® + b?) remains finite, but this condition also imposes that M = 1, and so
Tgel = +00.

(1,1,1) = (¢, b(b— 1)) =

2. Uniqueness is now easy to obtain: assume (cgl)) and (c,@) solve the system 2.3
on [0,T), T < Ty, with initial conditions cg. Let gt(l) and gt@) be their generating
functions. Since I'oy = Tye1 and T' < Ty, then by Proposition 4.7, for every z € [0, 1],
they are regular solutions to the PDE (2.17) on [0, T) x (0, 1), with initial conditions
9o(., ., 2z). But by Proposition 4.5 there is a unique regular solution to the PDE on

[0, Tgel), SO g§ ) — ( ) on [0,T), so that (cgl)) = (c£2)).
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3. The existence is given by point (iv) of Proposition 4.5, and point (ii) of Proposition
4.7.

4. Let us finally prove that the total mass is conserved. Let vy (x,y, z) = (¢1(x,y, 2), 2)
and consider U] = 1;1((0,1)3) and K| = 1;*([0,1]?). For (z,y,2) € U}, we can
differentiate g¢(¢+(x,y, z)) with respect to z, and using (2.23), we obtain

X (i ,2) = P (a1, 2).

Now, ¢ is a homeomorphism from K to [0, 1], so U] = K;. But (1,1,1) € K}, so

we may pass to the limit when (z,y,z) — (1,1,1) in the equality above, to obtain
g 990
1,1,1) = 291, 1,1),
5, LL1)=—27(1,1,1)

what precisely means (¢;, m) = (co, m).

5 Explicit formulas

We give in this section some explicit solutions to Equation (2.3). We will consider only
monodisperse initial conditions, i.e. assume that at time 0, there are only particles of size
1 in the medium. So given a (finite) measure p on N x N, we assume

co(a,b,m) = p(a, b)]l{mzl}

and as usual (cp,a) = (cg,b) = 1. To obtain the solutions, we need to invert ¢;, what
can be done using the (two-variable) Lagrange inversion formula (a statement is given
by Good [21]). But it is much more involved than the one-dimensional formula, and the
expressions it would provide can hardly be called explicit. Let us however study three
easy cases. Only the last one requires the two-variable formula.

5.1 Particles with one female arm

The first case is when each particle has exactly one female arm, and a number of male
arms distributed according to a measure u;. So take

0 ih 41
a,b) =
et {Ml(a) ifb=1

and we will assume that Ag = By = 1, i.e. u1 is a probability measure with unit mean. In
this case, we obtain, for every a,b > 0 and m > 1,

0 if b1

,bym) = =t 1 —1
ct(a,b,m) <m+a ),u’{m(m—i-a—l) ifb=1.

(1+t)m+ram a

In particular there exists only clusters with one female arm, what is physically obvious.
Moreover, the concentration ¢;(a, 1, m) is exactly the concentration of clusters with a arms
and mass m obtained in the “oriented model” (2.2) of [3], with initial distribution z;. This
is also natural, since in this case, (a,1,m)- and (a’, 1, m’)-clusters coagulate at rate a + d/,
which is the rate of the oriented model. Note also that Ty = +00, as in the oriented
model.
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5.2 Arms with uniform random genders

In this model, the total number of arms of a particle is chosen according to a measure p1,
then each arm is given a gender independently, with probability 1/2. That is, we let

a+b\ 1
u(a,b)—ul(a—i—b)( b >2a+b

We will assume that p1 has mean 2, so that Ag = By = 1. Let v1(j) = ( + 1)u(j + 1).
Then we obtain, for (a,b) # (0,0),

1 tm=1 (m+a+b—2)! (v \*™
ela,bom) = 5 G et il (2) (m+a+b=2)
and
1 1 1 v\ ™
== s —2
e(0,0,m) = S T A 1T ( 2 > (m—2)

provided v1(0) > 0. If Tge = +00, this condition means that vy # 1. In particular, one
easily checks that

Z Ct(a7 b, m) = 2C§ym(k7 ’I?’L)
a+b=k

where ¢;Y" (k,m) is the concentration of clusters with k arms and mass m in the symmetric
model (2.2) of [3], with initial arm distribution p;/2. The factor is irrelevant since it 2
comes from the normalization: in our model, the total concentration of arms in the medium
is 2, when it is 1 in the symmetric model.

It is also worth stressing the stronger fact that for a,b > 0, we have

lLfa+0b\ 1
ci(a,bym) = 2< b >2a+bct(a+b,m).

Hence, at any given time, the distribution of the number of male (or female) arms is
still binomial. So, if at some time we chose to reassign to each arm a gender uniformly
and independently, and let the system evolve on from this state, no difference would be
observed. Or we could forget about the genders at some time ¢ and observe the state
at time t of Bertoin’s model (2.2). Or, finally, we could watch a system evolve like the
symmetric model (2.2) starting from an arm distribution p; /2, and then at some time give
the arms a gender uniformly at random and independently. The evolution afterwards will
be the evolution of the sexed model with initial arm distribution . Note as before that
the critical time is the same than in the symmetric model with initial distribution /2.

More generally, consider initial concentrations such that for all a,b > 0 u(a,b) =
f(b, @), and the solution (ct)sefo,1,,,) to Smoluchowski’s equation (2.3). Then it is easy to
check (by uniqueness) that, for all ¢ € [0,Tge1), ci(a,b,m) = c¢(b,a,m), and that, if we
denote

ke(l,m) = Z ce(a,b,m),

a+b=l

then (k¢) is governed (up to a factor 1/2) by the symmetric Smoluchowski equation of [3].
Hence, in this case too, ki(I,m) = 2¢;*" (I, m).



6. LIMITING CONCENTRATIONS AND GALTON-WATSON PROCESSES 49

5.3 Particles with one gender

Let us finally consider the more intricate case where at time 0, the arms of each particle
have all the same gender. This is motivated by the idea of ionic bonds: a particle with
only male (resp. female) arms can be considered as a cation (resp. an anion), and cations
can only bond with anions. Hence, consider, for i = 1,2, u; two measures with mean 1
such that 1;(0) = p2(0), and take

pi(a) ifb=0
p(a,b) =< pua(b) ifa=0
0 else

and v;(j) = (j + Dpi(j + 1). The two-variable Lagrange inversion formula gives, for

(a,0) # (0,0),

tm—1 Zm—k+b-—Dlk+a—1)! s ok
ci(a,bym) = [ 5 e kgo (m = %) klald v (k+a—1)v5" (m—k—1+b).
If we also let
1 (m— 1
V1<>7/2( Z:: % k) 1)7_1f (m k—l)
then, for m > 2,
1 1
¢t(0,0,m) = v1 o va(m),

m—1(1+1/t)m-1
provided v1(0)r2(0) > 0 (which means, if Ty = 400, that 1 and v, are not d1). In
particular, we see that if T,e = 400 and vy, v9 # 41, then for m > 2,

0 if (a,0) £ (0,0)
cila;b,m) = ! viova(m) ifa=5b=0.
m—1

Hence all the arms are used to coagulate. Chemically, this means that there are no more
ions in the medium. The limiting distribution of the sizes is given by (m —1)"1v; ova(m).
We will generalize this fact in the following section, and give a probabilistic interpretation
of the measure v; ¢ 5. Also, if M; is the mean of v;, then, in the notations of Definition
2.3, M = /MMy and Tyey = 1/(M — 1), or +oo if M < 1. If uy = po = p, then the
critical time is the same as in the symmetric model with initial distribution u.

6 Limiting concentrations and Galton-Watson processes

6.1 Convergence of the concentrations

In this section, we will study the limiting concentrations. Similarly to what happens in the
oriented and symmetric model of [3], we expect the concentrations to converge when the
time tends to +o0o0, whenever gelation does not occur. Physically, this would mean that
the system converges to a terminal state where all arms have been used (otherwise, further
coagulations “should” occur). This is actually true, and this is an easy consequence of the
preceding results.

Corollary 6.1. Assume Ty = +00, and let (c;)¢>0 be the solution to Smoluchowski’s
equation (2.3).
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(i) When t — 400, there exists limiting concentrations coo(m) such that
Ct(aa ba m) — Coo (m)]l{a:bZO}
in (1(9).

(ii) For z € [0,1), the generating function goo(2) of (Coo(m))m>1 is the antiderivative
vanishing at 0 of

990 (10)(2). p@
2 (h),h2 ), %), (2.26)

where (hg), hg)) is characterized by

e = 2002, 2)

) aagyo 1 ) (2.27)
i) = F2 (). (), 2)

Proof. (i) Since I'no = Tgel = +00, then (2.9) holds for all t > 0, so

Z ct(a,b,m)t_:) 0.
(a,0)#(0,0)

Then, using (2.22), we get, for all t > 0,
m—1 t
¢(0,0,m) = ¢0(0,0,m) + Z / cs(1,0,m")es(0,1,m —m') ds.
/o

But the integrand is bounded by A;B, = 1/(1 + s)2. Hence the integral has a finite
limit when ¢ — 400, and so does ¢;(0,0,m). Finally, (¢;,m) is bounded by Theorem
2.5, and (ce0, m) < +00 by Fatou’s lemma, so Cauchy-Schwarz inequality shows that

Z lct(0,0,m) — coo(m)| —> 0

1 t—+oo
and the result follows.
(ii) By f¢'-convergence, we have

goo(z) = tl}TOO gt(o) O) Z))

so, using (2.5) and the fact that ﬁt(l) and fIt(Q) are bounded by 1,

It just remains to check that hgl)(O, 0, z) and h§2)(0, 0, z) do have a limit when ¢ —
+o0o. From their definition (2.6), they have the same limit (if any) as k:t(l)(z) =
Bg“(o, 0, z) and kﬁz) (2) == ﬁgz) (0,0,2). Now fix Z € [0, 1), and consider kél) and kt@)
as (continuous) maps on [0, Z]. But h; is the right-inverse of ¢, so

99 10 () KD (), 2) = k2 (2), 2200 ) K2 = kD) (2.28)
ox dy
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and, since (co, a?+b?) < +o0, then %(CE, y, 2) has a bounded differential on [0, 1] x
[0, Z]. Hence k§2), and for the same reason k:,gl), are Lipschitz-continuous on [0, Z],
with a constant independent of ¢. Ascoli’s theorem thus shows that the families
(kt(l)) and (k§2)), t >0, lie in a compact set (for the uniform topology on [0, Z]). So
the family (kgl), k:,§2)) lies in a compact set, and passing to the limit in (2.28) shows
that any of its limit points solves (2.27). But since Tye = +00, the application

990 990
(SC, y) = <ay($7y7 Z)a aj(xvyu Z)>

is contracting for every z € [0,Z]. So there is a unique solution to (2.27), and

(kt(l), kg)) converges to this solution.
O

6.2 Connection with two-type Galton-Watson processes

In [3], Bertoin shows that for monodisperse initial conditions and when gelation does not
occur, the limiting concentrations can be described in terms of Galton-Watson processes.
The same kind of analogy is observed in our case. Precisely, we start from initial conditions

CO(aa b, m) = M(av b)]l{m=1}

for a measure p on N x N with (u,a) = (u,b) = 1. We may then define the probability
measures

o p;i(a,b) = p(a,b)/{p, 1), with generating function ¢;(z,y) := go(x,y,1)/g90(1,1,1).

o tm(a,b) = (b+ 1)u(a,b+ 1), with generating function ¢y, (z,y) := %g;(:c,y, 1),

o sif(a,b) = (a+ 1)u(a+ 1,b), with generating function ¢¢(x,y) := %(:p, y,1).

Now, consider a Galton-Watson tree with two genders, constructed as follows. We
start from an ancestor, who gives birth to a number a of male children, and a number b of
female children, where (a,b) is distributed according to p;. Then each child gives birth to
a certain number of children, distributed according to ji,, for the males, and to ps for the
females, and so on. Consider T'(p;, tm, jtf) the total population of such a Galton-Watson
process and let, for r € [0,1),

gi(r) = E(TT(Hi,Hm#f))’ G (1) = E(TT(IJmel-Lma.U‘f))’ gs(r) = E(TT(uf,um,uf))_
It is classical (see e.g. [24]) that they solve the following system:

9i(r) = r¢i(gm(r), gs(r))
Im(r) = 10m(gm(r), g5(r)) (2.29)
gr(r) = 1¢r(gm(r), g97(r))-
In particular, Equation (2.27) shows that (g, g¢) and (hg), hg;)) solve the same equa-
tion, which has a unique solution by Corollary 6.1, so hg? = Gm, hg;) = gy. If we define
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z z) the coefficient of 2™ in the expansion around 0 of an analytic function h, we may
™h(z) th fficient of 2™ in th i d 0 of lytic function h
then compute

270 (2) = 1= o (D), A (2),1) = —go(L, 1, D164 gm(2), 95 (=)
= D) = VBT i i, 1) = m).

m

1
Finally, let us call a measure 4 on N x N degenerate if u = (1 1) or pp = 5(6(270) +9d(0,2)), or
p(a,b) =0 for a # 1, or pu(a,b) = 0 for b # 1. We let the reader check (using e.g. Theorem

10.1 in [24]) that under the assumptions Ty = 400, and ruling out the degenerate cases,
T(pi, fom, pf) is finite a.s. We have thus proved the following.

Corollary 6.2. The limiting concentrations verify for m > 2

1
o, DYP(T (s foms pof) = m).

Coo(m) = —

Moreover, if p is not degenerate, then T'(j;, fim, ptf) < 400 a.s.

As is explained in Section 4.2.3 of the introduction, and similarly to Bertoin’s case
[3, 4], we may interpret this formula by saying that a typical cluster in solution is a
Galton-Watson GW, i, ;-

This also provides an interpretation for the law ¢ of Section 5.3. This shows indeed
that v1 o1 is the law of the total population of a two-type Galton Watson process started
from one male and one female ancestors, where the males give birth to females according
to the law v, and the females give birth to males according to the law vq. In particular,
if 11 = vo = v, then v ¢ v is the distribution of the size of a Galton-Watson tree with
reproduction law v and starting from two ancestors and we get (what is not obvious from
the formula for ¢), that for m > 2

vov(m) = %V*m(m —2).

6.3 Mass at infinity

This corollary answers another question about gelation. By Theorem 2.5, the total mass
(¢, m) is conserved as time passes, so gelation does not occur before Tye. But, if Tye =
+00, it may occur at infinity: some mass may be lost then. For monodisperse initial
conditions, Corollary 6.2 proves that this cannot happen, except in the degenerate cases.
Whenever p is not degenerated, Corollary 6.2 indeed shows that

<C<>03m> = <1UJ, 1>P(T(Minuma,uf) < —|—OO) = <:u7 1) = <COa 1> = <CO7m>

In the degenerate cases, it is easy to get explicit expressions for the concentrations, and
they show that the mass at infinity is 0.

7 Microscopic model

7.1 Notations and preliminary results

The goal of this section is to construct a sequence of random processes modeling the
coagulation of clusters with male and female arms. We will start with n particles (and
then let n — +00). Let us first set some notations.
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e Recall that S = N x N x N*.
e [0,n] ={0,...,n}.

e M > 0is a fixed real number. The number of arms and the total mass are assumed
to grow at most like Mn (see the definition of E,,).

e The sequence of the number of p-clusters is an element of
E, = {N € [0,n]5, (N,a+b+m) < Mn}
which is a finite set.

1
e —F, is a subset of
n

={Ce0,1%(C.a+b+m) < M},

An element of E represents the sequence of concentrations of p-clusters. FE is a
metric space endowed with the ¢! distance

d(CcM,c@) =3 |cW(p) - cA(p)|,

peS

e We will call C-convergence the compact convergence (i.e. uniform convergence on
every compact set) for functions from R* to E.

e D(R™, H) is the space of cadlag functions from R to a metric space (H,d), endowed
with the Skorokhod distance. We will call S-convergence the convergence for Sko-
rokhod’s distance. For the basic facts about Skorokhod distance for functions with
value in a (complete separable) metric space, see [16].

So as to use standard theorems, the following easy result will be useful.

Lemma 7.1. (E,d) is a compact metric space. In particular, it is a Polish space.

7.2 Model

Let us now introduce the model. Informally, we consider a finite number n of particles
with integer mass, and assume that at time 0, the total mass of the system plus the total
number of arms is less than Mn. Then, each pair formed of a p-cluster and of a p’-cluster
may coagulate at rate %p.p’ , independently of the other pairs, to form a po p’-cluster, that
is, the time one has to wait to see them coagulate is exponential with parameter %p.p’ .

In other words, assume that the system in in the state n at a given time, that isn € F,
and 7n(p) is the number of p-clusters. There are n(p)n(p’) (or n(p)(n(p) —1) if p = p’) pairs
formed of a p-cluster and of a p’-cluster. Let

n_ [sppn@n®) if p # pf
Malpp) {ép.pn(p)(n(p) —-1) ifp=yp.

We set independently on each couple (p,p’) an exponential clock with parameter A, (p,p’)
(an exponential random variable with parameter 0 is assumed to be a.s. infinite). There
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is a.s. one and only clock which rings first. If it is the clock on the couple (p,p’), then the
system jumps to the state n + A, ,» where

{Ap,p’ (p) = Ap (p)=-1 ifp#p
App(p) = —2 if p=p'

and A, ,; = 0 otherwise. Then restart the construction afresh from the new state. Note
that only finitely many 7n(p) are nonzero, so the first jump occurs after an exponential

A17710’ (p o p/) =+1

time with parameter
A= D0 Ag(pp) < Hoo.
p,p'€S
We will consider the Markov chain constructed according to this rule. That is, we fix the
following, for every n > 1.

e An element X(()n) of F,,, which is the initial number of particles.

e A pure-jump Markov process X(™ on E,,, defined on a probability space QA" P"),
(n)

starting from X, and with generator

Gfm= > (f(n+2pp) = f0)Ay(p,p)
(p.p')€S?
for every bounded function f : E, — R and n € F,. The construction of such a
process is obvious since FE,, is finite.

e The rescaled and time-changed process

n 1 n
o _ Lxm

noot/n

Note that C'™ is a pure-jump Markov process on %En C F, starting from Co(n) = X(()n) /n,

and with generator

1
GOr = X (1 (n+ 2 8) = 1) AP )
(p.p')es?
where
A () — 1 \ /
n (pap) - E 'rm(pap )
We shall prove the following result.
Theorem 7.2. Assume that for everyp € S, Cé”) (p) = co(p) for some co(p) > 0, that
(€ a) = (co,a) =1, (C{,b) — (co,b) =1

and that
(co,a® + b?) < +o0.

Let Tyel be defined as in Definition 2.4. Then (Ct(n))te[ojgd) converges (in distribution) to
the unique solution of Smoluchowski’s equation (2.3) with initial conditions (co).

Remark 7.3. Obviously, convergence has to be understood with respect to Skorokhod’s
topology on [0, Tye1) (which is the trace topology of Skorokhod’s topology on [0, +00)).

Note that the law P, of the process C(™ is a probability measure on D(R*, E). To
prove Theorem 7.2, we will show that the sequence (P,) is tight, and that for every limit
point P, and almost every process (C;) with law P, (C}) solves some system, which is
Smoluchowski’s equation (2.3) before the critical time. Because of the uniqueness of such
a solution, this will show that (P,) itself converges to the solution of Smoluchowski’s
equation (2.3) before the critical time.
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7.3 Tightness
The proof of tightness is analogous to the one in [27], up to some slight modifications.
Lemma 7.4. The sequence (Py)n>0 15 tight.

Proof. We will use the classical tightness criterion stated in [28, p. 34] or in [16, Th 7.2].
For t > 0, let Pt(n) be the law of Ct(n), which is a probability measure on E. Since E is
compact by Lemma 7.1, the tightness of the sequence (Pt(n))nzo is obvious.

Now, C(™ is a pure-jump process on %En C E, with generator G™). Hence, when the
process is in the state 7, then the time before the next jump is exponential with parameter

A= 5T A (p,p') = % ( > ' n(p)n() - Zp-pn(p))

p,p'ES ' €S peS

and, since n € F, )\7(7n) < M?n :=cn. Now take N >0, 8 >0, € > 0, and let § > 0 such
that N = 4l for some [ € N*, and 3cde/f < 1. Define now

N .
w (Y,0) := inf max su d(Y;, Ys),
( ) wells tiem ti§5<t1<)ti+1 ( t 8)
II5 being the set of all subdivisions 0 = ¢ty < t; < -+ < t, = N of [0, N] such that
tiv1 —t; > d for all i. Consider the partition tc =0<t; =90 <--- <t;=X= N of [0, N].

Let Z; := sup d(Cs(n), Ct(n)) for 0 <i<!—1. Then
ti§8<t<ti+1

N(c(n) < 4 < 4
P, (w™ (C',0) > p) <P, (ogr?gﬁz‘ > B) < logr??filp”(ZZ > ).

h ,C't(n)), is 3/n. Hence, if Z; > (3, then the process has
jumped more than k := [fn/3] := [¢'n] times between ¢; and t;4; (where [z] is the first
integer strictly greater than x). If Sy if the time of the k-th jump, the Markov property
tell us that

But the size of a jump, that is d(C(n)

Pn(Zi > 5) < Pn(Sk < (5)

But Sj is the sum of k£ independent exponential random variables, with parameter smaller
than cn. So, if S, is the sum of k independent exponential random variables with parameter
cn (on a probability space (2, A,P)), then Sy, is stochastically dominated by S}, that is

P, (Sk < d) <P(S), <9).

To conclude, note that the last term is the probability that a Poisson process with param-
eter cn jumps more than k times on [0, ], and Stirling’s formula shows that this tends to
zero for (coe/c’) < 1. O

7.4 Convergence

In this section, we prove the convergence of C(™) to a process solving the system (2.18),
and deduce that it solves Smoluchowski’s equation (2.3) before Tgel.

Proposition 7.5. Assume that for everyp € S, C(()n) (p) — co(p) for some co(p) > 0 and

that
(€S a) = (co,a) =1, (CS,b) = (co,b) = 1.

Let P be a limit point of (P,), and let (¢;) be a process with law P. Then a.s. (¢;) solves
Equation (2.18), with initial conditions (co).
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In the following proofs, we take a subsequence of (C (")) which converges in law to some
possibly random ¢ € D(R*, E). For notational simplicity, we will assume that (C(")) itself
tends to c. Since F is compact, it is separable, and hence, so is D(RT, E). Skorokhod’s
representation theorem (cf e.g. [16]) now allows us to assume that the C'™) are defined on
the same probability space (€, F,P), that C™) — ¢ a.s. (that is, for almost every w € ,
the function C™(w) tends to c¢(w) for Skorokhod’s distance), and that in the statement,
there is a.s. convergence. We will also constantly use the fact that for every bounded
Borel function f : E — R, the processes

Fomy — / G My ds =M™ (2.30)

and
(n) 2 ! n n n n n
(2™ —/0 (G™M()(C) = 2£(CENG™M F(CM)) ds (2.31)

are martingales. Note also that if f : ¥ — R is linear, then, for all n € E,

G Z f(Bpp) p'n(p Z F(Dpp)n(p) (2.32)

p,p'€S pES

and

(G™M(1%) =276 f) () ( > f(Bpp) )@ )pp —*Zf pp)

p,p'ES pES
(2.33)
We will also need the following convergence result.

Lemma 7.6. Let
A = (¢ q), B = (C™ p).

S

Then (A™) and (BM™) C-converge a.s. tot s 1/(1 +1).

Proof. Obviously, we cannot pass to the limit immediately in these expressions. So con-
sider the maps from E to R: C' — (a,C) and C +— (b,C), which are measurable and
bounded (by M). By (2.30) and (2.32), there are martingales M and M5B such
that

=AM /A BM ds+e,+ M, B = g /A ") ds+e, + MM

(2.34)
where ¢, < M/n. Now, (2.31) and (2.33) show that the quadratic variation of M4:(")

verifies
2

<MA’(”)>t < % Ot AB, ds < M7

n
2
E (( sup MtA’(n)> ) —0
0<t<T

for all T' > 0. Hence there is a subsequence of (M A’(”)) which C-converges a.s. to 0. In
particular, it S-converges. For notational simplicity, we will assume that (M4(™) itself
converges. For the same reason, we may assume that (A7) also S-converges a.s. to 0.

By Doob’s inequality,
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Now, note that the proof of Lemma 7.4 still works for (A(")), since the size of its jumps
is bounded by 1/n. So (A™) is tight, and by Prokhorov’s theorem', this means that for
almost every w € Q, (A (w)),>o lies in a compact of D(R*, E). The same works for
(B™), so we can find ' € Q with P(Q') = 1, such that for every w € €, Cy,(w) — c(w) (for
Skorokhod’s distance), M4 (w) — 0 and M B ™ (w) — 0 (compactly), and (A™(w))n>0
and (B™(w))n>0 lie in a compact.

Next, fix w € €, and let us find the limit of (A™ (w), B™(w)) (for the product topology
— which is not Skorokhod’s topology on D(RT, E?)). Since it lies in a compact set, it is
enough to show that it has only one limit point. So assume (A™(w), B (w)) converges
to some (A, B). Then (A,En) (w)) converges to A; for every t € K, the set of continuity
points of A. But A is cadlag, so it has only countably many points of discontinuity, and
hence K¢ has Lebesgue-measure 0. Hence (A (w)) converges to A Lebesgue-a.s., and
ditto for (B™(w)). Also, (A" (w)) and (B™(w)) are bounded by M, so using dominated
convergence in (2.34) and recalling that A(()n) (w) and Bén) (w) — 1 by assumption, we
obtain

t t
At=1—/ A,B, ds, Bt:1—/ A,B. ds.
0 0

Hence
1

L+t
Finally there is only one limit point to (A™ (w), B™ (w)). So (A™(w)) and (B™ (w)) both
S-converge to t — 1/(1 + t), and, since this function is continuous, they C-converge. [

At:Bt:

Remark 7.7. As pointed out in the proof, the convergence of A and B to the actual
number of arms

Ay = (cr,a), Bp={(c,b)

is not obvious. There is no such problem for a strictly sublinear coagulation rate (as in
Jeon’s proof [27]). In our (linear) case, we prove below that this convergence holds before
the critical time (we also refer to Norris [45] for general sublinear rates in a model with
no arms). In fact, if there is a solution (c¢) to (2.3) defined after T,e1, we believe, for the
reasons explained in Section 2.4 of the introduction, that Ag") and B,ﬁ”) do not converge
to A; and By after Tyer (and that this number of arms is then strictly lesser than 1/(14-1)).

Proof of Proposition 7.5. 1. Take some py = (ag,bg,mg) € S, and define, for C' €
D(RT, E), f(C) = C(po). According to (2.30),

t
™ (po) — C (p) — /0 G F(C™) ds == pPo™) (2.35)

is a martingale. Note also that for p,p’ € S, f(A,,r) is 0, except if p or p’ or pop/
is po. Hence, it is easy to check using (2.30) that

GO () == 3 OO wopop+ 5 Y ppo\D)CE ()OI (po\p)

peES P=po

S F(8) )
peS
(2.36)

! Actually, we do not need this implication of Prokhorov’s theorem: this is just a consequence of the
proof of Lemma 7.4
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The last term is due to the difference between A, (p, p') when p # p’ and when p = p'.
In any case, it tends to 0 uniformly on R™ and uniformly in pq.

. Let us now study the martingale term. By Doob’s inequality, we have for every

T7>0

2
2
0<t<T

and by (2.31), this last term is

E ( / (G £2 — 256 £ (o) ds> .
0

But by (2.33), and since f (A, ) < M for all p,p’ € S, then

(G2 —2fG™ F)(CM) < M*/n,

2
E (( sup Mfo’(")> ) 0.
0<t<T

Hence, there is a subsequence of (MP(") which a.s. converges to 0 uniformly on
RT. For notational simplicity, we will now assume that (M po’(”)) itself C-converges
to 0. Using the diagonal method, we may as well assume that (M po’(”)) C-converges
to 0 for every py € S.

so that

. We have already seen in the proof of Lemma 7.4 that d(Ct(n), C’t@) < 3/n as. By

continuity of X > sup,cp 4 d(X,s-, Xs) (cf [16]), this ensures that ¢ is almost surely
continuous , so C™ actually C-converges to ¢. From the definition of d, it is also
obvious that C™ (p) C-converges to ¢(p) for every p € S.

. With these results, we may now pass to the limit in (2.35) and (2.36). Write (2.36)

in the form

G (M) = —ay,(s) + %ﬁn(s) + en(s).

Equation (2.35) shows that
(n) (n) ! L ! (n)
o) = 70— [ an(s)ds 5 [ () ds+ [ enls)ds+ g (237)
0 0 0

By Point 3, Ct(n) (po) C-converges a.s. to ¢(po). C’(()n) (po) tends to cy(pp) by assump-
tion. f,(t) is a finite sum, so

Ba(t) = > p.(po\p)C{™ () O™ (po\p)

P=po
compactly. Finally, note that

an(s) = C™ (po) (%(an)a b) + b0<(]§”),a>)
= C™(po)(agB™ + bpATY).
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By Lemma 7.6, A§”) and B§”) converge compactly to t — 1/(1+41t), so

a+b

AR on(s) = Togelro) as.

compactly. Since these are all compact convergences, we can pass to the limit in
(2.37), for all pp € S. This readily shows that (c(p)) solves (2.18), with initial
conditions (co).

O

7.5 End of the proof

We can now end the proof of Theorem 7.2. Hence, we assume now that {(cg, a®+b%) < +o0.
Let @, be the law of (Ct(n))te[O,Tgel)- The sequence (Q,,) is obviously tight. Let @ one of
its limit points, and let ¢ a process with law ). By Proposition 7.5 above, ¢ solves a.s.
the system (2.18), with initial conditions (cp).

Now, let g¢(z,y,2) the (a priori random) generating function of c¢. It is easy to see
that ¢ is well defined for (t,,y, 2) € [0, Tger) x (0,1)? x [0,1], and that g(.,., z) is regular
for every z € [0,1]. Moreover, we see as in the proof of Proposition 4.7 that for every
z € [0,1], g¢(.,.,2) solves the PDE (2.17) with initial conditions (z,y) — go(z,y,2) =
S co(a, b,m)zy?z™. Hence by Proposition 4.7, (¢;) solves Smoluchowski’s equation 2.3
until Tye. But by Theorem 2.5, there is a unique solution to this equation on [0, Tyel).
Hence there is a unique limit point to (@), so the sequence itself converges to the solution
of Smoluchowski’s equation (2.3) on [0, Tgel).






Chapter 3

Uniqueness of post-gelation
solutions of coagulation equations

This chapter is taken from a joint work [44] with Lorenzo Zambotti, published in the
Annales de UInstitut Henri Poincaré, Analyse non-linéaire.
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1 Introduction

1.1 Coagulation models

In this chapter, we deal with the problem of uniqueness of post-gelation solutions of several
models of coagulations, namely Smoluchowski’s and Flory’s classical models, Bertoin’s
models with limited aggregations and the corresponding Flory equation. Let us recall
that Smoluchowski’s equation concerns the evolution of the concentration of ¢;(m) of
clusters of mass m € N* and reads

%ct(m) Z k(m,m’) c;(m’) es(m —m') — Z k(m,m")cy(m)cg(m”) (3.1)

1 m’>1

1
2

with m € N*, for a symmetric kernel x(m,m’), and that Bertoin’s coagulation with limited
aggregations deals with the evolution of the concentration ¢;(a, m) of clusters with a arms
and mass m, and is given by

a+1m 1

d
act a,m) Z Z d(a+2—a)e(a,me(a+2—d,m—m')
=lm'=1 (3.2)
— Z Z aa’ci(a, m)cy(a’,m’)
a’>1m/'>1

for (a,m) € N x N*.

As we already discussed in the introduction of this thesis, in general, when solving these
equations, a critical time, known as the gelation time, appears. In [46], Norris considers
far more general models of cluster coagulation, where the rate of coalescence does not
depend only on the mass of the clusters but also on other parameters. In that case again,
most results (existence, uniqueness) are obtained before some critical time.

1.2 The gelation phase transition

The reason why Bertoin’s equation (3.2) can be solved, is that it can be transformed
(see [3]) into a solvable PDE involving the generating function of (¢;). For the standard
Smoluchowski equation (3.1), this transformation is also possible for several particular
choices of the kernel x(m,m’), namely when k is constant, additive or multiplicative: see
e.g. [7]. However, the mass is a parameter of this PDE, so it is easy to solve only when the
mass is known. But if large clusters can coagulate sufficiently fast, then one may observe
in finite time the gelation phenomenon, which is interpreted as the formation of clusters
of infinite mass, the gel. From the gelation time, the mass starts to decrease.

Existence and uniqueness of solutions of (3.1) are thus easy up to gelation, since in
this regime the total mass

= Z mei(m

m>1

which appears in (3.1) and in the associated PDE, is constant.

It is well-known that the occurrence of gelation depends heavily on the choice of the
coagulation rate k(m,m’), and that in the multiplicative case, gelation always occurs
[14, 18, 35]. After gelation, the mass is not known, so M; itself becomes an unknown of
the equation, and well-posedness of the equation is then much less trivial.

The multiplicative kernel is therefore particularly interesting, since it exhibits a non-
trivial behavior but can also be studied in detail by means of explicit computations.
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For (3.2), before gelation the mean number of arms A; is explicitly known and equal
to

Ao
A = Z aci(a,m) = ———.
ame1 1+tAg

As we saw, the same phenomenon of gelation occurs in (3.2) for a class of initial concen-
trations cp. After that time, A; is lesser than Ay/(1 + tAp), and the equation becomes
much harder to solve.

1.3 Main result

The main results of this chapter are the well-posedness of the standard (3.1) Smoluchowski
equation with a multiplicative kernel, and of the modified (3.2) Smoluchowski equation,
for general initial conditions.

We start off in Section 2 by considering existence, uniqueness and representation formu-
lae for global solutions of the version of (3.1) with continuous masses and a multiplicative
kernel, introducing and exploiting all main techniques which are needed afterwards to
tackle the same issues in the case of Bertoin’s equation (3.2). We prove that for the most
general initial conditions po(dm), a positive measure on (0, +00), Smoluchowski’s equation
with a multiplicative kernel has a unique solution before and after gelation. We can in
particular consider initial concentrations with infinite total mass, i.e. such that

My = / m po(dm) = +oo.
(0,4-00)
This can be applied for instance to initial conditions of Gamma type
mco(dm) = CpmP~2e™™

with p € (0, 1].

We also show existence and uniqueness for the modified version of Smoluchowski’s
model, namely Flory’s equation (1.2), in Section 3. This was already proved by Norris
[46] for much more general models, but the techniques in that particular case are much
simpler and allow to compute many interesting quantities.

A probably more interesting case is Bertoin’s model with limited aggregations (3.2)
and we prove analogous results as for (3.1) in Section 4. We can in particular consider
initial conditions (¢o(a, m),a € N,m € N*) with an initial infinite number of arms, that is
such that

Agy = Z aco(a,m)
a,m>1
is infinite, and show that there is a unique solution “coming down from infinity sufficiently
fast”, i.e. such that, for positive t,

t
/ A2 ds < +o0.
0

Note however that this is no technical condition, but a mere assumption to ensure that the
equation is well-defined. The same techniques as for the standard Smoluchowski equation
of Section 2 are used, so we shall not give all the details in that case. We can also consider
the corresponding Flory model with limited aggregations, which is dealt with in Section
5.

A most striking feature of the result about (3.2) is the expression for the limiting

concentrations which we compute in Section 6, which are not trivial, in comparison with
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the standard Smoluchowski and Flory cases (for which they are always zero). In Flory’s
case with limited aggregations, the formula obtained extends to all possible initial con-
centrations the computations done in [3] when there is no gelation. In Smoluchowski’s
model with limited aggregations, a slight modification appears, which calls for a proba-
bilistic interpretation which is the motivation for the study of a microscopic model for
(3.2) undertaken in the fourth chapter.

The technique used, as in [3], is to transform the equation into a PDE. However, since
the mass (in the case of (3.1)) or the mean number of arms (in the case (3.2)) is not a
priori known, this PDE is non local, unlike the one obtained in the regime before gelation,
and this is the main difficulty we have to deal with. We may though use a modification
of the classical characteristics method to show the uniqueness of a solution to this PDE,
and hence to (3.2).

This seems to be the first case of a cluster coagulation model for which global well-
posedness in presence of gelation can be proven. Another setting to which these techniques
could be applied is the coagulation model with mating [43] introduced in the second chapter
of this thesis.

1.4 Bibliographical comments

Smoluchowski’s equation (3.1) has been extensively studied; we refer to the reviews [1, 33,
45]. There are conditions about the kernel x to know if gelation occurs or not, but this
requires a precise definition of gelation (see e.g. [15], or [27] in a probabilistic setting).
Essentially, before gelation, Smoluchowski’s solution has a unique solution [45, 8, 18, 33].
However, in the multiplicative case, gelation always occurs [14, 18, 35]. For monodisperse
initial conditions co(m) = 1y,,—1}, the first proof of existence and uniqueness to (3.1)
before gelation is given in [39], and a proof of the global existence and uniqueness in [29],
essentially because in this case, explicit solutions can be obtained. The case of general
nonzero initial conditions has been considered by several papers in the Physics literature
[12, 13, 36, 53, 59], and by at least one mathematical paper [55], which however treats in
full details only the regime before gelation (see Remark 2.9 below). The same authors also
provide in [56] an exact formula for the post-gelation mass of (3.1), but with no rigorous
proof. Thus, a clear statement about well-posedness of (3.1) for the most general initial
conditions still seems to be missing.

The use of generating functions (or Laplace transforms) is classical [7, 3], and it makes
the proof of uniqueness before gelation for a multiplicative kernel quite easy, see [40].

We will not be interested in the existence of solutions, since it has been obtained in a
much more general setting by analytic [34, 35, 46] or probabilistic [19, 27] means. However,
the case of an infinite initial mass seems to have been considered only in [34] in the discrete
case, so we refer to Section 2.6 below for a proof.

2 Smoluchowski’s equation

2.1 Notation and results

In this section we develop our method in the case of the continuous version of the standard
Smoluchowski equation (3.1), proving existence, uniqueness and representation formulae
for global solutions. Let us first fix some notations.

° M}“ is the set of all non-negative finite measures on (0, +00).

e M7 is the set of all non-negative Radon measures on (0, +00).
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e For y e M} and f € L' (u) or f >0,
Gy = [ plm) p(am).
(0,400)

We will write m for the function m — m, m? for m — m?, etc.
e For ¢: (0,+00) — R and m,m’ > 0, Agp(m,m') = ¢(m +m') — p(m) — ¢p(m/).
e C.(R™") is the space of continuous functions on (0, 4+00) with compact support.

e For a function (¢, x) — ¢(z), ¢}(x) is the partial derivative of ¢ with respect to x.

ot d+t
) e or x denotes the right partial derivative with respect to t.
Let us now define our equation and we call a solution. Note that the first requirement
in the following definition is only present for the equation to make sense.

Definition 2.1. Let pp € M. We say that a family (u;)i>0 C M solves Smoluchowski’s
equation if

o for every t > 0, [ {us(dm), m)? ds < +o0,
e forall ¢ € C.(RT) and t > 0

(e, @) = (1o, ) + % /t(us(dm)us(dm')7mm’A(;S(m,m’)) ds. (3.3)
0

The global behavior of this equation has been studied first for monodisperse initial
conditions (i.e. pg = d1), in which case it can be proven that there is a unique solution
(pt)e>0 on RT | which is also explicit, see [39, 29]. This solution clearly exhibits the gelation
phase transition. Up to the gelation time Ty = 1, the total mass (u;, m) is constant and
equal to 1, and then it decreases: (us, m) = 1/t for t > 1. Moreover, the second moment
(ue,m?) is finite before time 1, and then infinite on [1,4+00). It is also known in the
literature that for any nonzero initial conditions, there is a gelation time 0 < Ty < +00,
such that there is a unique solution to (3.3) on [0, Tye), and (py, m?) — +oo when t — T:
see e.g. [18].

Our initial condition will be a non-null measure o € M such that

(o,m A1) = /(0 +oo)(m A1) po(dm) < +o0. (3.4)

We can then define the generating function

go(x) := (o, ma™) = /(0 o) maz™ po(dm), x € [0,1], (3.5)

as well as the gelation time.
Definition 2.2. For

Moy := {(po,m) € (0,+00], K := (uo,m?) € (0, +00),
the gelation time is defined as

Ty = 1/K € [0,400). (3.6)
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Our main result on (3.3) is then the following.

Theorem 2.3. Smoluchowski’s equation (3.3) has a unique solution on R*. It has the
following properties.

1. The total mass My = (g, m) is given by My = go(£;), where £y =1 fort < Ty and,
fort > Tyel, £y is uniquely defined by

1
Crgo(ly) = 7

Therefore, t — M, is continuous on [0,+00), constant on [0, Ty, strictly decreasing
on [Tyel, +00) and analytic on RY\{Tye}.

2. The function

t
@) =zexp ([ go(t)ds) e,z e o.1) >0,
0

has a right-inverse hy : [0,1] — [0,4;]. The generating function g;(z) := (s, mz™)
is given for t > 0 by
9¢(x) = go(he()).

3. If the following limit exists

v:=— lim M € [—00,0],

a—1- go(x) + zg((x)
then the right derivative ]\.&r’ge1 of M att = Ty is equal to v.

4. Let mgo = inf supp po € [0, +00). When t — 400,

— —> My.
tM, 0

5. The second moment {j, m?) is finite for t € [0, Tye1) and infinite for t € [Tyel, +00).

Remark 2.4. e This result allows to recover the pre- and post-gelation formulas ob-
tained with no rigorous proof in some earlier papers [13, 12, 29, 36, 55, 56, 53]. The
decrease of the mass in 1/t when my > 0 was also observed in these papers. Also,
some upper bounds in 1/¢ for the mass were proven in [15, 35].

e If there exists dust, in the classical terminology [2] of coagulation-fragmentation, i.e.
if mp = 0, the mass tends to 0 more slowly than 1/¢: small clusters need to coagulate
before any big cluster can appear, and they coagulate really slowly. For instance,
a straightforward computation shows that if pg(dm) = e ™dm, then M; ~ t2/3,
More generally, the explicit formula in Proposition (2.8) allows to compute M; for
any initial conditions.

e With this formula, it is easy to check that MTge1+ can be anything from —oo to 0.
For instance, Mr,,+ = 0 for go(x) = (1 — x)log(1 — z) + z, My = —oo for go(z) =
V1I—zlog(l—z)+z,and for 0 < a < +oo, My = —a for go(z) =1 —+/1 — 222 In
particular, M need not be convex on [Ty, +00).
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2.2 Preliminaries

Let pp be defined as in the previous statement. We shall prove that, starting from g, there
is a unique solution to (3.3) on R™, and give a representation formula for this solution.
This allows to study the behavior of the moments. Let us start with some easy lemmas.
So take a solution (j:)r>0 to (3.3) and set

My = (pr, m). (3.7)
The two following lemmas are easy to prove, using monotone and dominated convergence.

Lemma 2.5. (M;);>0 is monotone non-increasing and right-continuous. Moreover, M <
+oo for allt > 0.

Proof. Take ¢*(m) = m for m € [0, K], ¥ (m) = 2K —m for m € [K,2K], and ¢*(m) =
0 for m > 2K, so that ¢ € C.. Plugging ¢* in Smoluchowski’s equation (3.3), letting
K — +o00 and using Fatou’s lemma readily shows that (M;):>0 is monotone non-increasing.
Note also that ¢ +— M; = supg (u, ') is the supremum of a sequence of continuous
functions and so is lower semi-continuous, which implies, for a monotone non-increasing
function, right-continuity. Finiteness of M; is now obvious since s +— M2, and hence
s — My, are integrable by Definition 2.1. O

Lemma 2.6. Assume that (g, m?) < +oco. Then t — {(uy, m?) is bounded in a neighbor-
hood [0, Ty, To > 0, of 0. Moreover My = My for t € [0, Tp).

Proof. The first part of the statement is analogous to Lemma 3.6 of Chapter 2. More
precisely, first note that (3.3) can be extended to any bounded ¢ : (0,4+00) — RT by a
standard approximation procedure, so we may take take, for M € N,

¢(m) = ¢ (m) == (m A M),

It is easy to check that Ag(m,m’) < 2(m A M)(m' A M), so plugging this in (3.3), we get

(8™ < {0, ™) + [ G’ G n MY A M) ds = [ (G M) s
0 0

This readily shows that (u¢, M) < (1/{uo, »™) —t)~! as long as the RHS remains finite,
so by monotone convergence, having M — +o0o, we get

1
<Mta m2> < W

for t < 1/{up, m?), whence the result follows. The second part is classical and is just
obtained by dominated convergence. O

Remark 2.7. The first part of this result was actually absent from the original paper [44],
what led to an awkward definition of a solution where we required the second moment to
be bounded in a neighborhood of 0. As we just saw, this is an unnecessary assumption.
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2.3 PDE

By Lemma 2.5, (u¢, m) < +o0 for t > 0, so that we can define

mmzwmm%:[ ma pdm), € 0.1], 10, (3.8)
0,400

which is the generating function of m p¢(dm). Then, using a standard approximation
procedure, it is easy to see that g satisfies

ot ygs
ox

() = go@) + [ 2laule) = M) L @) ds, 120, € 0,1

gt(l) = Mt: t > 0.

(3.9)

It is well-known, and will be proven again below, that M; = My for all ¢ < Tg,
since then, the PDE (3.29) can be solved by the method of characteristics: the function
@¢(+) : [0,1] — [0, 1] such that

pi(x) = wetMo=90@) g e [0,1], t < Tyal
is one-to-one and onto, has an inverse h; : [0, 1] — [0, 1] and we find
gt(l') = gO(ht(x))a HAS [07 ]-], t < Tgel-

However M; is not necessary constant for ¢t > T, and the form of ¢; has to be modified.
We thus define
di(z) = zae @ 1 e[0,1],t>0 (3.10)

where

t
Qy := exp (/ M, ds) , t>0. (3.11)
0

For t > Tye, My is possibly less than Mo and ¢, which depends explicitly on (Ms)sejo,q,
is possibly neither injective nor surjective. We shall prove that it is indeed possible to find
¢, € (0,1) such that ¢y(x) : [0,1] — [0, ¢;] is one-to-one and ¢; is uniquely determined by
9o-

2.4 Uniqueness of solutions

Using an adaptation of the method of characteristics, we are going to prove the following
result. Note that in [55], this properties are claimed to be true but a proof seems to lack.
We will use the same techniques in the proof of Theorem 4.3 for the model with limited
aggregations, but they are easier to understand in the present case.

Proposition 2.8. Let (ut)i>0 be a solution of Smoluchowski’s equation (3.3).

1. For allt € [0,Tga], My = Mo = go(£s), where €y := 1. For all t > Ty, My = go(¢y)
where £y € (0,1) is uniquely defined by

1
Ce g (L) = - (3.12)
Moreover £, and ¢(+) satisfy

G1(lr) =0,  ¢(ly) =1 > ¢(x), Ve (0,1). (3.13)
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2. For allt > 0, the function ¢.(-) defined in (3.10) has a right inverse
hy [0, 1] = [O,Et], d)t(ht(x)) =, xEcC [0, 1], (314)

and
gt(x) = go(he(x)), t>0, x€][0,1]. (3.15)

3. The functions ({¢)¢>0 and (M¢)i>0 are continuous.

4. (u) is uniquely defined by puyp.

Figure 3.1: ¢; before and after gelation. The dotted lines represent what ¢; may look like.
The solid one is the actual ¢y.

Remark 2.9. o For all t < Tye, My = My, ¢, = 1 and ¢; : [0,1] — [0,1] is one-to-one
and onto. The first thing one needs to prove is that for all £ > Ty, £ < 1, i.e. there
is indeed = € [0, 1] such that ¢¢(x) = 1, see Lemma 2.11; the second one, is that
0y = my, i.e. ¢(-) has an absolute maximum at ¢;, see Lemma 2.12. In other words,
one has to exclude the dotted lines as possible profiles of ¢¢(-) in Figure 2.4. These
properties are not obvious, since ¢; depends on (M;)¢[o,g Which is, at this point,
unknown. All other properties are derived from these two.

e In [55, Section 6] one finds a discussion of post-gelation solutions, in particular of
the results of our Proposition 2.8. However this discussion falls short of a complete
proof, since the two above-mentioned properties are not proven. In particular, no
precise statement about what initial conditions can be considered is given.

The following lemma is a list of obvious but useful properties satisfied by g and ¢.
Lemma 2.10. The function g defined in (3.8) satisfies the following properties.
(al) (t,z) — gi(x) is finite and continuous on [0,+00) x [0,1);
(a2) For all x € [0,1), t — g¢(x) is right differentiable on (0,+00);
(a3) For allt >0, x> gi(x) is analytic on (0,1) and monotone non-decreasing;
(a4) For allt >0, z — gi(x) € [0,400] is continuous on [0, 1].
The function ¢ defined in (3.10) satisfies the following properties.

(b1) ¢y is continuous on [0,1] and analytic on (0,1);
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t

(62) $1(0) = 0, ¢y(1) = e~ o Mo=M)ds ¢ g 7]

(b3) ¢i(x) = e @ (1 — twgy(x)) for x € (0,1);

(b4) Fort < Ty, ¢4 is increasing. Fort > Tyel, x — xgy(z) is increasing, ¢;(0) > 0 and
¢i(1) < 0. In particular, for t > Ty, there is precisely one point my € (0,1) such
that

#1(ms) = 0. (3.16)

(b5) Fort > Ty, ¢y is increasing on [0,my] and decreasing on [my,1].

Moreover,

(c1) The map (t,x) — ¢i(x) is continuous on RY x [0,1);

(c2) The map (t,x) — ¢,(x) is continuous on R* x (0,1);

(¢3) For every x € [0,1), t — ¢(x) is right differentiable and

(W — bu(z)(M; — go(x)) =€ [0,1), 1> 0. (3.17)

Property (b5) implies that there are at most two points in (0,1) where ¢; equals 1.
Take ¢; to be the smallest, if any, i.e.

6 =inf{x >0: ¢(x) =1} (inf0:=1). (3.18)
Lemma 2.11. 1. For every t > 0 and every x € [0, {4]

9t(ot(x)) = go(x). (3.19)

2. For allt € [0,Tgell], &y =1, and for t > Tye1, 0 < €y < 1. In particular, for allt >0,
qbt(ft) =1 and
go(le) = g1(1) = M. (3.20)
3. Finally, t — {; is monotone non-increasing and continuous on RT.

Proof. 1. Let us first prove that there exists 7 > 0 such that (3.19) holds for ¢ € [0, 7).
Fix 0 < a < b < 1. Since 0 < minj,; ¢o < maxj,p ¢o < 1, then by property (cl)
there is 7 > 0 such that

0< r[nibr}lgzﬁt < I[Iléﬁi(lst <1, Vtelo,7).

So, for a fixed x € [a, b], the function
ut := g¢(p(x)) — go(x)
is well-defined and using (3.29) and (3.17), we see that

t + + .
w= (3858(%(1‘))-1-%9; <¢s<x>>8afs(x>> as= [uas

where 5
g
Ve = afg(éf)t(fﬂ))ﬁbt(ﬂﬂ), t>0.
Since x € [0, 1), sup,cp ) || < 400 and therefore u; = 0. Hence (3.19) holds for
x € [a,b] and t € [0,7]. Since both terms of (3.19) are analytic functions of x on
(0,¢), by analytic continuation, (3.19) actually holds on (0, ¢;), and hence on [0, ¢]
by continuity.
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2. Let us now extend this formula to t € Rt. Let
T =sup{t >0: Vsel0,t], Vo €[0,4], gs(¢s(x)) = go(x)} > 7 >0,

assume T' < +o0, and denote by ¢ the left limit of (¢;);>0 at T'. First, ¢ cannot be
0, since otherwise we would get, when s — T,

1= ¢S(€s) = Esase_s%ws) 0.

For every t < T, 0 < ¢ < {4, so for every z € (0,£), g:(é1(x)) = go(x) and ¢¢(x) < 1.
Using the continuity property (cl) and passing to the limit when ¢ — 7~ in this
equality, we get

gr(or(z)) = go(z), Yz € (0,0).

By the same reasoning as in point (i), we obtain a 7" > T such that g:(¢¢(z)) = go(x)
for all ¢t € [T,T') and z in a non-empty open subset of (0,¢). By analyticity and
continuity, the formula ¢¢(¢¢(x)) = go(x) holds for every t € [T, T') and = € [0, {4].
This contradicts the definition of T, and so T' = +o0o. This concludes the proof of
point (1) of the lemma.

3. For the statement (2) of the lemma, let us show first that (u;, m?) is bounded on
[0,Tp), for every Ty € [0, Tye1). Let T, the smallest time when this fails (provided of
course that Ty > 0). By Lemma 2.6, 7" > 0. Differentiating (3.19) with respect to
x and having z tend to ¢; = 1 gives, for t < T",

1
1 —tK’

g:(1) = {pe, m?)
This quantity explodes only when t = Tye) = 1/K, so T = Tyq.

4. The boundedness of ({i¢,m?))se0,1,) Just proved for all Ty € [0, Tyel) and Lemma 2.6
imply that for ¢ € [0, Tye1), My = My. By the definition (3.10) of ¢y, it follows that
¢i(1) = 1 for t € [0,Tge1). But ¢y is increasing, so ¢; = 1 for ¢t € [0, Tge). Assume
now that for some ¢ > T, £ = 1. Then (3.19) holds on [0, 1], and this is impossible
since the right term is an increasing function of x, whereas the left one decreases
in a left neighborhood of 1 since ¢;(1) < 0. The fact that ¢(¢;) = 1 follows then
directly from the definition of ¢, and the continuity of ¢;(-). Finally, the inequality
¢; > 0 is obvious since ¢(0) = 0, and computing (3.19) at x = ¢; gives (3.20). This
concludes the proof of (2).

5. We know that ¢; = 1 and M; = My for all t < Tge. Now, g is strictly increasing
and continuous. Since (M;)¢>o is monotone non-increasing and right-continuous
by Lemma 2.5, so is (¢¢);>0 by (3.20). To get left-continuity of (¢;)¢>,,,, consider
t > Tyel, and let £ be the left limit of /5 at t. We have £ < £t+(t—TgC1)/2 < 1, so by
the continuity property (cl) above,

L=¢s(ls) — &u(l).
s—t
Hence ¢4(¢) = 1. Assume ¢ > ¢, (that is, £ is the second point where ¢; reaches 1).
Take x € (¢, ¢). By property (b5), ¢:(x) > 1. But on the other hand, z < ¢ < /4
for s < t,s0 ¢ps(x) <1, and so ¢;(z) < 1, and this is a contradiction. So ¢ = ¢, and
(4)+>0 is indeed continuous. This concludes the proof of (3) and of the Lemma.
O
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Finally, we will see that for t > Ty, £4 = my, so that ¢; increases from 0 to 1,
which is its maximum, and then decreases. To this end, recall that (¢;);>¢ is monotone
non-increasing and that (¢;):>0 and (¢¢);>0 are continuous, so the chain rule for Stieltjes
integrals and (3.17) give

t 3+¢s
0s

=14 [ der [ o), - go(e) ds

1= 6t = anlto) + [ e at+ [ L) as

that is, with (3.20),
@ (4y) dby = 0. (3.21)

Hence, dls-a.e ¢;(¢y) =0, i.e. ¢, = m;. This is actually true for all t > Ty, as we shall
now prove. This result also has its counterpart in the model with limited aggregations,
namely Part 3 of the proof of Theorem 4.3.

Lemma 2.12. For every t > Ty, @, (ly) =0, d.e. by = my, the point where ¢y attains its
mazimum. In particular,

1
lego(le) = 5, V> Ty (3.22)
Proof. First, recall that ¢, is increasing on [0, £;], so that ¢;(¢;) > 0, that is

lego (b)) < —. (3.23)

~ | =

Assume now that there is a t > Tye such that ¢}
s = sup{r € (Tyel,t) : ¢1.(¢r) = 0}.

As noted before, t — ¢, is strictly decreasing for t > Ty for any ¢ > Tgel, 50 dly([Tel, Tgel +
e[) > 0 for all e > 0. Hence there are points r < t where ¢/.(¢,) = 0, and thus the definition
of s does make sense.

Take now (r,) a sequence of points such that 7' < r, < t, ¢.(¢,) = 0 and (r,,) converges
to s. Since 0 < ¢4 < 1, by property (c2) above, we get

0=}, (lr,) = ¢5(Ls)

so that ¢ (¢5) = 0. This shows that s < ¢, and that for r € (s,t), ¢/(¢,) > 0. Hence, by
continuity of (¢,),>0 and by (3.21), (¢;),¢[s is constant. This gives

—~

¢;) > 0, and consider

~+ | =

1
L= s go(ls) = Ly go(lr) <
which is a contradiction since s < ¢. In particular, ¢}(¢;) = 0 implies (3.22). O

We can now end the proof of Proposition 2.8. By Lemma 2.12, necessarily M; = My
on [0, Tgel] and for t > Tyep, My := gi(1) = go(ft), where

1
lego (L) = P (3:24)

Since x — zg)(z) is strictly increasing from [0, 1] to [0, K], where K = (pg, m?) = 1/Tya,
this equation has a unique solution for ¢ > T.. Hence M; is uniquely defined. Therefore
ap and ¢y are uniquely determined by gg, so we can define ¢; as in (3.10), and Lemma
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2.11 shows that g;(¢¢(x)) = go(z) for = € [0, 4], and that ¢ is a bijection from [0, ¢;] to
[0,1]. So it has a right inverse h;, and compounding by h; in the previous formula gives

g1(x) = go(hi(x)) (3.25)

for all z € [0,1], ¢ > 0. Thus ¢; can be expressed by a formula involving only gy and in
particular, (u¢) depends only on pg. This shows the uniqueness of a solution to Smolu-
chowski’s equation (3.3).

2.5 Behavior of the moments

In this paragraph, we will study the behavior of the first and second moment of ()0
as time passes, showing how to prove rigorously and recover the results of [13]. For more
general coagulation rates, one can obtain upper bounds of the same nature, see [35].

First consider the mass M; = (u;, m). We will always assume that Tge < +00. Let us
start with the following lemma.

Lemma 2.13. Let v € M} be a measure which integrates x — y* for small enough y > 0.
Let mg be the infimum of its support. Then

(v, zy™)
= my.
y—0t (v, y*)
Proof. First, note that zy® > moy” v-a.e. so
v, xy”®
liminf< y) > myg.
y—=0 (v, y%)
Let us prove now that
€T
lim sup v zy) < mg.

y—0 <V ) yx>
Assume this is not true. Then, up to extraction of a subsequence, we may assume that
there exists a > 0 such that for arbitrary small y € (0,1), (v,zy®) > (mo + a){v,y").
Hence (v, (x — mp — a)y®) > 0, so

(v, (@ —mo = )Y Lifasmorayy) = ¥ (Mo + o = )y L fmg<a<motal})- (3.26)
But
(v, (mo + a = 2)y" Li{me<e<mota}})
> (v, (mo + @ — 2)y" L fmo<a<mota/2}})
> (v, (mo + & — 2) 1 {{mo<o<motas2} )y 2
and

mo+a

<V7 (:L' —mo — O‘)yx]l{{x>mo+oz}}> < <V7 (x —mo — O‘)]l{{:t:>mo+o¢}}>y
With (3.26), this shows that
<V> (iL‘ —mo — a)]l{{x>mo+a}}>ya/2 > (v, (mo + o — x)n{{m0§$§m0+a/2}}>
and having y tend to zero gives
0> <V7 (mO +oa— x>]1{{mo§x§mo+a/2}}>

which is a contradiction since v([mg, mo + «/2]) > 0. O
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Corollary 2.14. The mass of the sytem is continuous and positive. It is strictly decreasing
on [Tge1, +00). Moreover, denote mg = inf supp po. Then

. 1
I A, T o
Proof. Recall that M; = go(¢;) so the first properties follow from Lemma 2.11. Denote
now v(dm) = mpug(dm). For t > Ty, ligy(¢r) = 1/t, so

1 (waf)
tMy; (v, 0F)
and since £, — 0 when ¢t — +o0, this tends to mg by Lemma 2.13. ]

We can also study the behavior of the mass for small times. Recall that before gelation,
the mass is constant at 1. We have seen that it is continuous at the gelation time. We
may then wonder if its derivative is continuous, that is if Mr, is zero or not.

Lemma 2.15. The right derivative of M at Tye is given by

/ 3
y . 96(x)
M =—lim ————————— € [-0,0
Teer a—1- g4(z) + zg) (x) [ )
provided the limit exists.

Proof of Lemma 2.15. For t > Ty, f(4:) = 1/t with f(z) = zgj(x), and 0 < ¢, < 1. But
f'(¢) # 0, so by the inverse mapping theorem, (¢;);>¢ is differentiable and

J - 1
t— £2f1(0,)
Using the fact that M; = go(¢¢), it is then easy to see that
Y 90(4)°
M; = -4 7 7 :
90(4e) + Legg (Le)
Since (£1)¢>0 is continuous at Ty and £7,, = 1, the result follows. O

Recall that the gelation time is precisely the first time when the second moment
(e, m?) of (u1¢)r>0 becomes infinite. It actually remains infinite afterwards.

Corollary 2.16. For all t > Tye, (ut, m?) = +oo0.

Proof. Note that
(e, m?) = gy(1),
this formula being understood as a monotone limit. By (3.19), for z < ¢,
¢ (2)g:(de(2)) = go ().

When z — ¢, , ¢(x) — 0 by Lemma 2.12, and g{(x) — ¢((¢:) # 0 since ¢; > 0. So

92(@%(&:)) = 92(1) = +o00.
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2.6 Existence of solutions

Existence of solutions of (3.3) is a well-known topic, see e.g. [19]. However, the case
My = +00 is apparently new, so that we give a short proof for the general case based on
previous papers, mainly [55].

Let now pg € M}r be as in the statement of Theorem 2.3 and let us set go as in (3.5),
¢; and M, as in point (1) of Proposition 2.8, ay and ¢; as in (3.11) and (3.10). Then it is
easy to see that ¢, admits a right inverse h; satisfying (3.14), and we can thus define

gi(x) == go(he(x)), t>0, z€l0,1].

It is an easy but tedious task to check that g, satisfies (3.29) and all properties (al)-(a4)
above. In particular, if go(1) = +oo then h;(1) < 1 and therefore g¢(1) < +oo for all ¢ > 0.
Following [55], we can now prove the following.

Proposition 2.17. For all t > 0 there exists p; € M}r such that

gt(x) = (g, ma™) :/ mz™ p(dm), =z € [0,1].
(0,4-00)

Proof. Let t > 0 be fixed. We set for all y > 0
O(y) :=go(e™), T(y):=tgo(e™), Gy):=T(y)+y—loga;=—loggi(e").

We recall that f : [0,400) — [0,+00) is completely monotone if f is continuous on
[0, 4+00), infinitely many times differentiable on (0, 4+00) and

dr f
(=1) W(y) >0, VE2>0,yc(0,+00).

It is easy to see that ® and I' are completely monotone. Moreover, G has a right inverse
G [0, 400) = [log(1/4e), +00),  GTH(y) = —loghy(e™), y =0,
and therefore by the definitions
go(hu(e™) = (G (y), y=0.

By [55, Thm. 3.2], ®oG~! is completely monotone and therefore, by Bernstein’s Theorem,
there exists a unique 14 € J\/[;[ such that

%wwz%wmwwzw@%wzﬂéwawwmm,yz&

Since g¢(1) < +oo for all ¢ > 0, we obtain that (v;,m) < +oo, so that we can set
pi(dm) := mu(dm), and we have found that there is a unique p; € M}r such that

M@:%wm»=AHMWmmmm,xe@u

O

In order to show that (ut):>0 is a solution of Smoluchowski’s equation in the sense of
Definition 2.1, we have to check that [; M7 dt < +oo for all € > 0. This is the content of
the next result.
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Lemma 2.18. If (ut)i>0 is the family constructed in Proposition 2.17, then for all e > 0,
g (ps, m)? ds < +o0.

Proof. If My < 4oo then there is nothing to prove, since (M;);>p is monotone non-
increasing, so let us consider the case My = +oo and thus Tge = 0. Since My = go({y) is
bounded and continuous for ¢ € [§,¢] for all § € (0,¢), we have, by (3.12) and (3.5),

€ € £
[ Mat= [ gie) dt = sgi(e) — ogi(ts) — [ 2tan(@gh(@) s
: de s d
< gt = [ 20000) G1 = 2g0(t) +2 [ gola)
5 t Le Yy
2 m 2
) <ego(le) + 5 (o, m A 1).

le
Letting 6 | 0, by (3.4) we obtain the desired result. O

< il v
<ego(l:) + A (1o, T m

We now finish the proof of existence of a solution by showing that (iu:):>0 indeed
solves (3.3). By choosing x = e ¥, y > 0, in (3.29), we find an equality between Laplace
transforms. Since the Laplace transform is one-to-one, then we obtain (3.3).

Remark 2.19. In the proof of uniqueness, we may only require that (ug, my™) < +oo for
every y € [0,1). However, the same kind of computation as in Lemma 2.18 shows that if
this the case, but (ug, m A 1) = +oo, then [ M2 ds = +oo for all ¢ > 0, in contradiction
with Definition 2.1 of a solution.

3 Flory’s equation

3.1 Introduction and results

We will now consider the modified version of Smoluchowski’s equation, also known as
Flory’s equation, with a multiplicative kernel.

Definition 3.1. Let pp € M. We say that a family (u;)i>0 C M solves Flory’s equation
(3.3) if

o for every t > 0, [J{us(dm), m)?ds < +o0,
e forall p € C.(R") and t >0

<Mt7 ¢> = <:u07 (b) + % /t<u8(dm):u’s(dm’),mm,A¢(m,m’)> ds
0 (3.27)

— [t ) otm) = et m) s

In equation (3.27), the mass that vanishes in the gel interacts with the other clusters.
It is a modified Smoluchowski’s equation, where a term has been added, representing the
interaction of the clusters of mass m with the gel, whose mass is

(1o — prs,m)

i.e. precisely the missing mass of the system. Notice that in this case the equation makes
sense only if (uo, m) < +o0.

The mass is expected to decrease faster in this case than for (3.3). This is actually
true, as we can see in the following result. We take here as initial condition a non-null
measure po € MF such that (ug, m) < 400, and define Tye € [0, +00) as in Definition 2.2.
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Theorem 3.2. Flory’s equation (3.27) has a unique solution (u¢) on RT. It has the
following properties.

1. The mass is given by My = go(ly), where l; = 1 for t < Ty and, for t > Tyel, Iy is
uniquely defined by
I, = e M Mo=g0(l)) 1, < [0, 1).

In particular, t — M; is continuous on [0,+00), constant on [0, Ty, strictly de-
creasing on [Tyel, +00) and analytic on RT\{Tge }.

2. The function ¢i(x) = xe!Mo=90() has a right inverse hy : [0,1] — [0,1;]. The
generating function gi(z) = (u¢, ma™) is given for t >0 by
9¢(x) = go(he()). (3.28)
8. Let mg = inf supp pg > 0. Then, when t — 400,
M;e™" — mopo({mo})

and for every e >0
Myelmotelt 5 4 oo,

4. The second moment (u;, m?) is finite on R™\{Tpe1} and infinite at Tyq.

Remark 3.3. e Norris [46, Thm 2.8] has a proof of global uniqueness of Flory’s equation
(3.27) for slightly less general initial conditions (u¢ such that (g, 1 +m) < +o0),
but for a much more general model.

e When mg > 0, it was already observed (Proposition 5.3 in [14]) that the mass decays
(at least) exponentially fast (see also [12, 53, 59]).

e The mass in Flory’s equation may decrease slower if inf supp pg = 0. For instance,
if po(dm) = e~™dm, then M; ~ t=2.

Corollary 3.4. Let g € MT such that (ug,m) < +oco and let (uf)i>0 and (uf)i>o the
solutions of (3.3), respectively, (3.27). Then

o 18 =pul for all t < Ty =1/ (o, m?);
i <Mf,m> < (uts,m> Jor all t > Tye.

As anticipated, the mass decreases faster in Flory’s case than for Smoluchowski’s
equation. In particular, in Flory’s case (i, m?) becomes finite immediately after gela-
tion, the mass remaining however continuous (we can think that the big clusters, which
have the biggest influence on this second moment, disappear into the gel). Moreover, if
inf supp po > 0 then the mass decays exponentially fast, which is to be compared with
the slower decrease in 1/t in Smoluchowski’s equation.

3.2 Proof of Theorem 3.2

The proof is very similar to (and actually easier than) that of Theorem 2.3.

1. Arguing as in the proof of Lemma 2.5, we obtain easily that (M;);>¢ is monotone
non-increasing and right-continuous. As in Lemma 2.6, if (ug, m?) < +oo, then
t — {ug, m?) is bounded on some interval [0,7p] and M; = My for t € [0,Ty].
Therefore (p) is a solution of Smoluchowski’s equation (3.3) on [0, Tp].
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2. Consider initial concentrations po as in the statement, a solution (p)i>0 to Flory’s

equation and ¢:(z), = € [0, 1], generating function of m p(dm). Then g; solves the
PDE 5 5
gt gt
— = —My)—=—, V>0 0,1 2
ot ‘T(gt 0)8.1,‘, > 7x€[7 ]7 (3 9)
the same as the one obtained for Smoluchowski’s equation before gelation. It may
be solved using the method of characteristics. Indeed, the mapping

t
or(x) = zet(Mo=90(®)) — 4 —l—/o (Mo — go(z)) ¢s(x) ds, (3.30)
has the following properties.

(d1) ¢¢(0) =0, ¢(1) = 1.
(d2) For all t > 0, ¢}(z) = e!Mo=90@) (1 — txg)(z)).

(d3) For t < Tyel, ¢¢(+) is increasing; therefore, ¢¢(x) € [0,1] for all € [0,1] and
¢¢(x) =1 if and only if x = 1.

(d4) For t > Tyel, ¢¢(-) is increasing on [0,m;] and decreasing on [my, 1], where my
is the unique z € (0, 1) such that ¢,(z) = 0, i.e. such that tzg,(z) = 1.

(d5) For t > Tye1, ¢r(my) > 1, since ¢¢(1) = 1 and ¢;(1) < 0. Therefore there is a
unique [y € (0,m;) such that ¢.(1;) =

(d6) For t > Tyer, ¢;(1:) # 0, since Iy < my.

1.

Figure 3.2: ¢; before and after gelation.

Setting l; := 1 for ¢ < Tgel, ¢ is thus a continuous bijection from [0,[;] to [0, 1],
with continuous inverse function h; : [0,1] — [0,l;]. By using (3.29) and (3.30)
and arguing as in part (i) and (ii) of the proof of Lemma 2.11, we can see that the
function u(z) = gi(¢pe(x)) — go(z) satisfies uz(x) = up(z) = 0 for all ¢ > 0 and
x € [0,1;]. Therefore the only solution of the PDE (3.29) is given by

ge(x) = go(lu(x)), t>0,z€l0,1]. (3.31)

Flory’s equation has thus a unique solution on R, and its generating function is g;.

. We have seen in (d5) above that, for ¢ > T, there is a unique [; € [0,1) such that

¢¢(ly) = 1. The relation ¢;(l;) = 1 with I, € [0,1) is equivalent to I, = e~ t(Mo—go(lt))
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with I; € [0,1). This relation implies that ¢ — [; is analytic for ¢t > Ty A
differentiation shows that

dly (Mo *go(lt))lt
o Wm0l g sy,
dt —tg s, ~ O 17 e

since go(l)le < go(me)my = 1/t and go(ly) < go(1) = Mp. Let £ be the limit of I; as

t | Tyer: then we obtain £ = e~ Tzt (Mo=90(0)) ' ¢, ¢1,,(€) = 1. By (d3) above, this is
equivalent to ¢ = 1.

4. Since My = g¢(1) = go(ht(1)) = go(l¢), the properties of t — M; = go(l;) follow from
those of ¢ + l;. Recall now that ¢.(l;) = 1, that is

log(le) = t(go(ls) — 1). (3.32)

If the limit [ of I; as t — +00 were nonzero, then passing to the limit in this equality
would give log(l) = —oo. So [ =0 and

logly ~ —t. (3.33)

m

e Assume m > 0. Now, obviously go(z) < 2™, so

log(tgo(l)) = logly +log go(ly) < logt + mlogly — —oc.
Hence tgo(l;) — 0 and (3.32) yields logl; +t — 0. Hence [ ~ e~ Finally

l
lim M;e™ = lim g%fnt) = mpuo({m})
t

t——+o0 t——+o0

since by dominated convergence, go(z)z™™ — muo({m}) when z — 0. Now,

by monotone convergence, if m’ > m, then go(x):c*m/ — 400 when x tends to
0, whence
/ l
lim M,e™! = lim M = +400.
t——+o0 t——+o0 l%n

e Assume now m = 0 and let € > 0. By monotone convergence go(x)x™¢ — +00
as z | 0, so using (3.33) we see that g(l;)e ¢! — 400 as t T +o00, which is the
desired result.

5. Finally, (3.31) gives for x < 1 and ¢ > Tyql

) — gt ) ) — S0Pl
91(x) = go(hu(z)) hi() o (b ()

When z 1 1, hy(z) 1t 1 < 1, and ¢}(hi(z)) — ¢}(lt) # 0 by (d6) above. So {u, m?) =
g1(1) < +o0.

6. Existence of a solution of (3.27) follows arguing as in Section 2.6.
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3.3 Proof of Corollary 3.4

For all t < Tye, (uf',m) = (ud’,m) and therefore u!” solves (3.3), so that by uniqueness of
Smoluchowski’s equation we have that uy = pf”. Fort > T4e1 we have that (nf',m) = go(ly)
while (i, m) = go(;), where I; and ¢; are defined respectively by

I, = e—t(Mo—go(lt))’ I, €[0,1)
and
lrgo(ly) = =

In points (d4) and (d5) of the proof of Theorem 3.2, we have shown that [; < m; where
tmygh(me) = 1, so that my = £; < ;. Hence (uf' ,m) = go(le) < go(lt) = (i, m).

4 The model with limited aggregations

We now turn to our main interest, namely Equation (3.2). We apply the same techniques
as above in a slightly more complicated setting. After giving all details in Smoluchowski’s
case, we will give a shorter proof and focus on the differences with the proof of Theorem
2.3. As above, we can transform the system (3.2) into a non-local PDE problem, which
we are able to solve, thus obtaining existence and uniqueness to (3.2). More precisely, we
consider the following system.

Definition 4.1. Let cy(a,m) >0, a € N, m € N*. We say that a family (¢;(a,m)), t >0,
a € N, m € N*| is a solution of Smoluchowski’s equation (3.34) if

o for every t > 0, [7(cs,a)? ds < +o0,
e foralla e N,m € N* and t > 0,

ci(a,m) = cola,m)+

tq a+1 m—1
/ /(a+2—a/)cs(a/,m/)cs(a+2 —a',m—m')ds

’lm’l

/ Z Z aa’cs(a, m)cs(a’,m') ds.

a’>1m'>1

(3.34)

Because of the interpretation of a as a variable counting the number of arms a cluster
possesses, it is more natural to state (3.34) in the discrete setting, as in [3]. In particular,
since at each coagulation two arms are removed from the system, a non-integer initial
number of arms would lead to an ill-defined dynamics. One could however with no difficulty
consider an initial distribution of masses on (0, +00).

As usual, we define for ¢, f : N x N* — R*,

(¢, f) = Z c(a,m)f(a,m)

(a,m)ENxN*

writing a for the function (a,m) — a, m for (a,m) — m and so on.
It is easy to see that (¢;) is a solution to this equation if and only if the function

+00 +o0o
ki(z,y) == (e, ax® ty™) Z Z aci(a,m)z® ty™, (3.35)

a=1m=1
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defined for ¢t > 0, y € [0, 1] and = € [0, 1), satisfies

t ks

{ kt(x7y) = kO(xay) + /0 |:(k8(x7y) - xAS) %(-ﬁ,y) - Asks(l',y) dS, (336)
Ap = ki(1,1) = (e, a).

We may solve this PDE with the same techniques as above and obtain the following

result. We consider below initial concentrations co(a,m) > 0, a € N, m € N* such that

(co, 1) < 400, and we may define a similar but slightly more general gelation time as in
[3].

Definition 4.2. Let Ay := (cp,a) € (0,400] and K := (cp,a(a — 1)) € [0,+0c0]. Then
K = +00 whenever Ay = 400, and we may let
Th =140 if K = 400 (3.37)
400 if K <A < +o0.

We can then state our main result.

Theorem 4.3. Equation (3.34) has a unique solution (c¢) defined on RT. When Ty <
400, this solution enjoys the following properties.

1. The number of arms Ay = (ci,a) is continuous, strictly decreasing, and, for all
t>0,
— 14+tAg ’ —t
If we set

t
at:exp</ Asds>,
0

o =1+ Agt for t < Tser

then oy is given by

and, fort > Ty,

P14 Ao Tye +t — Tget)  if Ao <
= 1( Ao Tyt 8= Tga) i Ao < o0 (3.39)
r—+(1+¢) if Ag = +o0
where
T(2) = 1+ AoTpl + [ At s iiaT
TET g ma o(H(1/r) 1) T T
and H : [G(0),G(1)) — [0,1) is the right-inverse of the increasing function
kU(‘T7 1)
=T — 1). 4
G(z) ==z k@, 1)’ x €[0,1) (3.40)
2. Let
f= [
= [ —ds
t= 2

and consider

¢t(x>y) = at(x_ﬁtkO(xay))¢ tZOa T,y € [07 1]
Then
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o ¢i(-,1) attains its mazimum at a point by such that ¢y(€y,1) = 1. Fort < Ty,
b =1, and for t > Ty, 0 < £y <1 and ¢; is given by

6= H (;) | (3.41)

o For every y € [0,1], ¢:(-,y) has a right inverse hy(-,y) : [0,1] — [0, 1].

a—1, m

3. The generating function ki(z,y) = (co,ax® *y™) is given by

1
k(2. y) = ;tko(ht(x,y),y) (3.42)
fory €10,1], x € [0,1].
4. In particular, fort >0
ko(ly, 1 t
A= tO( 1) , oap=1 +/ ko(£s, 1) ds. (3.43)
1+ Jyko(s,1)ds 0

5. The second moment (ct,a?) is finite on [0, Tyel), infinite on [Tgel, +00).

6. The mass (¢, m) is continuous. It is constant on [0, Tgel) and strictly decreasing on
[Tgeh +OO) .

4.1 Proof

The only major difference with respect to the proof of Theorem 2.3 is the additional
variable y in the generating function k¢(z,y). However, the variable y plays the role of a
parameter in the PDE (3.36), and this allows to adapt all above techniques.

Proof of Theorem 4.3. The case K < Ay < 400, for which Ty = 400 has already been
treated in [3, Thm. 2], so that we can restrict here to the cases where Ty < +00. When
Tyel > 0, Thm. 2 in [3] also shows that oy = 1+ Agt on [0, Tyer) (this however also requires
that (¢, a?) be bounded in a neighborhood of 0: see point 3 of the proof of Lemma 2.11).

1. First, by setting wi(x,y) = arki(de(z,y),y) — ko(x,y), we can see, arguing as in
points (i)-(ii) of the proof of Lemma 2.11, that for all y € (0,1] and ¢ > 0 there
exists €9(y) < £:(y) € (0,1] such that

atkt(d)t(x?y)?y) = k0($7y)7 vt Z 07 ye (07 1]7 S [eg(y)aet(y)] (344>

and ¢y (-,y) @ [09(y), 4 (y)] — [() 1] is a continuous bijection and has a continuous
right-inverse h¢(-,y) : [0,1] = [£(y), £:(y)].

2. We denote for simplicity
kt(:ﬂ) = kt(:ﬂa 1)7 d)t(x) = th(l‘, 1)3 t > Oa T € [0’ 1]
For y =1, we set £;(1) = 44, i.e.

1 = ¢¢(by) = ar(by — Brko(£r)), t>0.
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Figure 3.3: ¢.(+,1) before and after gelation. The dotted lines represent what ¢; may look
like. The solid one is the actual ¢;.

Arguing as in points (iv)-(v) of the proof of Lemma 2.11, we can see that ¢, = 1 for
all t < Tge and £y < 1 for all ¢ > Tge1. Moreover, t — /; is continuous and monotone
non-increasing. Since ¢; is increasing on [0, 4], ¢;(¢;) > 0, i.e.

1
ko(Le)’

By <

so that
1= Oét(gt - ,Btkg(ft)) Z Q¢ G(Kt), (345)

where we set G(z) ==z — ]]z?g%, x € [0,1). Notice that
0

o1 (@) — ko)) kol@)kg(x)
Gla)=1 W@ (K@)

since ko is strictly convex (there is no gelation whenever kj = 0). Moreover G(0) < 0

and

A
G(l)zl—?o if Ay < 400, G(1)=1 if Ag=+oc.
Indeed, k(1) = K = (co,a(a — 1)) and, if ko(1) = Ag = +o0, then

iy Fo()
e k()

o~

=0

since, if lim inf, 4 % > e > 0, then kg(1) < ko(1 — 6)e?/® < 400, for some § > 0,
0
contradicting ko(1) = +o0. In any case, G has an inverse H, and H(1/x) is defined

for x € [1 + AgTgel, +00).
3. Computing (3.44) at (x,y) = (¢, 1) we obtain

ClJr (673

k‘()(gt) = Oétk‘t(l) = OétAt = dt .

(3.46)

Let us notice that

¢i(x) =2 + /Ot (As¢s(x) — ko(x)) ds.

Qs
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Then by (3.46), analogously to (3.21) above,
ko(€:)
Qi

0=de(l) = (At¢t(£t) -
In particular, for df¢;-a.e. t, ¢j(¢;) =0, i.e. By = 1/k{(¢:), and therefore
1= at(ét — ,Btko(et)) = Ot G(gt), dgt —a.e.t.

) dt + ¢} (6r) Aty = g(£) dey.

Then, by (3.45), we can write (note that H is well-defined on the considered interval)

1 1
by < H () , Vt> Tgela by =H () s df; —a.e.t.

o7 Qi
Now, by (3.46), setting A :]1 + AgTyer, +00[ =10, 1, A(2) := ko (H (1)),

a+ a+
d:‘t < Alay), Vt> T, % = Aay), db —ae.t.

Since ay > 1 + AgTyel for any t > Ty, we obtain that ko(¢;) < A(ay) < 1 for all
t > Ty In particular, df; is not identically equal to 0. Suppose that for some
t > Tyl we have ¢ (¢;) > 0. We set

s:=sup{r <t:¢.(¢,) =0} =max{r <t:¢.(¢)=0}.

Then for all r € s, t[ we must have ¢/.(¢,) > 0. Then for all » € s, t[ we have ¢, = /.
But, by definition of 3,

1
Or > Be = iy = ey

and this is a contradiction. Then

okl _
5o (1) =0 (3.47)

and for all ¢ > T, we have &y = A(ay) for all t > Tye and the only solution of this
equation with ar,, =1+ AgTye is given by (3.39).

4. In order to prove (3.43), let us note that by the preceding results

da
ditt = OétAt = Oétkt(]., ].) = k(](ft, ].),
and d d : ko (6, 1)
Ay = —loga; = —1lo <1—|—/k‘ ls, 1 ds): 0l £ft, '
T BT g B 0 o(ts, 1) 1+ [ ko(fs, 1) ds
The rest of the proof follows the same line as that of Theorem 2.3. O

4.2 Convergence of the concentrations

We can now see what happens for the concentrations when time tends to infinity. Let us
start by defining, for all t > 0, z,y € [0, 1], the generating function of ¢,

400 400 —+oc0o
gt(xay) = Z Z Ct(avm) z? ym7 gt(y) = gt(()?y) = Z Ct(oam)ym' (348>
a=0m=1 m/=1
dgt

In particular, k; = e with k; defined in (3.35). Note also that k: does not involve
x

¢t(0,m), while g; does.
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Proposition 4.4. When t — +o00, there ezists limiting concentrations coo(m) such that
Ct(a7 m) — Coo(m)]l{aZO}
in (1 (N x N*). Moreover, the generating function g (y) of (cso(m)) is given, fory € [0,1),

by
Y dgo

Gooly) = lim _g:(y) = 5 Ty(hoo((),y’),y’) dy’ (3.49)
where
Follhoe (4),5) = 5—hoclt), B = m € (0, +0d),

and H 1is defined in Theorem 4.5.

Proof. Obviously, by (3.38), Ay — 0 as t — 400, so that the first claim follows. For the
same reason, the formula

t m—1
ct(0,m) = co(0,m) + / chlm Yes(1L,m —m') ds

readily shows that ¢;(0,m) converges in ¢1(N*) to some ¢ (0,m). In particular

+o0 +oo
9:(y) = Y al0,m)y™ = D coo(0,m)y™ := goo(y) (3.50)
m/=1 m/=1

for y € [0,1]. By differentiating g:(¢¢(z,y)) with respect to x, and using (3.42), we now

see that

_ v 990 /
9t(y) = Dy ——(h(0,9),%9) dy’. (3.51)

Since h¢(+,y) is the right-inverse of ¢¢(-,y), then h:(y) := h+(0,y) solves
ko(he(y),y) = fht( ) (3.52)

B

Note that by definition, hi(y) < ¢(y), and since ¢; is a decreasing function of y, then
l(y) < by, so
hi(y) < & (3.53)

Let us show that §; has a limit when ¢ — +o00. First (3.39) shows that a; — +00, hence,

by (3.41), ¢4 — loo = H(0). Now, (3.47) gives 8y = 1/k((¢), so B tends to
1 _ H(0)

ko(H(0))  ko(H(0))

Fix y € [0,1), and let us find the limit of h;(y). Equations (3.52) and (3.53) show that
every limit point hs(y) of he(y) solves the equation

Boo = (3.54)

ko(hoo (y),y) = 3 () (3.55)
with hoo(y) < loo. But since log = H(0) = ko(loo)/k((£so), then
Kol ) < Fo(boe) = Cockb(f) = 5o

Since ko(-,y) is convex, then this readily shows that Equation (3.55) has at most one
solution in [0, ¢~ ). Hence hi(y) is bounded and has a unique limit point, so it converges
to the unique hoo(y) such that (3.55) holds. O
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5 The modified version

Let us finally consider Flory’s version of the limited aggregations model. As in the case
of Flory’s equation (3.27), we can consider only initial concentrations ¢ such that Ag =
(co,a) < +o00. Then, the equation we are interested in is

a+1 m—1
Z Z a(a+2—ad)e(d,m)ey(a+2—a,m—m')

a’=1m'=1

— Z Z aa/ct(a,m)ct(a/,m,) (356)

a’>1m'>1

1
7Ct(a7 m) = 5

dt

AO / / /
<1+tA0 az a'ci(a’,m’) | aci(a, m).

''m/>1

This is Flory’s version of Bertoin’s equation with limited aggregations. Indeed, as for the
standard Flory equation (3.27), an extra term is added to (3.34) accounting for interactions
between the gel and the clusters in solution. Note indeed that

Ao Z a'ci(a’,m’)

1 +tAO - a’,m'>1

is the “missing” number of arms in solution, in that if no clusters fall into the gel, then
Ap = Ao/ (1 + tAo).

We consider here initial concentrations cp(a, m) > 0, a € N, m € N* such that (o, a) €
(0,400), and define the gelation time Ty as in Definition 3.37. With the same techniques
as above, we can prove the following result.

Theorem 5.1. Equation (3.56) has a unique solution (c;) defined on RT. When Tye <
400, this solution enjoys the following properties.

1. The number of arms Ay = (¢, a) is given fort > 0 by

L ) (3.57)

A=—
t 1+tA00

where [y = 1 for t < Ty and, fort > Ty, Iy is uniquely defined by

t
ly = ko(l ly €1]0,1).
t 1+tA0 0(t)7 t [7)
Therefore t — Ay is continuous and strictly decreasing on [0, 4+00) and analytic on
R\{Tgar}-
2. The function ¢i(x,y)) = (1 + tAg)x — tko(x,y) has, for every y € [0,1], a right-

inverse hi(-,y) : [0,1] — [0,1;]. The generating function ki(x,y) = (ct,az® 1y™)

defined in (3.35) is given for t > 0 by
1

ko(he(z,y), y). (3.58)

3. The second moment (ci,a?) is finite on RY\{Tyei} and infinite at Ty

4. The mass (c¢, m) is continuous. It is constant on [0, Tyel| and strictly decreasing on
[Tye1, +00).
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Proof. The proof follows the same line of reasoning as the one of Theorem 3.2. First, for
every y € [0,1], ¢¢(+,y), as defined in the statement, has the following properties:

(i) ¢:(0,y) <0, ¢e(1,y) > p(1,1) = 1.

(ii) For t < Ty, ¢1(-,y) is increasing, and in particular, there are unique 0 < I9(y) <
It(y) <1 such that ¢:(19(y),y) = 0 and ¢:(l¢(y),y) = 1.

(iii) For ¢ > Tgel, ¢¢(+,y) is increasing then decreasing, and in particular, there are unique
0 < 1{(y) <li(y) < 1 such that ¢¢(1f(y),y) = 0 and ¢ (le(y),y) = 1.

Figure 3.4: ¢¢(-, 1) before and after gelation.

In any case, it is easy to check that for x € [I?(y), l:(y)],

exp (/Ot As d8> kt(oe(z,9),y) = ko(z, )

where A; is defined by (3.57). Then, the properties above show that ¢(-,y) has a right
inverse h; defined on [0, 1], and compounding by h; in the previous equation shows that
(3.58) holds. The other properties then follow easily. O

6 Limiting concentrations

We compute here some explicit formulas for the concentrations and their limit for the two
models above. In the standard Smoluchowski and Flory cases, clusters keep coagulating,
and they all eventually disappear into the gel: ¢;(m) — 0 for every m > 1. When the
aggregations are limited, there may remain some clusters in the system, since whenever
a cluster with no arms is created, it becomes inert, and so it will remain in the medium
forever. In the following, we consider monodisperse initial conditions, i.e. cy(a,m) =
M(a)]l{m:1} for a measure u on N. We also denote

v(m) = (m + Dp(m +1).

In [3], it is assumed that v is a probability measure, what we do not require. The results
of [3] can hence be recovered by taking Ay = 1 below. Now, note the two following facts.

e Equations (3.38) and (3.57) readily show that

Coola,m) := tl;_rgloo cela,m) =0, a>1, (3.59)

that is, only clusters with no arms remain in the medium (else, a coagulation “should”
occur).
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e There is an arbitrary concentration of particles with no arms at time 0, and they
are the only clusters with no arms and mass 1 which will still be in the medium in
the final state. Hence, the limit concentrations co(0,1) = ¢(0, 1) have no physical
meaning. We will thus only consider ¢ (0, m) for m > 2.

Note now that if at time 0, each particle has zero or more than two arms, then obviously,
this property still holds for any positive time. Rigorously, this is easy to check with the
representation formula (3.42) or (3.58). Then, because of (3.59),

Coo(m) =0
for each m > 2. We thus rule out this trivial case by assuming that
(1) > 0. (3.60)

This is actually a technical assumption which is needed to apply Lagrange’s inversion
formula in the proof of the following corollaries.

6.1 Modified model

Corollary 6.1. Let ¢;(a,m) be the solution to Flory’s equation with limited aggregations
(3.56) and with initial conditions co(a,m) = p(a)lpm—1y with p(1) > 0.

e Forallt>0,m>2,a>0,

(a+m —2)! tm=1
alm! (14 tAp)atm—1

ci(a,m) = v a+m —2).

e In particular, there are limiting concentrations coo(a, m) = coo(m)1,—gy with

Coo(m) = ———— M (i — 9), (3.61)

m(m — 1)
Proof. With the notation of Theorem 5.1, we have

(1 +tAo)he(z,y) — tyko(ht(z,y)) =z, ki(x,y) yko(hi(,y)).

B 1

C 1+tAg
Up to some obvious changes (just replace 1+t by 1+tAy), these are precisely the equations
solved in Section 3.2 of [3] under the assumption that p(1) > 0. Theorem 2 and Corollary
2 therein hence give the desired result (with only 1 + ¢ replaced by 1+ tAp). O

If Ag = 1, what we may always assume up to a time-change, then

1
Coo(0,m) = E(mu, DP(T (o, v) = m),
where po = p/(p, 1), and T'(p0, v) is the size of a Galton-Watson GW,,, ,, starting from an
ancestor with reproduction law pg, and such that every other individual has reproduction
law v. This Galton-Watson process is (sub)critical when K < 1 (i.e. there is no gelation),
and supercritical when K > 1. Similarly to the explication given in Section 3.3.2, this

may be interpreted by saying that a typical finite cluster in solution is a Galton-Watson
tree GW .
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Denote now by p, its extinction probability, i.e. the smallest root of kyo(x) = x, so
p, =1 when K <1 and p, <1 when K > 1. Let us compute the mass at infinity, as in
[3], by writing

Moo i= Y meag(m) = coo(1) + Y

m>1 oM~ 1
1 e
:coo(l)+zy(a) Z ml/m Ym —2—a)
a>0 m>a+2
1 *
:Coo(l)+ZV(a) Z —v "(n—1-a).
a>0 n>a+1

Now, the Lagrange inversion formula [58] shows that

a-+1
n

v'"(n—1-a)

is precisely the coefficient of ™ in the analytic expansion of ¢(z) around 0, where ¢ is the
unique solution to ¢(x) = xk(¢(z)). Hence

1
Z —v""(n—-1-a)=p,,

n>a+1 n

where p,, is defined above. Note also that co(1) = p(0), so finally

1

My = coo(1) + Y w(a) ——=pi™ = > p(a) pi- (3.62)
a+1

a>0 a>0

The mass at time 0 is My = >~ p(a), so when there is no gelation, p, = 1 and no mass is
lost in the gel. When there is gelation, p, < 1 and the mass My — My, > 0 is lost in the
gel.

6.2 Non-modified model

Corollary 6.2. Let ci(a,m) be the solution to Smoluchowski’s equation with arms (3.34)
and with initial conditions co(a,m) = p(a)l =1y with p(1) > 0.

e Forallt>0,m>2,a>0,

(a+m—2)l gt

a

Ct(a7 m) = alm) o
. . t

v'"(a+m—2)

where oy and B are defined in Theorem 4.5.

e In particular, there are limiting concentrations coo(a, m) = coo(m)1,—gy with

1

mfly*m m — )
Ty m = 2) (3.6

Coo(m) =

where B is defined by

and n is the unique solution to

ko(n) = ko(n)/n.

Moreover, Boo = 1 when there is no gelation, and B > 1 otherwise.
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Proof. As for Corollary 6.1, the proof of the formula for ¢;(a,m) is the same as in [3,
Section 3.2], just replacing 1 + tAy by a; and ¢t by ay3;. So we just have to find the limit
of B;. First (3.39) shows that oy — +o0, hence, by (3.41), ¢4 — loo = H(0). Now, (3.47)
gives By = 1/k((4t), so B¢ tends to

1

P = W 0)

where by definition n := H(0) is the unique solution to kj(n) = ko(n)/n. Finally, when
there is gelation, oy < 1+ ¢ after gelation because of (3.39), so by definition of 3¢, Boo >
1. O

By a similar computation as above, we may also compute the mass at infinity in this

case and get
My =Y p(a)n®
a>0

where 7 is defined in the corollary. Note that 7 is the slope of the straight line passing by
0 and tangent to the graph of k, so n > p,. In particular, less mass is lost than in Flory’s
case.

A final remark is that despite the striking resemblance between Formulas (3.63) and
(3.61), the meaning of the factor S is unclear. A probabilistic interpretation explaining
its appearance is given in the next chapter.
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Self-organized criticality in a
microscopic model for
Smoluchowski’s equation

The material of this chapter is a joint work [41] with Mathieu Merle to be submitted soon.
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1 Introduction

1.1 Smoluchowski’s equation

The goal of this chapter is to study a discrete model for Smoluchowski’s equation with
limited aggregations (1.3). Let us, to begin with, recall some facts from the introduction
of this thesis and from the previous chapter.

The standard Smoluchowski equation was introduced in 1916 in [57], to model pairwise
coalescing particles. As time passes, clusters of particles are created. We assume that each
particle has unit mass, so a cluster has mass m, the number of particles it contains. The
coagulation phenomenon is characterized by a symmetric kernel x(m,m’), modeling the
“rate” at which two clusters of mass m and m’ coalesce. When they do, a cluster of mass
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m + m/ is formed. For the multiplicative kernel, the evolution of the concentration c(m)
of clusters of mass m at time ¢ is given by Smoluchowski’s equation

d . 1 = / / / / / 4.1
act(m) = 5"12::1 mm’ e (m') ei(m —m') — Z mm’c,(m)e(m'), (4.1)

for m € N*.

For that the multiplicative kernel, two facts have been known for a long time [39],
when we start from monodisperse initial conditions ¢;(m) = Lp=1y. First, there is a
unique solution on [0, 1], and it is mass-conservative, in that > mc;(m) remains constant.
Secondly, if there is actually a solution on a larger interval, then the mass has to decrease
after time 1. This phenomenon is called gelation. Physically, it is interpreted as the
appearance of a giant cluster, containing a positive fraction of the particles. Actually,
there may just as well be several giant clusters, though we talk about “the” giant cluster
by abuse of language. In general, this giant particle is called the gel, and the particles not
in the gel are in solution.

A proof of existence and uniqueness to Smoluchowski’s equation with a multiplicative
kernel and general initial conditions is given in the previous chapter. We will provide more
details below for the model with limited aggregations we are interested in.

1.2 The model with limited aggregations

To avoid that a particle bonds to infinitely many other particles, one may initially give
each particle a certain number of arms. These arms are used to create the bonds, in
that two arms are used to create a link and cannot be reused again. Then, a cluster is
characterized by its mass m and its number of available arms a, i.e. the total number of
non-used arms of the particles it is formed of. This model has first been considered by
Bertoin in [3], and the evolution of concentration ¢;(a,m) of (a,m)-clusters, i.e. clusters
with a (available) arms and mass m is given by

gc (a,m) = 1 ai:l ”il d(a+2—ad)e(d,m)ey(a+2—a,m—m')
dt t\U, 2 t ) t )
a’=1m’'=1 (42)
- Z Z aa’cy(a,m)cy(a’,m').
a>1m/>1

The first term on the RHS accounts for the appearance of (a, m)-clusters, by coagulation
of (a’,m’)-clusters with (a+2—a’, m—m’)-clusters. The second term on the RHS accounts
for the disappearance of such clusters, by coagulation with any other cluster.

In [3], Bertoin considers initial conditions co(a,m) = p(a)lfy,—1y for a probability
p with a second moment (beware of a slight change of notations with [3] and the first
chapters, more adapted to our case). We define v the size-biased shifted-by-one, probability
deduced from p, or just size-bias of u, given for £ € N by

(k+1Dulk+1)
Sis1ip(i)

Let also A =>4~ ku(k), K =371 k(k — 1)u(k) and define

v(k) =

0 +00 fTK<A

T, = 1 (4.3)
gel .

— if K > A.
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Bertoin then shows that (4.2) has a unique solution up to time Tgoel, interpreted as the
gelation time. Moreover, when T, g?el = 400, or equivalently when v has mean at most 1,

there are limiting concentrations cu(a, m) = 1{4—g)coo(m), where

1

my*m(m —2)

Coo(m) =
and which can be interpreted in terms of the total progeny of some Galton-Watson process.
A rigorous explanation of this relation is given in the subsequent paper [4]. We refer to
Section 3.3.2 of the introduction for an intuitive presentation of the result.

In the previous chapter, we showed that actually, for general initial conditions, Equa-
tion (4.2) has a unique solution on the whole of R*. For monodisperse initial conditions
co(a,m) = p(a)ly,—1y, the limiting concentrations can be computed. Assume to this end
that v has mean greater than 1, i.e. that Tgoel < +0o0. Then, the equation

nG,(n) = Gy(n), (4.4)

where G, is the generating function of v, has a unique solution.
Moreover, when t — 400,

Ct(a7 m) - Coo(m)]l{aZO}
in /1(N x N*), where

1

m—ly*m m — .
=P m = 2), (45)

Coo(m) =
B is given by

_on 1
b= Gu(n) — Gyn) (4.6)

The mass at infinity can also be computed and is provided by the formula

Moo = Gpu(n)- (4.7)

1.3 Microscopic model

This last result is actually the initial motivation for the present work. As in [4], we
wish to give a probabilistic interpretation for these concentrations. However, preliminary
precautions are to be taken. Let us indeed recall the issues raised when one studies
microscopic models for Smoluchowski’s equation (4.1) with the multiplicative kernel.

Informally, consider N particles, and let two clusters of mass m and m’ coagulate at
rate mm’. Then, it is well-known [27, 45] that, as N — +oo, there is a limiting process
which is deterministic and solves Smoluchowski’s equation, but only before the gelation
time. On R*, the Equation which is solved is actually Flory’s equation (see [17]), which
is quite natural since, in the discrete model, any cluster can interact with any other,
whatever their sizes are.

On the other hand, Smoluchowski’s equation only takes into account coagulation of
particles of finite size (informally, only finite values of m appear in the equation), or,
in other words, there is no interaction with the gel. An appropriate microscopic model
would then prevent “big” particles from interacting with the others. This idea has been
formalized by Fournier and Laurencot in [19]. In this paper, they allow only the particles
of size less than a(N) to coagulate, where 1 < a(N) < N, and show that the process
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converges (up to a subsequence) to a solution of Smoluchowski’s equation. That is the
idea we take over to build our microscopic model, see Section 2.1.

When particles have arms, we can as well consider microscopic evolutions with or
without interactions with the gel. The second will be called Smoluchowski’s evolution,
and that is the one we are interested in; the first will be called Flory’s evolution, which is
easier to study. It will be sometimes useful to compare the two models.

1.4 Brief description of results

In the present work, we aim at recovering Bertoin’s equation of coagulation with limited
aggregations in the supercritical regime, when particles in solution do not interact with
those in the gel, while keeping as much as possible track of the random graph structure.
This allows us to express limiting equations for the evolution of concentrations of particle
with a given number of already linked arms, to solve these equations and recover the
formula (4.5) for limiting distributions of [44]. We are also able to express the total
concentration of particles in solution at any time after gelation and in particular recover
(4.7).

The fact that we are able to track the evolution of the concentrations is due to a
remarkable (though not very surprising) feature of the asymptotics of our discrete model:
it exhibits self-organized criticality (SOC) after gelation. More precisely, the limiting
distribution of already linked arms at any time t past gelation has a size-bias law with
mean 1.

It is worth noticing that the SOC here is really a microscopic phenomenon, in that it
concerns the law of the number of arms of the particles. In particular, it could not have
been deduced from the result of [44], since the distribution of already linked arms cannot
be recovered from the variables ¢;(a, m) of (4.2).

The phenomenon of SOC is well-known in the Physics literature, but is seldom proved
mathematically. It has however been observed in the beautiful paper [47] by Téth and
Réth. In this article, they study a model of fire on trees, where two phenomena compete
(growth of trees vs. fires) to reach criticality. The criticality is lost when one of the two
phenomena has a far bigger influence than the other: informally, either all trees burn, or
none. In our case, we also observe that criticality is attained because the connections of
arms compete with the falls into the gel.

1.5 Plan of the paper

In this paper, we shall first provide a rigorous presentation of the model we consider, as
well as the statement of the results. We also discuss them, explain the phenomenon of
post-gelation self-organized criticality (SOC), and show how our results relate to those
obtained in [44]. In particular, we provide an explanation of the limiting concentrations
in terms of Galton-Watson processes. The remaining sections are devoted to the proof
of these results. We first provide some preliminary lemmas and present useful techniques
we will use throughout the text, before turning to the core results of the paper: first, the
subcriticality, which enables us to show the tightness of various relevant quantities. It is
then an easy matter to show the actual SOC. The last difficult proposition we prove is
a result of asymptotic independence, stating that two subclusters connected to a particle
have essentially independent behaviors. All this allows us to write an equation for the
evolution of some relevant quantities, which, in the limit, turns out to be an easy PDE.
Solving it allows us to deduce an expression for various interesting quantities, and in



96 CHAPTER 4. SOC IN A MICROSCOPIC MODEL FOR SMOLUCHOWSKI’'S EQUATION

particular, we obtain the uniqueness of the limit points, what ends our proof. Finally, so
as not to weigh down the proofs, several technical issues are deferred to the appendices.

2 Presentation of the model and of the results

2.1 Construction of the model
2.1.1 Assumptions

Let us, to begin with, introduce the assumptions we shall make. We start with N par-
ticles, denoted [N] = {1,..., N}, respectively having a; = a;(l),...,an = a;(N) arms,
where af,...,a}y are fixed (and depend on N) and o is a uniformly chosen permutation
of {1,..., N}, independent from the dynamic. We introduce o only to make the particles
exchangeable; doing otherwise would make some results quite cumbersome to state'. We
write

- 1
N) ._ ,
pt = ;:1 (5%

the empirical measure of the number of arms. The a; arms of the i-th particle are denoted
(4,1), ..., (%, a;).

We also fix a probability measure p # dp on N with a finite second moment. Here are
our two main assumptions on M(N ) and I

Assumption 2.1. The sequence (uN))y>1 converges sharply to p, i.e. (u™)) converges
weakly to 1 and the second moment of p™) converges to the second moment of p.

Assumption 2.2. The measure i has three moments, i.e.
{u, k%) < 0.
We also fix a sequence o(N) > 1, and our last assumption, is the following.

Assumption 2.3. The sequence a(N) has the property that

a(N)
N Njoo and N1/3 Nooo

It is a stronger assumption than that of Fournier and Laurencot [19], viz. 1 < a(N) <
N, and the reason for that choice will appear clearly when introducing Janson’s result,
Theorem 2.6.

2.1.2 Model

We may now introduce our model. It is defined by only two quantities, namely a family
{e(ivj),i, j € N} of i.i.d. exponential random variables with parameter 1, and a sequence
(a(N))n>1. The clock e(; jy should be interpreted as the time when the j-th arm of the
i-th particle (if it exists) is activated, and a(IN) as a threshold: clusters of size greater than
a(N) fall into the gel. Let us note that the exponential variables may or may not depend
on N, but this does not really matter since we are only interested in convergence in law.
Moreover, a coupling ensuring a stronger convergence seems quite hard to formulate.

"However, we will not reuse o in the text. One should just remember that the particles are exchangeable
at time 0.
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At each time ¢t > 0, our model provides a configuration (i.e. a multigraph) C;. We
say that a particle is in solution if its connected component has size less (or equal) than
a(N), else we say that it is in the gel. An arm is in solution or in the gel if the particle to
which it is attached is in solution or in the gel.

Now, when it exists, the jth arm of the ith particle is activated at time e(; ;). Hence,
at any time ¢, an arm will be said to be active if the corresponding clock has rung, and
available if it has not. Finally, an arm is said to be free if it is not bound.

We join pair of free arms of particles whose respective clocks ring consecutively when
they are both in solution. To be more precise, when it exists, the j-th arm of the i-th
particle is activated at time e(; j.
e If i is in the gel at that time, or if ¢ is still in solution and there is no other free

active arm in solution, nothing happens.

e If on the other hand, 7 is in solution and there is another free active in solution, say
(k,1), then the arms (7,j) and (k,l) get bound together. In the latter case, if the
newly formed cluster contains more than a(N) particles, it falls instantaneously into
the gel and will remain there forever. Otherwise it stays in solution.

Note also that we proceed in such a way that the process is cadlag.

The graph structure is obvious: particles stand for vertices, and bounds between par-
ticles for edges. Hence, at a given time ¢ > 0, two particles i, j are neighbors at time t if
at least one arm of ¢ was paired with an arm of j before time t¢.

The major difficulty in dealing with this model is gelation: any cluster reaching size
greater than o N) instantaneously falls into the gel? and stops interacting with the other
clusters.

Remark 2.4. Tt is important to note that this model is only given by exponential clocks,
and that the state at a time ¢t depends only on
e the activated arms;

e the order of these activations.

Moreover, conditionally on the activated arms, this order is uniform.

Thanks to this remark, we may present equivalent constructions of the model at a
fixed time t. First, activate each arm independently with probability 1 — e~t. We then
need to bind these arms, and to this end, we may

e either choose independently a uniform ordering of these arms, and bind them as in
the algorithm described above (the first and second in solution, the third and fourth
in solution, and so on);

e or choose a couple of free active arms in solution uniformly among all such couples
and bind them, then choose another couple of free active arms in solution uniformly,
and so on;

e or choose a free active arm uniformly in solution, another free active arm uniformly
in solution, and bind them; then choose a free active arm in solution and another
free active arm in solution, and so on.

In any case, we stop when all the active arms, except possibly the last one, are paired.

2This is just a physical metaphor: nothing actually happens to these clusters!
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2.2

Notation

2.2.1 General notations

The following notations and definitions will be used a lot throughout the text.

The probabilities considered are always probabilities on N = {0,1,2,...}.

For a probability m with positive and finite mean, its size-biased shifted-by-one
counterpart (or simply “its size-bias”) is denoted #, i.e., for every k > 0,

(k+ 1)m(k+1)
Zz‘zl i (i)

which is also a probability measure. If m = 0y, we let & = dg.

(k) =

For a nonnegative function f on N, we write

(m, f) = D m(k) f (k).

k>0

We will write k for the function k + k, k? for k + k2, and so on; for instance (r, k)
is the mean of .

We say that 7 is subcritical, critical or supercritical when (7, k) < 1, (7, k) =1 or
(7, k) > 1.

A sequence of events (Ey) is said to hold with high probability, written w.h.p., if

A configuration G is a multigraph, and for a vertex i, G(i) is its connected component,
or cluster, and |G(7)] its cardinality, or size.

Recall also that we fixed a probability measure p # g on N with a finite second
moment, and let v = fi. The mean of v is denoted ¢ := (v, k) and we define the

gelation time as
1
Tyl = —log <1 — C)

if ( > 1, and +oo else.

The following notations are less important and will be recalled when necessary. We
give them here anyhow so the reader can refer to this section if necessary.

For ¢ a probability on N x N, we let

N B (k+ )&k +1,10)
Sk ) = di>186(8,5)

and & = 0,0y if £(4,j) = 0 for i > 1.
For a nonnegative function f on N2, we write

(& f) =2 &.9)f(.J)-
i,j>0
We will write ¢ for the function (7, j) — 4, j for (7,j) — j and so on; for instance
(€,14) is the mean of the first marginal of &.
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e The generating function of a probability 7 is denoted G : z + (m, 2*).

e Finally, for p € [0,1], Bin(m, p) is the mixing of a binomial law and of 7, in that

Bin(m,p)(k) = Z <;>7r(z)pk(1 —-p)*, keN.

i>k

This law is obtained by taking a variable X with law 7, and then by picking, condi-
tionally on X, a variable with law Bin(X,p). In our context, this can be interpreted as
follows: a particle has a number of arms given (asymptotically) by a law u. At a time t,
each is activated independently with probability 1 — e~*. Then the number of activated

arms of this particle has law Bin(u,1 —e™t).

2.2.2 Notions of convergence

In the whole text, convergences are understood as convergences in law.

e We denote M; the space of probability measures on N, and it is endowed with the
weak topology?.

e We say that a sequence (7)) ~>1 of probabilities on N converges sharply to a
probability 7 if #¥) converges to 7 weakly, and (7™, k?) — (7, k?) < 4-00.

e Similarly, a sequence (£(N)) of probabilities on N? is said to converge sharply to
a probability & if £€&V) converges to € weakly and (7)) — (7, f) < +oo for
f(i,j) = i* and j*.

We will in the sequel consider random probability measures 7, so for instance (7, k) is
a real random variable. In that case, we have similar definitions.

e We say that a sequence (")) of random probabilities on N converges sharply to
a (random) probability 7 if #¥) converges to 7 in law in My, and (x¥) k?) —
(7, k?) < 400 in law in R.

e The space of cadlag mappings from RT = [0, +00) to a Polish space E is denoted
D(R™T, E), and it is endowed with the Skorokhod topology.

e We say that a cadlag M;-valued process (WISN),t > 0)nen converges sharply to
(me,t > 0) if (7(N)) converges in law to 7 in D(RT, M;) and (7)) k?) — (7, k2) <
+00 in law in D(RT,R™).

Finally, we will say that a sequence of probabilities, random probabilities or probability-
valued processes is sharply tight if it is tight and that the convergence of a subsequence
implies its sharp convergence.

3which is the topology of convergence in law. However, we shall speak of convergence in law only when
we refer to convergence of random elements.
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2.2.3 Characteristics of the model

Let us now introduce some quantities related to the model. Obviously, all quantities
depend on N (which we write as an exponent (N) or an index N), but we will omit it in
some notations.

As for the already defined notations, some will be used a lot in the text and we give
them here, others are more seldom used and will be recalled, though we give them here as
a memorandum.

e Recall that C; is the configuration at time ¢, C.(7) is the cluster of ¢ and |C:(7)| its
cardinality, or size.

o We write i < j if i and j are linked at time t.
e We say that a cluster is giant if it is in the gel, i.e. if it has size greater than «(N).

o We let Ig(t) denote the set of particles in solution at time ¢, I(t) = [N]\ Ig(t) the
set of particles in the gel at time t.

The most important quantities are ngN), Trt(N) and pEN) defined as follows.

e We denote N; the cardinal of Is(t), that is the number of particles in solution, and
nM) = N, /N
the concentration in solution.

e For t > 0, i € [N], A¢(i) is the number of active arms of i and for k € N, we let
Ni(k) = #{i € Is(t), Ai(i) = k} denote the number of particles in solution which
have k activated arms at that time. Then the probability 7T§N) is the empirical

distribution of already connected arms of particles in solution

N Ny (k)
M (k) = -
e Its size-bias is denoted
(N) . ~(N)
Py =T

Let us now introduce less important quantities, though technically crucial.

e The N-th gelation time Tg(é\{) is the first time at which a cluster falls into the gel:

TN — inf{t > 0, Ji € [N]|C.(i)| > a(N)}.

gel

e The number of available arms of i is denoted By(i) = a; — A¢(1).

e The empirical distribution of the activated and available arms of the particles at
. . (N) .
time ¢ is denoted &, '/, i.e.

™ (1) = 1\1@#“ € Is(t), Ay(i) = k, By(i) = 1}.
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e For k € N, the concentration of particles with k activated arms and in solution is
denoted

i (k) = Ny (k)/N.

e In the same vein, we also introduce the concentration of particles with k active arms,
n in total, and in solution at time t:

p™ (n, k) = %#{i € Ts(t), ai = n, Ag(i) = k.

Note that the Greek lowercase letters denote probability measures, uppercase Latin
letters are integers, and bold letters are vectors (indexed by N or N x N), notations that
we try to maintain throughout the text.

The configuration of connected components of particles in solution at time ¢ is closely
linked with configuration models having a total of vertices close to N; and a distribu-
tion of degrees close to 7T§N). Before stating our results, we recall a few facts about the
configuration model.

2.3 Configuration model with fixed sequence of degrees

We shall now recall some facts about the configuration model, which we already discussed
in the introduction of this thesis.

2.3.1 Definition
Let N € N and Dy := (dy,...,dn) € NV be fixed. We also define

1N
Dy =—) g4

as the empirical measure of the degrees. To each vertex ¢ we associate d; half-edges (arms)
which we denote by (i,7),1 < j < d;. We define the configuration model with N vertices
and the fixed degrees Dy as a uniformly chosen pairing amongst all possible pairings of
the {(7,7),1 < i < N,1 < j < d;}, leaving possibly one edge unpaired when Zi]\; d; is
odd®.

For each half edge (i,j) paired with an half edge (k,l) we draw one edge between
vertex ¢ and vertex k. The configuration which is obtained is a multigraph which we
denote CM (N, Dy) or also CM(N,Dy). Note that there may exist loops and multiple-
edges, and there is possibly one unpaired half-edge attached to one of the vertices, which
does not play any role in the cluster configuration. A good reference about random graphs
and the configuration model is van der Hofstad’s course [54].

2.3.2 Construction of the configuration model

There are multiple equivalent ways to construct a configuration model CM (N, Dy ), and
it will be important in the sequel to understand them. Denote Ky the total number of
arms.

4In the classical definitions of the configuration model, the choice is to either condition on > d; being
even, or to add an extra edge for the last vertex. Although these two alternate definitions may be nicer
when proving results on graphs, they are not well-suited for our model.
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e A first way is to choose a uniform random ordering of the arms, and to bind together
the (2¢—1)-th and 2i-th arms, for all 1 <1 < [Kx/2]. To do so, one may for instance
set i.i.d. exponential clocks on the arms, what gives a natural ordering of them.

e Another way is to pick a vertex arbitrarily’. Then choose one of its arms, and bind
it with another one uniformly chosen among all available arms. Then, take any arm
of this newly-formed cluster, and bind it to another arm uniformly chosen among all
the available ones. Go on until no more arms are available in the cluster, then start
over with any other vertex. It is important to note that, at each step, the choice of
the first vertex or arm really is arbitrary, in that we may choose them according to
any random or deterministic rule.

2.3.3 Giant component

In this paragraph we suppose that the following (obviously very similar to Assumption
2.1) is in force.

Assumption 2.5. Dy converges to p sharply.

Under this assumption, the existence of a giant component (that is, a connected compo-
nent Cy of size of order N, i.e. |Cny| = O(N)) is, asymptotically as N — oo, equivalent to
¢" = {1, k) > 1 (see [42] or [26]). On the other hand, when ¢’ < 1, Janson [25] established
a bound on the size of the largest connected component.

Theorem 2.6 (Janson [25]). Consider the random graph CM (N, Dy) with largest com-
ponent denoted by Crpax. Suppose that Dy satisfies Assumption 2.5 and that

Dy ([k, 00)) = O(k™7),

uniformly in N and k > 1, for some v > 2. Then there exists a constant A such that,
w.h.p.,
|Crnax| < AN,

As we will see further (Section 5.1), our assumption that 1 possesses 3 moments ensures
that a limiting point m; of 7r§N) possesses as well 3 moments. The above result will thus
be very useful to ensure that while m; is subcritical, then asymptotically almost surely no

cluster falls into the gel, since we take a(N) > N/3,

2.4 A modified Smoluchowski’s equation

We define here the modified Smoluchowski equation which will turn out to be the limit of
our model. Let us first introduce some notations. Define S = N x N*. For p = (a,m),p’ =
(@',m'ye S, let p-p' =ad and pop’ = (a+d —2,m+m'). We write p’ <pifad <a+1
and m' <m —1. If p < p/, we define p'\p = (a +2 — a’,m — m') € S. We also define the
modified Smoluchowski equation,

ct(p) —00(p)+/0t Zp (P\P)es(@)es(P\p') = D p-pes(p)es(p’) | ds, (4.8)

C
< Y p'<p p'es

5Actually, a slight issue arises when K, is odd. For instance, say we always start with the particle
1. Then all of its arm will eventually be bound. However, a uniform pairing of the arms has a positive
probability to leave an arm of 1 unpaired. A way to solve this is to first remove an arm chosen uniformly at
random — which is the arm which would remain unpaired in a uniform pairing, and then start the process.
Obviously, when K, is large, this issue becomes irrelevant, and we will ignore it most of the time.
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for p € S. Tt obviously resembles Equation (4.2), and we will explicit the relation between
the two in Section 2.5.1. Let us now define what we call a solution to this equation.

Definition 2.7. We say that a family of nonnegative continuous functions (¢.(p),p € S)>0
is a solution to (4.8) if there is a time T" € [0, 4+00] such that

e inf,cjp4(cs,a) >0 forallt <T and (ct,a) =0 for t > T,
® Sup,c(o{Cs,a) < +oo for all t >0,
e (¢) verifies (4.8) on [0, 7).

The time T is just a technical device, and we will see below that either T'= 0 and the
solution is trivial, or T' = 4o0.

The relation between these two equations is quite obvious when we think about mi-
croscopic models. The standard equation (4.2) is indeed obtained by setting exponential
clocks on pairs of arms, and this one is obtained, when, as in our model, we set exponential
clocks on arms. It should then be intuitively obvious that the solutions to these equations
are related only by a time-change, as Theorem 2.8 below shows.

2.5 Statement of results
2.5.1 Well-posedness of the modified Smoluchowski equation

Due to the similarity between Equations (4.2) and (4.8), using the techniques developed

in the previous chapter, there is no difficulty in checking that (4.8) has a unique solution

which is just a time-change of the solution to (4.2). Hence, we shall not prove this result.
For initial conditions (co(p),p € S) with (co,a) > 0, we let

(co,ala — 1))
<CO7CL>

1
b= (1-5)

if (’ > 1, and 400 else. Note that Tg'el = Tyl for monodisperse initial conditions co(a, m) =
p(a)lyy,—1y. Then, we have the following result.

¢ =

and

Theorem 2.8. For any initial conditions (co) with {cy,a®) < +oo, the modified Smolu-
chowski equation (4.8) has a unique solution ¢ on RY. It enjoys the following properties.

1. The mass {cy,m) is continuous on RY, constant before time Tg’el, decreasing after-
wards. In other words, there is gelation at time Tgl;el'

2. The total number of arms Ay = (¢, a) is continuous on RY, analytic on R+\{Tg’el},
and remains positive for all t > 0 if Ag > 0.

3. If Ag > 0, the ODE 5'(t) = Ay, 5(0) = 0, has a unique solution on R*. This solu-
tion is a diffeomorphism of R™ and Cs(1) 18 the solution to Smoluchowski’s equation
(4.2) with initial conditions (co).

4. For b a solution to (4.2) and By = (b, a) with By > 0, the ODE s§'(t) = 1/By,
s(0) = 0, has a unique solution on R*. This solution is a diffeomorphism of Rt
and by is the solution to the modified Smoluchowski’s equation (4.8) with initial
conditions (cg).
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5. The limiting concentrations cs(p) := limy_ 100 ct(p) exist and are the same as for
Smoluchowski’s equation (4.2).

This result means that a solution to (4.8) is obtained just through a change of time of
a solution to (4.2). This change of time is a diffeomorphism of R™, and in particular, the
final states of both equations coincide. Hence, even though we were initially interested in
giving a microscopic model for (4.2), we shall rather do so for (4.8).

Finally, we recall that a representation formula for the solutions to (4.2) is given in the
previous chapter (see Theorem 4.3), which allow to compute various quantities concerning
(4.8). However, using the formulas of [44] and applying the time-change described above
leads to painful calculations. To obtain formulas for (4.8), it would actually easier to
mimic the proof of Theorem 4.3 and compute them directly.

2.5.2 Convergence to Smoluchowski’s equation

(N

Consider the concentration c¢; )(a,m) of clusters with a available arms and mass m at
time ¢, in symbols

o a,m) = i e V], @ =m, Y Bilj)=a}
JEC(3)

Obviously, Assumption 2.1 ensures that, for large enough M, all the c,(fN) belong to
E={nec[0,1% > (a+m)nla,m)<M}.
(a,m)eS

This space is endowed with the ¢! norm.

For the sake of consistency, the first result to check is that these concentrations actually
solve, in the limit, Smoluchowski’s equation. This is essentially achieved by using classical
martingale techniques, as in [27, 45, 17|, the delicate issue being the cut-off at threshold
a(N), which can be dealt with as in [19]. For that reason, in Section 3, we will only
compute the jump rates of ™) and point out the differences with the case of [19], leaving
the very slight changes to the reader.

Theorem 2.9. The sequence (™) (p),p € S)n>1 converges in D(RY, E) to the unique
solution of the modified Smoluchowski equation (4.8), starting from monodisperse initial
conditions co(a,m) = p(a)lg,—1y.

2.5.3 Pre-gelation results

The following pre-gelation results are easy to prove, since before gelation, our model
essentially behaves like the well-known configuration model. We shall prove this result in
Section 4. Recall that, for a law A and p € [0, 1], the law Bin(\, p) is obtained by picking

a variable X with law A, and, conditionally on X, a binomial variable with parameters X

)

gel 18 the first time when a giant cluster appears in the system, viz.

and p, and that

Tg@ = inf{t >0, 3i € [N] |C,(3)] > a(N)}.

Proposition 2.10. 1. Foranyt < )

gel the configuration of particles has the law of a

configuration model with parameters N and Bin(,u(N), 1—e™t), conditioned on having
no giant cluster. Moreover,

Bin(p™,1 — ™) fand Bin(u,1 —e™")
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sharply. Finally, as N — 400, the conditioning becomes trivial, in that the proba-
bility that a giant cluster exists tends to 0.

2. When ¢ < 1, there is no event of gelation w.h.p. More precisely,

N
]P(Tg(el) = OO) N:Zo 1.
3. When ¢ > 1,
()
Tgel N—o0 Tgel

in probability.

In particular, this proves that Ty really is the first time that a cluster falls into the
gel. One may however argue that a better definition for Tye would be the first time that a
positive fraction of the particles falls into the gel, but, as Theorem 2.11 shows, these two
times actually coincide.

2.5.4 Post-gelation results

In the interesting case when ¢ > 1, the analysis becomes much harder after the gelation
time. Our main result is the convergence of (n{™)y>; and (7)) y>1 to a deterministic
limit, for which we give an explicit expression. Recall that for a probability A, G denotes
its generating function, and v = [i is the size-bias of u.

Theorem 2.11. 1. The sequence (nN)) converges in D(RT,R*) as N — 400 to some
continuous n, and the sequence (1)) converges in D(RY,M;) as N — 400 to some
continuous w. Moreover, for t < Tger,

7 = Bin(p,1 — e ),
and for t > Tye, m; is critical.
2. Fort > Ty, the equation
(o(t) — e )G (a(t) = Gu(a(1)) (4.9)

has a unique solution. If we set o(t) = 1 for t < Tye, then o is continuous and
o(t) <1 fort > Ty

3. For allt > 0, the mass in solution is given by
ny = Gu(o(t)) (4.10)

and m has generating function
1
Gr,(2) = n—Gﬂ(a(t)m +eH(1—2)), =e€][0,1]. (4.11)
t

This is our main result, and its proof will take up the main part of this chapter. It
relies on several intermediary result, which are interesting on their own, and which we will
describe in Section 2.7. The relation between them, as well as the guideline of the proofs,
will be given in Section 2.8.

In particular, we may obtain the limiting quantities as t — +o00. As will be explained in
Section 2.6.4, this provides a probabilistic interpretation for the expression of the limiting
concentrations (4.5) obtained in [44], thus achieving our initial goal. Recall from (4.4)
that 7 is the unique solution to

Gy (n) = nG,(n).
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Corollary 2.12. Ast — +o0, o(t) — n. Hence, the mass converges to a limit

Noo = Gp(n) (4.12)

and the limiting distribution of arms in solution converges to a critical probability 7. with
generating function
Gu(nz)

Greo(a) = 0 2 € 0.1 (4.13)

2.6 Discussion of the results
2.6.1 Before gelation

What happens at a time ¢t < T g(é\{ )
with a; arms, its distribution of active arms at time ¢ is Bin(a;,1 —e™%). As N — oo,
the distribution of the number of arms of the particles has a limit Bin(u, 1 — e™!), whose

size-bias has mean

is rather easy to understand: if the particle ¢ started

G=¢l-e),

where we recall that ¢ = (v, k). Moreover, the cluster configuration is a uniform random
pairing of these arms. By Janson’s result, and since we took a(N) > N 17 it will be easy
to see that, with probability going to one as N — oo, there exists no giant cluster as long
as (; < 1, while we must already have seen a particle fall as soon as {; > 1. A consequence

is that Tg(é\ll) has a deterministic limit as N — oo, which is precisely such that ¢r,, = 1.

2.6.2 Relation to Smoluchowski’s equation

Let us discuss the link between the asymptotics of our model and the continuous model
given by Smoluchowski’s equation (4.8). As we saw, we prove, on the one hand, that the
concentrations cgN) (a,m) converge to a solution to Smoluchowski’s equation (4.8). On the
other hand, we obtain the convergence of some relevant quantities of our model, namely

ngN) and 7T§N). However, it is not mathematically obvious that, for instance, the mass

My = Z mee(a, m)

a>0,m>1

in Smoluchowski’s equation should coincide with the asymptotic mass

) = lim > mcgN)(a,m).

ng = lim n,
N—+oc0 N~>+ooa207m21

We give in Theorem 2.11 a formula for n;, and, as noted after Theorem 2.8, a formula
for M; can be computed, and it turns out that the two formulas coincide. Hence, we
have proved, as was obviously to be expected, that n®™) — M in D(R*,RT). However,
as we shall see, getting there is quite a long road. Moreover, we will have to use subtle
characteristics of the model (e.g. the graph structure), which are not encoded in the
knowledge of the jump rates of cgN)(a, m). Proving directly that n(™) — M (or even the
tightness of (nV))) seems to be quite a challenging question.

Let us end with an intriguing remark on the formulas that can be obtained for (4.8).
In fact, though there is only an easy time-change between (4.8) and (4.2), the formulas
for the former are much nicer. For instance, we can obtain

Ay = (cr,a) = Ag(' () + e )G (a (1)),
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which is worth comparing to the dreadful expression given in Theorem 4.3 of Chapter 3
for (4.2). It is probably even more striking for the mass, but we let the courageous reader
compute it with the formulas of Chapter 3 and compare it to (4.10).

2.6.3 State after gelation and self-organized criticality

Knowing the mass and the law of the number of activated arms of the particles in solution,
we can draw a quite simple picture of the state in solution. As we will see below in Lemma,
5.4, the configuration of particles in solution is a configuration model C'M (ngN)N , ﬂ't(N))
conditioned on having no giant cluster. Though this conditioning may not be trivial, we
will see (cf. in particular Lemma 5.6) that essentially, a typical cluster in solution can be
described as for the configuration model (see Section 3.3.2 in the introduction), that is, if
one picks a particle in solution uniformly at random, then it is the root of a Galton-Watson
GWp, 4, tree. After gelation, m; is critical, which is really showing that our model exhibits
a phenomenon of post-gelation self-organized criticality.

Let us add a few words on these trees in solution. If we allowed links between the
particles in the gel and in solution, we would be dealing at time ¢ with a configuration
model with parameters N and ,ugN) = Bin(,u(N)7 1 —et), which is close, for large N, to
e = Bin(u, 1 — e~ t). Bertoin and Sidoravicius [4] have shown in that case that a typical
cluster in solution is a GW,,, s,-tree conditioned on being finite’. Hence, except at the
gelation time when p; is critical, these finite trees are subcritical Galton-Watson trees —
recall that a supercritical Galton-Watson tree conditioned on being finite is subcritical.

In the present case, we show that a typical cluster in solution is a GWp, #, tree, which
are thus critical Galton-Watson trees after gelation. In particular, after gelation, the
clusters in solution are much larger in Smoluchowski’s model than in Flory’s.

2.6.4 The limiting concentrations

Let us now consider the final state of our system. First, note that Formulas (4.7) and
(4.12) agree. Now, as already noted above, a typical particle in solution can be thought of
as the root of a GW,__ »_-tree. So let us argue as in Section 3.3.2 of the introduction, by
defining p(m), the probability that a particle, picked uniformly at random, is in a cluster
of size m in the final state. On the one hand, p(m) = mc(m) by definition. On the
other hand, this is also the probability that a Galton-Watson tree GW,__ »_ has size m.
Recalling from Corollary 2.12 that 7 has generating function G (x) = G.(nx)/Gu(n),
it is easy to use Dwass’ [9] formula to show that this probability is

1
mﬁm—ly*m(m _ 2)

We have therefore recovered (4.5), thus achieving our initial goal.

2.6.5 The Poisson case

To further interpret the results it is useful to consider the simple case when one starts
with an initial distribution of arms that is Poisson. More precisely, let A > 1 and

(k) = e AR /E).

6 Actually, this is proved only when u; is (sub)critical, but it is implicit in their work that it still holds
when p; is supercritical.
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The Poisson case is closely related to Erdés-Rényi’s random graph model, since Erdos-
Rényi’s model with connection probability A/n is asymptotically the same as a configu-
ration model with Poisson(\) distribution. In particular, assuming A > 1 corresponds to
assuming that gelation will occur, what can be seen also by noticing that i = pu.

When A > 1, gelation occurs at time

A
Tye1 = log <)\_1) .

Not surprisingly, this goes to co as A — 1 (in that case the total number of arms is barely
supercritical, therefore it takes almost all arms to be paired before gelation can occur).
On the other hand it goes to 0 when A\ — oo (a contrario, the mean number of total arms
for a particle is then very large, and it only takes a very small proportion of those arms
to be paired to one another to allow formation of large clusters).

The concentration n; of particles in solution is of course 1 before gelation occurs, while,
for t > T, it is

ng = Z pe(n, k) = exp(/\(e*t + A - 1)).
n,k>1

We can also compute the solution given in Theorem 2.11 and obtain for ¢ > Ti:
ot)=X"t4e ™,

We can then deduce, that for ¢ < Ty, m is Poisson(A(1 — e7")), and for any t > Ty it
remains Poisson(1).

It is interesting to note that in that case, the final microscopic state is already reached
at Tye. Of course, particles keep falling into the gel for ¢ > Ty, so that on the time
interval |Tye1, +00|, the proportion of particles in solution n; decreases from 1 to el™.
However, microscopic quantities have reached their final state: the number of already
connected arms of a particle still in solution is Poisson(1), and a typical cluster in solution
is a Galton-Watson tree with offspring distribution Poisson(1). The SOC is thus probably
even more striking in this case.

2.7 Intermediate results

The proofs of the post-gelation results are quite lengthy, and take up the main part of this
paper. To make the reading easier, let us highlight the main steps of the proofs.

2.7.1 Results at a fixed time

A first combinatorial result is the exact law of the configuration in solution at any time
t>0.

Lemma 2.13. At any time t > 0, conditionally on Ny and Trt(N), the state in solution has
(N)

the same distribution as a configuration model CM (N, m;""), conditioned on having no
giant cluster.

(N)

The conditioning in this result is not so easy to deal with. Actually, if m," ’ is subcrit-
ical, the conditioning has, by Janson result, probability tending to one, and thus does not

(N)

play any significant role. When 7,""’ is supercritical, its probability tends to 0, so it really
matters. Finally, when 7T§N) is critical, it is not easy to tell, and it may depend a lot on
a(N) (see in particular Th. 2.4. in [26]). As already stated, this last case is actually the
one we are in.

At a fixed time, it is also easy to obtain the tightness of any relevant quantity.
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Lemma 2.14. e [or anyt > 0, the sequences of variables (ngN)), (WIEN)), (pgN)) and
(N) .
(&) are tight.

e The convergence (along some subsequence) of any of the above quantities implies its
sharp convergence.

2.7.2 Subcriticality

A first important result is the asymptotic subcriticality of the model, which is a first step
towards the tightness.

Proposition 2.15. For anyt >0

hmsup(pgm,k) <1, as.
N—+o00
This is essentially achieved by showing that the number of configurations which give
rise to a supercritical distribution of active arms in solution is much less than the number
of configurations which give rise to a subcritical distribution.

2.7.3 Tightness

The fact that at some time ¢ the model is subcritical allows us to say, that for a small s,
it can be at most slightly supercritical at time ¢t 4+ s. This ensures that only a proportion
of order s of the mass can disappear into the gel on that time-interval. In formulas, we
show the following.

Proposition 2.16. For every compact subset K of (0,400), there is a constant C, de-
pending only on this compact and p, such that, for allt € K and s <1,

(N) (N)

n, —mn
limsupE | -———F5 v Ls ) < Cs.
N—+o0 ng )

A similar result concerns the variance of the increments.

Proposition 2.17. For any t,s > 0,

limsup V (n,EN) - ng_]:s?) =0.

N—+o0

These results allow us to estimate a modulus of continuity for (n¥)), thus implying its
tightness. Proposition 2.17 also shows that any limit point is deterministic, and Proposi-
tion 2.16 ensures that it is also Lipschitz-continuous. The tightness of any other quantity
is then easy to obtain.

Proposition 2.18. e The sequence (n\N)) is tight in D(R*,RY).

e The sequences (1N)) and (p™")) are tight in D(RY, My). Moreover, the convergence
along a subsequence of any of these two quantities implies its sharp convergence.

The sequence (n'N)(k), k > 0) is tight in D(RT, £1(N)).

The sequence (p™™)(n, k), n, k € N?) is tight in D(R*, (1(N?)).

Any limit point of (n™N)) or (n(V)(k)) is locally Lipschitz.

Any limit point of (o), k)) is continuous.
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2.7.4 Self-organized criticality

Our next step is to show that the model cannot be strictly subcritical after gelation, thus
showing the self-organized criticality. With the above results, the proof is quite simple.
The idea goes as follows. Take p a limit point of p™) and let m(t) = (p;, k). Assume
that for some ¢ > Tye, m(t) < 1. Then no more particles can fall into the gel on a small
time-interval, so because of new activations of arms, m has to increase on that interval.
Hence, whenever m is below 1, it increases. But m(Tge1) = 1, so, along with the continuity
of m of the previous proposition, this readily implies that m(¢) = 1 after gelation.

Proposition 2.19. Fort > Ty,

, (N) 1y _
yim {or k) =1.

2.7.5 Asymptotic independence

Before stating the next result, let us try to draw the heuristic picture of what occurs
between a given time t past gelation and a time ¢ + . At t we are essentially dealing with
a configuration model with a degree sequence that is close to critical. Typical clusters are
thus of finite size. Therefore, for any e, a typical cluster which is going to be involved in a
gelation event in the time window [t,t + €] is also of finite size” at time ¢, in particular, it
is typically a finite tree. This then allows us to show a form of asymptotic independence
between the evolution of the size of the different subcomponents attached to a given cluster
in solution at time ¢.

Denote now I@’ﬁk) the probability knowing that particle 1 is in solution at time ¢ and
has k activated arms. Obviously, 1 has no particular role, and could be replaced by any

i € [N]. Recall that i & J means that ¢ and j are neighbors at time ¢, and let, for ¢ & 7,

(‘,’}j (i) be the cluster of i when deleting the link(s) between i and j. Finally, let S(IV) be
a sequence such that 1 < S(N) < a(N).

Proposition 2.20. For any t > Tye, k > 1,

.1 = . .
lim = limsup P{") (€,4o(1)] > a(N), #{i i > 1, [€L.(5)] < a(N) = B(N)} #1) =0.
€20 € Notoo
In words, this means that, if 1 falls into the gel on the time-interval [t, ¢+ €], then that
is because one and only one of the subclusters to which it is attached has reached a large
size a(N) — B(N). Hence, we may write

=(k ~(k .
B (|Cre(1)] = a(N)) = YO BP(ICV(0)] 2 a(IV) — BIV)) + ofe). (4.14)
i1
This result is particularly important when we consider the instantaneous rate of gela-

tion. It is defined as the rate at which a particle with k activated arms falls into the gel
in a small time-interval, in symbols:

R ),
= - > .
fult) i= T~ tim B (€41 (1)] = a(V)
The limit in N has to be understood along a subsequence such that (n")) converges. This

is then easy to see that this quantity is well-defined a.e. thanks to the Lipschitz continuity
of a limit point n(k) of (n™(k)).

"In fact, when e — 0 it is typically of a size of order e 2.
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Now, it is not hard to see that, when 1 is in solution at time ¢ and ¢ & 1,

lim L lim BP0 2 a(V) - BIV) = £1(0),

e—=0 & N—+o0
still along a subsequence. Hence, Formula (4.37) provides the following result.
Corollary 2.21. For allt >0, fi(t) = kfi(t).

Informally, this result ensures that the k clusters attached to a particle with k activated
arms behave independently, and thus such a particle has k times more chances to fall into
the gel than a particle with only one activated arm.

2.7.6 Asymptotic evolution of the system

All these results allow us to precisely describe the evolution of the relevant quantities of
the model. The first equation below is obtained as follows. We work up to convergent
subsequences. Denote f(t) := fi(t), and note that f may a priori be random. Consider a
particle in solution at time ¢, with k activated arms and n initially activable arms. On a
time interval [t,¢ + dt], it may:

e fall into the gel with probability fx(t) dt = kf(t) dt;
e or activate one arm with probability (n — k)(1 — e~4) = (n — k) dt.

Such a particle may also appear if a particle with n initially activable arms and k — 1
available arms activates one arm. Any other event, such as two of the above occurring
at the same time, or a particle activating more than one arm, is very unlikely (of order

(dt)?).
Proposition 2.22. 1. Any limit point (ps(n,k),0 < k < n)i>o of (p™Y)) enjoys the
relation

S, k) = (~kF(1) — (n— E)pi(n, )+ (n— -+ Dpy(n, b~ 1)

2. In particular, the generating function

ht(%y) = Z pt(na k)xkynv z,y € [Ov 1)7
k,n>0

solves the PDE 9k ok 9
t_ _ _ 2 _ gt

with initial condition ho(x,y) = G.(y).

(4.15)

This PDE is easy to solve using the method of characteristics.

Proposition 2.23. The PDE (4.15) has a unique solution given, for x,y € [0,1), by

ol y) = G (e (1 -+ 20(1) /(1)) (4.16)

o(t) = /Otexp (- /05(1 —f(r))dr) ds.

where
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This would end our proof, if we were to actually know f(¢). But a priori, it may
even be random. However, an elegant way to recover it is to see that it is only defined
by the criticality of our model. In other words, writing, for = a limit point of (7)),
(7, k) = 1 provides an equation for f which has a unique solution. Recall that o is defined
by Equation (4.9).

Corollary 2.24. For allt > 0,

a'(t)

t) = ——————. 4.17
)= s (417
This is finally our last step. Note indeed that this determines f uniquely, and thus
shows that the PDE (4.15) has a unique (deterministic) solution. Since any relevant
quantity, say n; and 7, can be derived upon knowing its solution, and hence p¢(n, k), we

see that there is a unique limit point to any quantity of interest, and so our proof is over.

2.8 Organization of the proofs

Let us now explain how the rest of this chapter is organized. The main part of this paper
is devoted to proving Theorem 2.11, and the following list can serve as a reference to find
one’s way in its proof.

e Let us recall that we shall not prove the well-posedness of the modified Smoluchowski
equation (4.8) (Theorem 2.8), for it can be tackled as in the previous chapter.

e The two next sections deals with two easy results: Section 3 sketches of proof of the
convergence to Smoluchowski’s equation stated in Theorem 2.9, whereas in Section
4, we prove Proposition 2.10 concerning the pre-gelation behavior of our system,
what is quite easy with Janson’s result Theorem 2.6.

e We then plunge into the core of this paper, namely the proof of the post-gelation
results, summarized in Theorem 2.11. We start in Section 5 by giving some important
but easy lemmas that we will use a lot throughout the text.

e The first important result, namely the subcriticality of the model (Proposition 2.15)
is proved in Section 6. This uses the construction of the exploration process of a
configuration model, which is detailed in Appendix A.

e The longest proof concerns the tightness of several processes, as is stated in Propo-
sition 2.18. It is dealt with in Section 7, though several technical issues are deferred
to Appendices B, C and D.

e With the help of these results, showing the actual post-gelation SOC (Proposition
2.19) is an easy matter which is taken care of in Section 8.

e The last important result is the asymptotic independence, which mainly consists in
proving Proposition 2.20, as is done in Section 9. To avoid more technical convolu-
tions, some elements of the proof are just hinted at.

e In the final Section 10, we gather up all these results to study the asymptotic evo-
lution in time of the system. It is given by a PDE which is easy to solve. We
thus show that any limit point of the tight sequences (n(™)) and (7)) are uniquely
determined, what ends the proof of Theorem 2.11. Proving Corollary 2.12 is then
straightforward.
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As will appear in the proofs, this order could hardly be changed. Indeed, subcriticality
is necessary to prove tightness, which we need to prove the SOC and the asymptotic
independence. The latter allows us to write down the PDE describing the evolution in
time of the system, and the former implies that this PDE has a unique deterministic
solution.

3 Convergence to Smoluchowski’s equation
The goal of this section is to give a sketch of proof of Theorem 2.9, which we now recall.

Theorem 3.1. The sequence (M) (p),p € S)n>1 converges in D(RY, E) to the unique
solution of the modified Smoluchowski equation (4.8), starting from monodisperse initial
conditions co(a,m) = p(a)ljy=1y-

Its proof is analogous to the one given in [19], where the authors prove the result for
the standard Smoluchowski’s equation (4.1). Hence, we will only introduce the main ideas,
referring to the aforementioned paper for some details.

Recall that cgN) (p) is the concentration of p = (a, m)-clusters in solution, i.e. clusters
with a (available) arms® and mass m in solution. Let

a(n) +oo
NAgN) = Z Z aNc,gN) (a,m)

m=1a=1

be the total number of arms in solution. We always assume in the following computations
that there are at least two arms in solution, else nothing happens. Starting from a time

t, these concentrations evolve as follows. First, one has to wait an exponential time with
()

parameter A, ’ to see an arm in solution activated. Then, another arm in solution is
activated after an independent exponential time with parameter AgN) — 1, and a link is

created. At this point, three cases are possible.

e A coagulation occurs between two different p- and p’-clusters, with probability

Npei(p)  NpeM ) | No'np) | Npei ) _ 20 ) @)
NA™ T NA 1 NaA™ T NA 1 AN @AM 1N

e A coagulation occurs between two distinct p = (a, m)-clusters with probability

MoV @) Vo) —a o @? 1 ppdV)
NA NAM 1AM UM Ny N AN U™ Ny

e A link between two arms of the same p = (a, m)-clusters is created with probability

aNet"(p) a=1 _ a(a—1)q"(p)
NAN T NAM 1 NAM A — 1

8In this section only, “arm” means “activable arm”.
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In the first two cases, the system jumps to a new state CEN) + %A/p,p/, where

App(p) =Dpp(p)=—1 ifp#p
App(p) = —2 if p=yp/
App(pop)=+1.

(N

In the third case, the system jumps to a new state ¢; )y LA where, for p = (a,m),

N=—p’
{A;(p) =-1
Al((a—2,m)) = +1.

An important fact to note is that ¢™) is not a Markov process since the time between
two jumps is not exponential, but it is however a semi-Markov process. This is actually no
big trouble, and we can proceed just as in the usual Markov case studied in [19]. First, the
tightness (in D(R™, E)) is easily obtained as in [19] or [43]. To see that a limit point has to
solve Smoluchowski’s equation (4.8), we can use the above remarks to write martingales
(even though the process is only semi-Markov, see e.g. [30]), and proceed just as in [19],
with some easy changes.

4 Pre-gelation results

In this section, we prove Proposition 2.10, which is quite an easy matter when using
Theorem 2.6. Let us recall the result.

(M

Proposition 4.1. 1. Foranyt < gel 7

the configuration of particles has the law of a

configuration model with parameters N and Bin(,u(N), 1—e™), conditioned on having
no giant cluster. Moreover,

Bin(p™),1 - ¢ ) — Bin(p,1 —¢™)

N—oo

sharply. Finally, as N — 400, the conditioning becomes trivial, in that the proba-
bility that o giant cluster exists tends to 0.

2. When ¢ <1, there is no event of gelation w.h.p. More precisely,

N) _
IED(TgCl = 0) N—>—>oo 1.
3. When ¢ > 1,
(N)
Tgel N—oo Tgel

in probability.

Proof. First, note that when t < T, g(g) we have kept all N particles in solution until time
t so the first part of the result follows from Lemma 5.4 below.
(N)

Let us now turn to the proof of the convergence of Ty
coupling.

Consider the following

° CfN) (t) corresponds to the configuration following the evolution of our discrete model
until time ¢ (where particles which fall into the gel do not interact anymore with
particles which stay in solution).
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. éN) (t) is such that it has the same number of initially activable arms, the exponen-
tial clocks are exactly the same, but we now allow for pairings of an arm of a particle
in solution with an arm of a particle in the gel. In other words, this is Flory’s model.

By the construction of a configuration model of Section 2.3, the configuration of C’éN)(t) is
exactly that of a configuration model with parameters N and Bin(u(™),1—e~*). Moreover,

both configurations CfN) (1), éN) (t) exactly coincide at any time ¢ < T, ég). Therefore,

P(TY) > t) = P((CSN) (1)max < a(N)),

where (CéN) (t))max is the largest component of C’éN) (t).

Let m; = Bin(p,1 — e™%). Then w,ﬁN) — m strongly because of Assumption 2.1. Now,
note that (f;, k) = (1 — e )¢, so (f,k) < 1 < ¢t < Tye. Hence, according to Janson’s
theorem 2.6, if t < Tgql, CéN) (t) has w.h.p. no cluster of size greater than «(N) (since
a(N) > N'/3). On the other hand, if ¢t > Toel,s CéN) (t) has w.h.p. a giant component,
which is in particular of size greater than «(N) for N large enough, since a(N) < N.

This readily yields the expected result. O

5 Preliminary results

This section is devoted to providing some easy results which we will use throughout the
text. To avoid irrelevant distinctions, we will assume from now on that we are in the
interesting case when gelation occurs, i.e. ( = (i, 1) > 1, so in particular u([3,+00)) > 0.

5.1 Lower- and upper-bounds

The following results ensure that some quantities are bounded above or below, as long as
this is the case at time 0. Although they are easy to prove, they are a main ingredient
in many of our proofs. For instance, proving that, at any time, a positive fraction of the

(N)

particles remains in solution ensures that 7TtN has as many moments as p. Recall also that

§t(N) is the empirical distribution of active and available arms of the particles in solution
at time t.

Lemma 5.1. For anyt > 0 and any compact K of (0,400), there exist positive constants
co(t), co(K), M(t) and M(K) such that w.h.p.

inf n) > inf (€M) (i), 4) > inf (7(V) k) > 4.1
sér[%),t] g = CO(t)7 ;él}f;.<€s (Zaj)7]> el CO(t)7 ;£K<7Ts 7k> el CO<K)7 ( 8)
and
sup (V) 13 < M(t),  sup(p™M) k%) < M(K). (4.19)
s€[0,t] seK

In words, there is w.h.p., at any time ¢ > 0, a positive concentration in solution, a
» . . . . . (N)
positive proportion of active arms and a positive proportion of available arms. Also, 7,

has as many moments as p and consequently p(¥) has 2 moments.

Proof. First, note that Assumption 2.1 ensures that there is w.h.p. a positive fraction of
particles with, say, k arms for some k > 0. At any time ¢, each of these particles also has
a positive probability to have activated no arm, and thus to remain in solution, whence
the bound on n™) follows. Similar reasonings give the other lower bounds. The bound

on (ng), k3) stems from the bound on n™¥), and implies the bound on (p(SN), k2). O
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Remark 5.2. An important corollary to this result is that, at any time ¢, the measure
7r§N) verifies the assumptions of Janson’s Theorem 2.6, what will be really useful in some

proofs.

5.2 Tightness at a fixed time

Lemma 5.3. e For any t > 0, the sequences of variables (ngN)), (7T§N)>, (pEN)) and

(ft(N)) are tight.

e Convergence (along some subsequence) of any of the above quantities implies its
sharp convergence.

Proof. Obviously, ngN) <1 for all N, so the tightness of (nEN)) is clear. To avoid convo-

lutions, let us verify the tightness of (Wt(N)) (tightness of other quantities can be obtained
by a similar reasoning). This amounts to proving that for any e, > 0, there is a compact

K C R such that, for large enough NV,
P(r, (K)>1—¢)>1-¢.

Now, recall from (4.18) that, with probability greater than 1 — &’ say, nﬁN) > ¢co(t) >0
for large enough N. Take o > 0 such that a/e < ¢g(t) and a compact K such that
p) (K) > 1 — « for large enough N, what is possible by convergence of ,u(N) to pu. Now,
one has, with probability greater than 1 — ¢/,

(V) ey L LNy e
¢ (K°) N, kg;{CNt(k)SCO(t)M (K)Sco(t)

whence the result follows.
The second part of the statement readily follows from (4.19) and dominated conver-
gence. O

5.3 Configuration at a fixed time

We shall first point out some features of our model. Recall that all the randomness is
given by a sequence of i.i.d. exponential random variables. At a time ¢, the state of the
system depends only on:

e the arms which are activated,
e the order of these activations.

Note that the precise times of activation of the arms are independent from these two
variables.

For a set B of arms, denote &(B) the set of orderings of B. Define A; the set of
activated arms at time ¢, and, conditionally on Ay, o, € &(A;) is the ordering of these
arms. We then just stated that conditionally on Ay, oy is a uniform variable in G(A).

5.3.1 Configuration at the current time

(

Lemma 5.4. At any time t > 0, conditionally on N; and TI'tN), the state in solution has
(N

the same distribution as a configuration model CM (N, m; )), conditioned on having no
giant cluster.
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Proof. Let us start by conditioning on the initial distribution of arms and on A;. Fix S a
set of particles and a set B of activated arms of S. We write &; for the set of orderings
of A which leave exactly S in solution. Then,

Is(t) =S < 0, € G;.

Hence, conditioning on Ig(t) = S is conditioning on o; € &;. But oy is uniform on S(A;)
so o|loy € &1 is uniform on &;. It is obvious that a uniform ordering in &; induces a
uniform pairing of the arms of B conditioned on having no giant cluster, so the result
readily follows. O

A slightly more precise result, but with the same proof, takes into account the activable
arms. Recall that 5,5(N) is the empirical measure of active and available arms at time t.

Lemma 5.5. At any time t > 0, conditionally on Ny and ft(N), the state in solution has
the same distribution as a uniform pairing of the activated arms, conditioned on having
no giant cluster.

5.3.2 Configuration at an earlier time

As pointed out in the previous section, the conditioning of the previous results may have
a probability tending to 0 as N — 400, and hence turn out to be quite tedious to deal
with. To circumvent this issue, we shall “go back in time”, by looking at the set Ig(t) of
particles which are still in solution at time ¢, at a time s < ¢. These particles have an
empirical distribution of activated arms at time s denoted by

1
T =5 2. A
ticrg(t)

Lemma 5.6. Conditionally on Is(t) and ﬂt(g), the configuration of the particles of Is(t)

(N

at time s has the same distribution as a configuration model CM(Nt,TFt’s)) conditioned

on having no giant cluster. Moreover, the sequence (W,g];[)) is sharply tight and there is an

e > 0 such that, for any of its limit point m s,

(Fos k) < (1— ) limsup (7™, k).
N—+o0

Now, when we know that actually lim sup(frt(N), k) < 1, this will show that at time
s, the configuration of the particles of Ig(t) is a subcritical configuration model condi-
tioned on having no giant cluster. But the subcriticality implies that this conditioning has
probability tending to 1, and hence there will be no harm in forgetting about it.

Proof. The fact that it is a conditioned configuration model is proved as in Lemma 5.4
above, and the tightness as in Lemma 5.3. Now, at time s, there is an asymptotically
positive proportion (depending only on g and s) of particles with no active arm and
a positive number of available arms at time s. But there is also positive probability
(depending only on p, s and t) for each of them, to, on the time-interval [s, ],

e activate exactly one arm,

e bind to exactly another particle.
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These clusters of size 2 will thus be in solution at time ¢ (if a(/N) > 2). In other words,
there is a positive fraction (depending only on p, s and t) of particles in solution at ¢, with
one active arm at t, none at s. The result easily follows. O

Without further effort, we may also take into account the number of available arms.

So let
(N) Z 5

’LEIS )

the empirical distribution of the number of active arms and available arms of the particles
of Is(t) at time s.

Lemma 5.7. Conditionally on Ig(t) and 5,&]:), the configuration of the particles of Is(t)
at time s has the same distribution as a uniform pairing of the active arms conditioned

on having no giant cluster. Moreover, the sequence (§§]§)) is sharply tight, and there is an
e > 0 such that, for any of its limit point & s,

(€r50i) < (1 — ) limsup (£™),4).
N—+o00

6 Subcriticality

6.1 Introduction

Our goal in this paragraph is to establish that our model is subcritical, more precisely the
following result.

Proposition 6.1. For anyt >0

limsup<p§N),k:> <1, as. (4.20)
N—4o00

Now, fix t > 0, and assume thanks to Lemma 5.3 that pgN) — p¢ sharply along some
(N)

subsequence. We will also assume by tightness that n; ' converges to some n:, and we
recall from (4.18) that then, n; > co(t) for some c(t) > 0 depending only on p and ¢.
6.2 A preliminary lemma

We shall prove that the following result, which is enough to show that (4.20) holds.

Lemma 6.2. For any 6 > 0 and u € [co(t), 1], there exists e, > 0 such that

lim P (o™, k) > 1426, i) € (u—ey,ute,)) =0

N—+o0

Before proving the lemma, let us see how it implies the subcriticality of p;. We have

P (o™ k) > 14 20) <P (nf™ < eo(t))

+P(@W%Mz1+Zi U {%”eowﬁmu+%»).
u€[co(t),1]
(4.21)
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By Borel characterization of compact sets, there exists a finite n and some uq,...,u, €
[co(t), 1] such that Uiy (u; — ey, u; + €4) D [co(t), 1]. Thus

P(( Mgy >1426 | {n§N>e(u—su,u+su)})

u€leo(t),1]

Z (™ k) = 14+ 26, 0™ € (us — euy s +20,)) -

By Lemma 6.2, each term in the above (finite) sum goes to 0 as N — 400, so the second
term of the sum in the RHS of (4.21) goes to 0 as N — 4o00. So does the first since

ngN) — ny > ¢o(t), and therefore,

lim P ((pf"), k) > 1+20) =

Since (pgN), k) — (pt, k) by sharp convergence, this obviously implies
(pt, k) <1426, a.s.

This holds for any d > 0, so the result follows. Hence, it remains to establish the lemma.

6.3 Proof of Lemma 6.2

Recall that A(i) is the set of all active arms of i at time ¢, and define Ay = U;cn)A+(7)
the set of activated arms at time t¢.

Let us from now on condition on A;. Recall from Section 2.1 that then, the configu-
ration of the system at time ¢ is only given by a uniform ordering of the arms of A;. We
thus take ) the set of all these orderings, which is endowed with the uniform probability
P.

To a set S C [N] of particles, we associate

Z 5/[,3(1

zGS

the empirical measure of the degree of active arms of S, and p(S) = #(5).

Now, an w € € induces a configuration of the particles, so we can define I (w) the set
of all particles falling into the gel in the configuration induced by w, Is(w) = [N|\Ig(w)
the set of all particles remaining in solution, m(w) = 7(Ig(w)) the empirical measure of
the degree of active arms of the particles in solution, p(w) = p(Is(w)) it size-bias, and
n(w) = #Ig(w)/N the concentration in solution.

Consider now a set Cq,...,C, of disjoint giant clusters. Define
P
Qe,,.e, = {we, Ia(w) D (JEil},
i=1

the set of all w which make Cy,...,C, fall into the gel. It can be split into those events
for which only Cy, ..., €, fall into the gel

p
Q(él,...,(‘fp = {w S Q? IG'(W) = U GZ} )
=1
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and those events for which there at least another cluster which falls into the gel:

p
Qal,...,(?p = {w € Q’ IG(W) 2 U ez} .
i=1

Now, fix § > 0 and u € [co(t),1]. Since the sequence ((u™),k?))n>; is bounded, we
may choose € > 0, depending only on p and ¢, such that, for any set S of particles with
#S > (u—¢e)N, for any set S’ C S with #5” < 2eN, we have

(p(S\S"), k) — (p(S), )| <.
Finally, define

We shall first establish the following.

Lemma 6.3. Assume that
n(d) € (u—e,ute), (p(d)k)>1+34.

Then, there exists k£ > 0, which depends only on u, € and §, and such that, for large
enough N,
>1
P2, ¢,) < exp(—nN)P(Q5) ).

Proof. This result can be restated by saying that
>1
P(Q€1,...,CP|QGL---7GP) Z exp(ﬁN)P(le,...,ep‘Qel,---ﬁp)'

But
P(le,...,ep |Q€1,...,CP)

is the probability that there is no giant cluster among the particles of J, and we assumed
that
p(d) >14+4.

When Cy,...,C, fall into the gel, the ordering of the arms of the particles of g is still
uniform, and thus the configuration of the particles of J is the same as taking a uniform
ordering of these arms, and then applying our algorithm (i.e. bind together the first and
second arm in solution, the third and fourth in solution, and so on).

In particular, the probability that a cluster falls into the gel is the same as the prob-
ability for the configuration model to have a cluster of size greater than «a(N). Since we
assumed (p(d),k) > 1+ 4, it is well-known (see Section 2.3) that J has a component of
size of order N w.h.p. However, we need a little more here to get the factor exp(—xN).

It is actually implicit in the literature (see e.g. the proofs in [26]) that such a model
has probability decreasing exponentially fast to have no cluster of order N, and that the
parameter of the exponential depends only on (p(d), k).

To be more precise, we refer to Appendix A for the definition and properties of the
exploration process of a typical component of a configuration model. Proposition A.3 then
ensures that the size of the connected component are bounded by below by the lengths
of the excursions between infima of a random walk V, as long as, in the notations of
Appendix A, less than f(N) steps of the exploration process have been taken.

From the construction of V, it is clear that for N large and f(INV) < N, the steps of V.
can be chosen in such a way that their mean is greater than 1+0/2. Now, assume also that
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f(N) > a(N). It is then classical from the random walk theory (see e.g. [52]) that there
is a constant x depending only on ¢ such that an excursion of size o(/N) appears among
the f(IN) first steps of the random walk, with probability bounded below by 1 — e~V In
other words
>1 _
PQE, e, Q..c,) 21—

whence the result follows easily after noticing that
0 >1
P(Qel,...,epmel,...,ep) + P(Qél,..,,epmehm,@p) = 1.
O

When the distribution in solution is supercritical and €y, .. ., €, fall into the gel, Lemma
6.3 ensures that there is a high probability that other clusters than Cy,...,C, also fall
into the gel. But when 2eN/a(N) additional clusters have fallen into the gel, then the
concentration has dropped by at least 2¢ (since any cluster which falls into the gel has size
greater than «(N)). As a result, the concentration is in fact very likely to have already
dropped below uw — €. This is the content of the following lemma.

Lemma 6.4. Assume that
n(d) € (u—e,u+e), (pd),k)>1+26.

Then, for large enough N,

ozg\f) exp(—kN)P(Qe, . e,)-

Proof. Define, for i > 1,

be the set of w such that I¢(w) contains €y, ..., Cp, as well as precisely ¢ other clusters.
For w € Qéh_”’@p with ¢ < eN/a(N), one has 0 < ¢(J) — ¢(w) < 2¢ (since the clusters
which fall into the gel have mass at most 2a/(N)), so,

eN/a(N) ‘
{wee, e cw)e@-—cuta}c |J %, e, (4.22)
=1

and, by the very choice of €, p(w) > 1+ 6. By Lemma 6.3, we thus have
). (4.23)

----- P

If we denote

then (4.23) reads
pi — piv1 < e "Vpiy1, i <eNJa(N).

From this, it is easy to deduce that

PeNja(N) < Oé(N)e Po-
Finally, (4.22) and the above result yield

]P)(W € Qel,...,epa TL((AJ) € (u —&u+ E)) < PeN/a(N)

and the proof is over. O
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We can now finish the proof of Lemma 6.2. Note that the event
{{p(w), k) >1+20,n(w) € (u—c,u+e¢)}
is included in the union of the events
{w € Qe,,..e, n(w) € (u—¢e,u+ 5)}

for all p and giant Cy,...,C, such that, for § = [N\ UL, €, n(d) € (u — e,u + ¢) and
p(d) > 1+ 20.
By summing over all possibilities such that the Q¢ e, are disjoint, we thus get from
Lemma 6.4 that
N e—/{N
a(N)

P((p(w), k) > 1+ 20,n(w) € (u—c,u+¢)) <

and Lemma 6.2 follows, after integrating over A; and using dominated convergence.

7 Tightness

7.1 Introduction
The goal of this section is to prove Proposition 2.18, which we recall now.
Proposition 7.1. e The sequence (n'V)) is tight in D(R*, R*).

o The sequences (1)) and (p")) are tight in D(RT,M;). Moreover, the convergence
along a subsequence of any of these two quantities implies its sharp convergence.

o The sequence (n™N)(k), k > 0) is tight in D(RT, ¢}(N)).

e The sequence (p™)(n, k), n, k € N?) is tight in D(R*, ¢1(N?)).
o Any limit point of (n™N)) or (n(N)(k)) is locally Lipschitz.

o Any limit point of ((p™), k)) is continuous.

We shall show in particular the tightness of the sequence (n(N )). The tightness of the
other sequences is then an easy matter, and the rest of the proposition is deduced from
4.19.

The proof relies mainly on the two following results, concerning the expectation and
variance of the increments of (n¥)), which allow to obtain a modulus of continuity for
(n™) and hence deduce its tightness.

Proposition 7.2. For every compact subset K of (0,+00), there is a constant C, depend-
ing only on this compact and p, such that, for allt € K and s <1,

) _ )
limsupE [ -———~5 | < Cs.

N—+o0 ngN)

Proposition 7.3. For any t,s >0,

limsupV (ngN) — ngfs)) =0.

N—+o00

With the help of these results, the tightness is an easy but technical matter, which we
defer to Appendix B.
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7.2 Main steps of the proof of Proposition 7.2

The proof of Proposition 7.2 is long, and we will break it up in pieces so as not to exhaust
the reader. This first section provides the main ingredients and ideas of the proof. Section
7.3 is devoted to giving a bound on the quantity of gel in a two-type uniform pairing.
In some loose sense, this quantity bounds the quantity of gel that appears in our model
between time ¢t and ¢ + s. Finally, most technical matters are deferred to Appendices C
and D.

7.2.1 1Idea of the proof

An issue that we already raised concerning the state at some time ¢t is the conditioning in
Lemma 5.4, and to deal with it, we will “go back in time” as in Lemma 5.7. So fix t > 0,
1 > s > 0 and take (a small) h € (0,t). We look at the particles of Ig(t) at time ¢t — h.
At that time, they have active arms, which we call old (O), and available arms, which we
call young (Y), and in the notations of Lemma 5.7 they have an empirical distribution of

O and Y arms {t(]tv_)h. Moreover, we denote ng_)h their configuration at time ¢t — h, and

eW) = @gjzi)hH their configuration at time t — h + s.
Now, delete all the links, so we are in the presence of IN; particles with empirical
distribution of O and Y arms @Fltv_) 5. To obtain the configuration of these particles at time

t — h + s, we can proceed as follows.
1. Condition on Ig(t) and §§ft\fjh

2. Pick a uniform pairing of the O arms, conditioned on having no giant cluster. By
(N)

Lemma 5.7, this gives precisely the configuration Gt7t7h.

3. Activate each Y arm independently after an exponential time with parameter 1.
Bind the first two activated arms in solution, then the two next, and so on, without
forgetting that if a cluster of size greater than a(N) is created, then it falls into the
gel. Doing this is just looking at the process that we study. After a time s + h, we
have thus obtained a configuration which has the same law as €V).

Obvjously7 this model is quite hard to study as such. To make it easier, let us build a
graph G(N) as follows.

1. Condition on Ig(t) and ftutv_)h
2. Pick a uniform pairing of the O arms, conditioned on having no giant cluster.

3. Activate each Y arm independently after an exponential time with parameter 1.
Bind the first two activated arms in solution or not, then the two next, and so on,
until time s + h.

Let us finally build a graph G™), which will be our main interest in the sequel.

1. Condition on Ig(t) and ft(,]:—)h

2. Pick a uniform pairing of the O arms.

3. Activate each Y arm independently after an exponential time with parameter 1.
Bind the first two activated arms in solution or not, then the two next, and so on,
until time s + h.
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This graph is much easier to study, because it is a two-type uniform pairing, in that it
can be constructed in the following way. First, condition on Ig(t) and ft(]f_) 5. Then activate
each Y arm independently with probability 1— e~ (5th) and finally choose a uniform pairing
of the O arms and independently a uniform pairing of the activated Y arms.

Remark 7.4. It is important to note that, in our constructions, there are two types of
randomness. The first is the choice of the number of particles and their number of arms,
given by Ig(t) and ffjt\i) - The second is the choice of a pairing of these arms.

7.2.2 Relation between the different models

We have thus defined three different graphs. From Lemma 5.7 and Proposition 6.1, the
law of the O arms in §§7];[_)h is subcritical, and Janson’s Theorem 2.6 ensures that it is very
unlikely to have a large cluster. In particular, the conditioning in the construction of G(V)
is asymptotically trivial, so G®™) and GY) should be really close.

Let us now compare G and @N). Loosely speaking, the first corresponds to Flory’s
evolution, the second to Smoluchowski’s. In fact, more mass is lost in Flory’s evolution

than in Smoluchowski’s, as is stated below. For the continuous equations, this is in fact
(N

gel) the quantity of

well-known (see in particular [44, Cor. 3.4]). Denote below @ge\i) and C
gel (i.e. the number of particles in giant clusters) in GWN) and W),

Lemma 7.5. For every i € Is(t), one has
P(1e™M (@) > a(N)|Is(t),657,) <P (IGM @) > a(N)|Is(t),67,)

In particular
N N ~(N N
B (@éel)\fs(t% ft(,t—)h) <E (Géel)\fs(t% gg,t—)h)

L o L A
B (o) <E(30).
The proof of this result is quite long and uses particular techniques, so we shall rather
deal with it in Appendix C.

and

7.2.3 End of the proof

Thanks to these two remarks, we may only study an upper-bound for the quantity of gel in
GW). For a (one-type) configuration model, this can be done by bounding the exploration
process of a typical component by a random walk — or equivalently, by the exploration
process of a Galton-Watson tree. Since G(V) is a two-type configuration model, it is then
natural to try to bound this quantity by the exploration process of a two-type Galton-
Watson tree. We will prove in Section 7.3 the following result.

Lemma 7.6. There is a constant C, uniform for t —h and t in the compacts of (0,+00)
and depending only on u, such that

I (v
B (500 ) < Cls+ ).
Taking this for granted, we can gather up all the results and end the proof. We shall
first construct the graphs €Y), GV) and GWY) defined at the beginning of this proof. To
this end, note that we may define, on a large enough probability space, for each N > 1,
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e the random variables Ig(t) and §t(]tv_)h,

e conditionally on Ig(t) and §§iv_)h, a set of Ny = #Ig(t) particles with O and Y arms,

whose empirical distribution of O and Y arms is {t(]tv_) b

This begin given, we can build a uniform pairing PY) of the O arms, and conditionally
on P a graph constructed by activating independently each Y arms with probability
1 — e+ and then choosing a uniform pairing of the activated Y arms.

Note that this last graph is precisely (in law) the graph GW) of Section 7.2.1. If we
define Ey the event that PXY) has no giant cluster, then by construction,

G @ e gy (4.24)

Now, notice that
(N) (N)
- 1
ny Mits _ 2 ) (4.25)

According to Lemma 7.5,
1 o) L A

B (o) <& (50

and so, by (4.24) and (4.25),
N N ~(N)
nEN) - Ny

N

- Géel)

Ny

N
< L g Géel) .
SPEN) | N

Now, recall that P4V) is a uniform pairing of the O arms, and that the distribution of the
O arms is subcritical. Indeed, by Lemma 5.7 and Proposition 6.1, there is a € > 0 such
that

lim sup <§A§Jt\7_)h, k) < (1 —e¢)limsup <§§N), k)
N—+o0 ’ N—+o0

= (1—e)limsup ('), k)
N—+400

<1l-—¢g, as.

Note that <$§Zt\[2h, k) is precisely the mean of the size-bias of the distribution of O arms.

Since Ny — 400, Janson’s Theorem 2.6 and Remark 5.2 ensures that w.h.p., PMV) has no
giant cluster, more precisely

]P)(EN|IS(t)7€t(7]tV,)h) — 1 a.s.

so by dominated convergence
P(En) — 1. (4.26)



126 CHAPTER 4. SOC IN A MICROSCOPIC MODEL FOR SMOLUCHOWSKI'S EQUATION

N
A (<
N S REY T\ N,

and so, with (4.26) and Lemma 7.6,

Finally,

N—+o0 (N)

) ()
limsupE [ 5 | < C(s+ h)
Ty

and having h — 0 shows the result, after recalling that C only depends on p and is uniform
as long as t — h remains in a compact of (0, +00). Finally, all it remains to prove is Lemma
7.6.

7.3 Quantity of gel in a two-type pairing

The goal of this section is to prove Lemma 7.6, i.e. to bound the quantity of gel in G(N),

where GV is constructed by, taking, conditionally on I s(t) and §§Jtvz 5> & uniform pairing of
the O arms, and a uniform pairing of the Y arms. This is essentiaﬂy achieved by bounding
above the exploration process of a component of the graph G () by the exploration process
of a (slightly supercritical) two-type Galton-Watson process, for which it is easy to check
that it has little probability of growing too big.

7.3.1 Upper-bound for the exploration process

The proof is achieved by constructing at the same time a typical component of GV) and
its exploration process. The construction is actually quite long and technical, and we shall
defer it to Appendix D.

Let us define, for random laws v, v¢ and v¥ on N x N, the two-type Galton-Watson
tree GW,, jo v, obtained by first picking the reproduction laws, and then constructing
the Galton-Watson tree with reproduction law + for the ancestor, ¥© and ¥ for the O
and Y individuals. We also define T'(y,~v?,~7Y) to be its size.

In Appendix D we will obtain, for each N, random laws vy, '7]?, and 'y}\/,. They enjoy
the following properties, where we denote, for a law A on N x N, A! and A? its first and

second marginal.
e The laws vy, 7§ and 7, are deterministic functions of Ig(t) and §§Jtv_) b
e The sequences (x), (YQ) and (7)) are sharply tight.

e If (X,Y) has law ¥, then Y has, conditionally on X a binomial law with parameters
X and 1 — e~ (5h),

e There are constants a, M > 0, depending only on g and uniform for ¢ — h and ¢
in the compacts of (0,+00), such that, for any limit points v, v° and v¥ of these

sequences:
(kY= (% k) <M, (v5,k) <1, (v,k) < M(s+h), (4.27)
and
(v k) <M, (v, k) < M(s+h). (4.28)
Moreover

270(2,0) > a. (4.29)
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Remark 7.7. These bounds are actually quite natural. The bounds in M essentially mean
that there is a positive fraction of O or Y arms on the particles of Ig(¢) at time ¢t—h, whereas
the bounds in M(s + h) stem from the fact that each Y arm is activated independently
on the time-interval [t — h,t 4+ s] with probability 1 — e~(*") < s 4+ h. In fact, we
only use one important result, namely the subcriticality (Proposition 6.1), which ensures
that <’y}),k) < 1. Hence, the Galton-Watson process with these reproduction laws is
slightly supercritical (loosely, the mean number of children of an individual is less than
1+ M(s+ h)), so we will be able to bound its extinction probability quite easily.
Finally, denote V) the exploration process of GV), T(V) the hitting time of —1 by
v N, 7™ the exploration process of a GW'YN,W]?,,V}(,'UGG and T(yn,79,7X) it size, i.e.

the hitting time of —1 by V(N). The result is the following.

Lemma 7.8. Conditionally on Is(t) and 5157];1),1, there is a coupling between V) and
V™ such that, for all k < TW) A a(N),

In particular, T™) A a(N) < T(yn,79,7%) A a(N), and

1 N N
N E(G Hs(1),€4370) < BT (v, 78,78 > a(N) by, 185 70).
Hence ]
E (MGgevl)) <E (P(T(vw, 78, 7%) > a(N)lyw, 98 7%)) -

7.3.2 Summary

Our problem finally boils down to computing the probability for that Galton-Watson tree
to grow big. That being said, now is probably the right time to look back at our results.

1. We have constructed a random graph G™) which contains, in mean and w.h.p.,
more gel than our initial model.

2. Conditionally on N; and ft(]tv_) ;» this graph is a uniform pairing of the O arms and of
the Y arms.

3. The quantity of gel in GY) can be bounded by the probability that a two-type
Galton-Watson process grows big.

4. The reproduction laws of this Galton-Watson process are deterministic functions of
N
Ny and £),,.

Because of Lemma 7.8, our main interest is now to study the limit superior of

P(T(YN, 7S 7) > a(N) |[yw, 79 7N)-

Be careful to the definition of this object. We first pick laws vy, 7](\), and 7}\/,, and then we
construct a two-type Galton-Watson tree with these reproductions laws, and we compute
(conditionally on the reproduction laws) the probability that T'(vn, 75, vk) > a(N). To
study this limit, we will first prove an easy lemma on Galton-Watson processes, then
study the limit of these measures, and finally compute the extinction probability of the
Galton-Watson process with these limit reproduction laws.
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7.3.3 A lemma about extinction probabilities

This section is devoted to proving a lemma about extinction probabilities of some two-type
Galton-Watson processes. We consider here non-random laws. So take laws A\, A? and \Y
on N x N. A couple of laws (A9, AY) such that A(N x {0}) < 1, A°({0} x N) < 1, and
(NO,AY) £ (6(0,1),9(1,0)) will be called non-degenerate’.

Lemma 7.9. Consider \y, )\](\),, /\Xf laws on N x N and assume that they converge weakly
to X, A9 and \Y for a non-degenerate (\°, \Y). Then

P(T(An, A, AY) > a(N)) = P(T(A, A2, AY) = +00).

Proof. We will use the following easy result. For a r.v. X on NU {400}, denote ¢x(x) =
IE(T‘X]I{X<+OO}) its generating function. Consider (Xy) and X r.v. on NU {+oco} and
denote ¢, = ¢x, and ¢ = ¢x. Then the following equivalences hold.

Xn converges to X in total variation
& P(X, =k) > P(X =k) for all k€ NU{+o00}.
< Ypen [P(Xn=k) —P(X =k)[ =0
S PkeNuf{4oo} IP(Xn = k) —P(X = k)| =0
& ¢y, converges to ¢ uniformly on [0, 1]
& ¢y, converges pointwise to ¢ on [0, 1].

Denote respectively gn, g%, gX, the generating functions of the sizes of the Galton-
Watson trees T(An, A9, AY), T(\S, A§, AX) and T(\Y, AG, AY), and ditto for g, ¢©, g¥.
Then, it is well-known that for r € [0, 1]

{91(\)/(7“) = r¢Q(g5(r), g
gn(r) = rox(eS(r), 9k

For r € [0,1), the system has a unique solution. For » = 1 and in the non-degenerate
cases, it has the only solution (1, 1) in the (sub)critical case, and two solutions, (1,1) and
another “smaller” one, in the supercritical case (see [24]).

Now, by uniform convergence of qb% and @Y, for every r € [0, 1), every limit point of
(95 (r), gk (7)) (which is a bounded sequence) verifies

{go(r) = 1¢%(4°(r), 9" (r))

(r))

) o N = on(gR (), g (r).

g (r) = ro¥(g°(r), 9" (r)).

This system has a unique solution, so (¢ (r), gk (r)) converges to that unique solution.
For r = 1, (¢%(1), gk (1)) is the smallest solution to

g9(1) = 69(s°(1). 4" (1)
{9% D = oh(g?()g" (1), (4.30)

(

(
Hence, every limit point of (¢§(1), gk (1)) solves
9°(1) = ¢°(99(1),9" (1))
9" (1) = ¢ (g°(1),9" (1))

9This is just the two-dimensional equivalent to the condition that the reproduction law is not &; for a
one-type Galton-Watson process, see [24].
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In the (sub)critical case, this system has a unique solution (1,1), so (¢4 (1), gk (1)) — (1,1).
In the supercritical case, it has two solutions (see [24]), one of them being (1,1). However,
it is easy to see, by uniform convergence of (¢, ¢Y) to (¢, ¢Y), that for large enough
N, the smallest solution of (4.30) remains bounded away from (1,1), so (g9(1), gk (1))
actually converges to the solution of the system above which is not (1, 1).

Using the first result recalled, we have thus proven that (¢¥, g%) to (g9, ¢¥) uniformly
on [0,1]. So gn(r) = én (g5 (r), gk (7)) converges to g(r) = #(g®(r),g¥ (r)) uniformly
on [0,1]. Hence, T(An, A§, A\X) converges to T(A, A9, A\Y) in total variation, whence the
result follows. O

7.3.4 Extinction probability

The goal of this section is to compute a lower-bound for P(T'(y,~v?,7Y) < +00), where 7,
~v© and vY are defined in Appendix D. Having said that, we will only used the properties
of these measures given in Section 7.3.1. Proposition 7.2 will be then easily proved after
gathering the pieces.

Lemma 7.10. There is a constant C' depending only on u and uniform for t — h in the
compacts of (0,400) such that

P(T(7:77,7") = +o0l7,79,7") < Cls + h),  as.

Proof. Let us first proceed with some remarks on the reproduction laws. We denote ¢,
¢o and ¢y the generating functions of v, 7o and 7y. We may then reformulate (4.27),
(4.28) and (4.29) by saying that there are constants a, M > 0, depending only on x and
uniform for ¢ — h and ¢ in the compacts of (0, +00), such that a.s.:

%ﬁ(l’ 1) = Zi@ )< M, 8;%0, <1, a(.;’fu, 1) < M(s+h),
and
s S < Ms 4
and finally
8;f2o (0,0) > a.

Now, let us condition on vy, v° and 4¥. Let po (resp. py) be the extinction probability
of a Galton-Watson process GW, o0 o ,v started from a O (resp. Y) ancestor, and let
q=P(T(y,7°,7Y) = 400). Then, it is well-known (see e.g. [24]) that

po = ¢o(po,py)
py = o¢v(po,py)
q = ¢(po,py)-

Let us first compute an easy a priori bound on py. Recall from Section 7.3.1 that, if
(X,Y) has law 7y, then Y has, conditionally on X, a binomial law with parameters X
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and 1 — e~ (511 Hence, we have

Py = ¢y (po,py)

> Z ’YY(ja 0)p]O

>0
— Z,y —(s+h) ) pO
7>0
> 14+ jw () e " Mpo — 1) = 1+ (3, k) (e *po — 1),
=20

the last inequality coming from the convexity of z +— 3" ~¢-(j)2’. Hence,
L=py < (3, k) (s + ) + (35, k)(1 = po) < M(s + h) + M(1 = po).
Now, Taylor’s formula gives, for z,y € [0, 1],

dpo dpo

¢o(z,y) = ¢o(1,1) + (z = 1)—-=(1, 1) + (y 1)37;(1’1)

1 2
¢
+/0 (1—1) ( 8m20(1—t+t:z,1—t+ty)(x—1)2

62
+ ¢2O(1—t+tx,1—t+ty)(y—1)2
dy
9o
1- 1- —1)(y-—1
8m8y( t+tx, t+ty)(z—1)(y )) dt

>1-(1—2) = (1= y)M(s+h) + 5(z 1)
and hence

po = ¢o(po,py) > po—(1—py )M (s+h)+ (Po 1)* > po—M (s+h)*—M (1—po)(s+h)+ (Po 1)?

SO
—M?(s+h)” = M(s + h)(1 = po) + 5(po — 1)* <0,

whence it is easy to deduce that

1—po<—( +VI+2a) (s +h).

Finally, by convexity, we may compute the following bound, for some constants C’,
C", C depending only on M and a, and thus depending only on x and uniform when ¢ —h
and t remain in the compacts of (0, +00):

q=o(p°,p")
o9 o¢
>o(1,1) — —(1,1)(1 — ——(1,1)(1 -
> 6(1.1) ~ 57 (L)1~ po) ~ 5 (L1)(1 - py)

>1-C's—C"s
>1-—Cs.
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7.3.5 End of the proof

Finally, it just remains to prove Lemma 7.6, which is now straightforward. Indeed, Lemma
7.8 gives

1
E (MGéﬁ)) <E (P(T(3x,78,7%) > a(N) i, 78,78)) -

Then, Lemma 7.9 and dominated convergence yield

. 1 (v
lim sup E (NGée1)> <E (P(T(1,7°,7") = +00l7,7%,7"))
N—+o0 t

and the proof is completed by an appeal to Lemma 7.10.

7.4 Proof of Proposition 7.3

Let us now recall Proposition 7.3. We shall only sketch the proof, for the details are
actually quite similar to the proof of Proposition 7.2 we just made, and to the proof of
the asymptotic independence, Proposition 9.1, below.

Proposition 7.11. For any t,s > 0,

lim sup V (ngN) — ngfs)) =0.

N—4o00
Proof. Fix t,s > 0 and let us condition Ig(t). First note that

N N 1
) —nfl = 5 2 Lergro
i€lg(t)

so that V (ngN) - nif) | Ig(t)) equals

s

% 3 (P(z’eIG(t+s))—P(i€IG(t+S))2)
i€lg(t)

+L2 Z (Plielg(t+s)|jelgt+s)—P@eclg(t+s))) xP(je lg(t+s))

i,j€I5(t), 1]

The first term is lesser than 1/N. Let us deal with the other. For ¢ # j € Ig(t), we
need to compare the probability that ¢ falls into the gel on the time interval [t, ¢+ s] to the
probability that this happens knowing that j falls into the gel on that same time-interval.
But, on the one hand, there is probability tending to 0 that ¢ and j find themselves in the
same cluster (this can be seen as for the proof of Proposition 9.1 below).

When this is not the case, and that j falls into the gel, ¢ binds to arms outside the
cluster of j, and thus the event that it falls into the gel has the same probability as the
event that it falls into the gel in a model where the cluster of j has been removed. This
cluster has size a(N) < N, so removing it obviously barely changes the empirical measure
of the number of arms, and so the probability that ¢ falls into the gel. Hence

Piela(t+s)|j€la(t+s)) —Pliela(t+s) =0

whence the result follows easily. O
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8 Self-organized criticality

We now turn to the proof of the actual criticality of p; after gelation, i.e. of the following
result.

Proposition 8.1. Fort > Ty,

; (V) 1y —
N1~1>I£oo<pt )k> =L

Proof. Let us assume that, up to some subsequence n™) — n and p(N ) p sharply in
D(R*,R*) and D(RT,My). Define m(t) = (ps, k), and recall from Proposition 7.1 that
it is continuous. Assume now by contradiction that for some t5 > T, on an event of
positive probability,

m(to) <1-—2e.

We now work conditionally on that event.
Now obviously,

’I’)’L(Tgel) =1

so by continuity of m, there is a Tye) < t < tg such that
1 —2e > m(t) > m(ty).

Hence,

(" k) <1-¢

w.h.p.

This implies that the concentration remains constant on a small time-interval after
t. Note indeed that by Lemma 5.4, the state in solution is a configuration model condi-
tioned on having no giant cluster. Hence, we may carry out the exact same proof as for
Proposition 7.2, the only difference being that one has to replace

(7o, k) <1

by

The subsequent calculations then easily show that, for small enough s, the extinction
probability of the (now strictly subcritical) Galton-Watson process therein is 0, and thus

o) i

. S _

lim sup E T =0
t

for small enough s. Hence, only a negligible proportion of the particles fall into the gel
in the time interval [t,¢ + s]. This readily implies that m cannot decrease on [t,t + s].
Repeating the argument, we have thus shown that when m is strictly below 1, then it has
to grow, thus yielding a contradiction. O
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9 Asymptotic independence

9.1 Introduction and assumptions

The aim of this section is to prove Proposition 2.20 and Corollary 2.21.

Recall from Lemma 5.4 that at time ¢, the configuration of the particles in solution has,
conditionally on N, and 7T§N), the same distribution as a configuration model C' M (N, ﬂ't(N))
conditioned on having no giant cluster. That being said, we will assume in all the proofs
that the state at time ¢ is really a configuration model C'M (IVy, wt(N)) without conditioning.
This could be dealt with by “going back in time”, as is explained in Lemma 5.7: if we look
at the particles of I5(t) at a time t—h < ¢ close to ¢, then their configuration is a subcritical
configuration model conditioned on having no giant cluster, and the subcriticality implies
that this conditioning is asymptotically trivial.

We already used in details that technique in the proof of Proposition 7.1. In the
present case'’, this would only lead to technical contortions and cumbersome notation.
The interested reader could anyhow deal with that issue with ease, using in particular the
continuity properties of Proposition 7.1, as well as (4.19).

Besides, in all the proofs, we assume the convergence of all the tight quantities of
Proposition 7.1.

Finally, the constants in the proofs will only depend on p and . We will thus only
write a constant C' which may change from line to line, but only depends on p and t.

9.2 Proof of Proposition 2.20

9.2.1 Goal

Let us first recall Proposition 2.20. Denote ]@i’“) the probability knowing that particle 1 is

in solution at time ¢ and has k activated arms. Obviously, 1 has no particular réle, and
could be replaced by any i € [N]. Recall that 4 & J means that ¢ and j are neighbors at
time ¢, and let, for i < j, G}j(z’) be the cluster of i when deleting the link(s) between 4
and j. Finally, let 3(IV) be a sequence such that 1 < B(N) < a(N).

Proposition 9.1. For any t > T,

lim ~ limsup P (|€o (1] > a(N), #{i 13 & 1, [€).(9)] < a(N) = BV)} # 1) =0.

€20 € Noytoo

In words, this means that, if 1 falls into the gel on the time-interval [t, ¢+ €], then that
is because one and only one of the subclusters to which it is attached has reached a large
size a(N) — B(N).

9.2.2 Preliminary lemmas

The first part of the proof consists of several lemmas which are quite easy to prove upon
knowing that we are dealing at time ¢t with a critical configuration model. We denote here
P, the probability knowing that 1 is in solution at time ¢ (but once again, this could just
be any other particle).

Lemma 9.2. For any t > 0, the following holds.

10 And, if one looks closely, as was already the case in the proof of Proposition 7.1.



134 CHAPTER 4. SOC IN A MICROSCOPIC MODEL FOR SMOLUCHOWSKI'S EQUATION

1. One has
lim P, (aiyéj;uiu,jél,j ee}l(i)) = 0. (4.31)
N—oo

This limit also holds for any k > 0 when replacing P, with If"gk)

2. For any § > 0 there exists A large enough and depending only on §, pu,t, k such that

lim sup P (|€,(1)] > Ae2) < de. (4.32)
N—oo

3. For any k > 2, there exists a constant C depending only on o, u,t, k such that for
any £, 4;,

limsup P (10 (1)) = £, €)' () = g5li 45 1,5 & 1) < €672, (4.33)
N—+o00

Proof. Recall that we may assume, up to minor modifications, that the state in solution at
time t is, conditionally on Ny and 7'['§N), a configuration model C'M (N, W§N)). The lemma
is thus only a result on the configuration model. Note however that the parameters of the
configuration model are random.

1. For the first result, note that, conditionally on Ny, 7r§N) and C¢(1) < a(N) the event

Bi£j:id1,58 1,56 )}

is included in the event that C;(1) has at least one cycle. But C; is a critical config-
uration model, and the law of the number of arms is not degenerate, i.e. equal to
d2/2, because of (4.18). Hence, Bertoin and Sidoravicius’ result [4] ensures that in
that case a typical cluster is a tree, and thus has no cycle. In particular (and since
Ny — +00), C4(1) has no cycle w.h.p., i.e.

lim By (Ji#j:041,5 615 ()N mY) =0 as.
N—+oo

The result follows after taking expectations and using dominated convergence.

2. The second part of the lemma would be well-known if the parameters of the config-
uration model were deterministic: this is essentially stating that the law of the size
of a critical Galton-Watson has a tail which decreases in t~1/2.

We need to be a little more careful here. We first need to define precisely the
exploration process of a configuration model. This is explained in Appendix A., and
we shall employ the same notation.

Condition first on N; and ﬂgN), and take n = N;, 1 < f(n) < N. When working
under I@’gk), we may slightly modify our coupling by further imposing V(1) = V(1) =
V(1) = k.

In the construction of the exploration process, we construct a family H such that
H<H.

To this list correspond a measure p, i.e., for U a uniform r.v. on [0, 1], p is the law

of ¢ (U).
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Recall that H is constructed by removing a small'! number f(N;) to the size-biased

list of the number of arms of the NV, initial particles. Hence p is very close to pgN).

It is not hard, though a bit long, to make this result more precise. The details are
already given in the case of the two-type uniform pairing of Appendix D, so we shall
not provide them here. We can actually show, thanks to the bounds of Lemma 5.1,
that there are constants ¢ and M such that, for any > 0 and w.h.p.

(P, ky <14n, <@k <M, (pk)>ec

Now, under P(*)| 1 has k neighbors. Then, recall from Proposition A.3 that the size
of its connected component is bounded by the hitting time 7" of —1 by a random
walk V started from k — 1, whose law of the steps is p.

On the one hand, the probability that V never reaches —1 can be bounded by a
constant depending only on 7 and ¢. Since 1 can be chosen as small as we wish
independently of ¢, we can take it such that

P(T = +o00) <e.

Then, Berry-Esseen’s theorem ensures that we can find C, which depends only on
M and ¢, such that

P(T > k,T < +o0) < Ck™Y/2,
Finally, we obtain

PHF(1€,(1)] > Ae™2) < P(T > Ae™?)
<e+ CA_1/25,

so (4.32) is verified for large enough A.

3. The last part of the lemma is a similar reasoning. All one has to do is to modify
slightly the coupling of Appendix A by imposing that the exploration process vis-
its 1, then the component of 7, then the component of j, provided these two last
components are disjoint, which happens w.h.p. by the first part of the lemma.

9.2.3 An intermediary result

We will now prove the following result, which readily implies Proposition 9.1.

Lemma 9.3. For any t > Ty,
N ~ I N \1 .
213(1) - ljlvn_lj_lgpt (31 #hio L,j e LICL (D) A[C.(J)] = \//3(“) 0

Moreover, the same limit holds when replacing P, by INF’,Ek).

"Because n = N; is of order N and f(n) < N
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Proof. Take i &1 (if there is any), and consider its cluster disconnected from 1, G}l(i).
Say it has size k. It is then easy to see (for instance as a variation of the proof of Lemma
7.6) that there is a constant C' such that any of the k particles of G}l(z’) has, on the time
interval [t,t+¢], probability less than Ce? to activate at least one arm and that the cluster
to which it connects falls into the gel (informally, these two events are independent and
each has probability of order e to happen).

Then, using (4.33), we get

lim sup B, (ye}l( ) =k OV ()] = /BN) | i 1) <R (430)

N—+o0

On the other hand, suppose that 1 is in solution at ¢ and both i # j are its direct
neighbors. Assume, what is true w.h.p. thanks to (4.31), that G}l(i) and C’}l(j) are
disjoint. Then, knowing that C’.,}l(j) reaches size /B(N) on [t,t + €] is independent from

the event that G}l(i) activates one arm on [t,t + ¢]. The latter happens with probability
bounded by
cle@lent < c(ey (e )

taking C' > 1 if necessary. This, with Equation 4.34 provides

tiwsup Py (161)] = k€)' ()] = ¥ e ()] = /BN el )] = /BV) )

N—+4o00
< CEY2E2(K) 32 (Ke A 1).

(4.35)

Note that we broke the symmetry in this equation.
It remains to sum the different contributions. We can decompose the event

&= { Il A €L0)] 2 BV |

according to the size of these two components at time ¢. First, according to (4.35)

limsup B, (&, €)" (1)] < e, [€," ()] < 0e7)

N—+00
de~ et
<Ce Ny N EV2(K) Y2 < CVbe—1Wee1e? < Cée.
k=1 k'=1

Still with (4.35),

limsup Py (€,,1 < |€)' (7)] < 3=, 0671 < €)' (j)] < A= ™?)

N—+o0
de~ 1 Ae—?
<C:2 Z L—1/2 Z (k)32 < Ce2V/oe 1 Z(k/)—s/Q < C5Y/263/2,
k=1 k' =6c—141 k'>1

The same inequality holds for the symmetric event, using the symmetric version of (4.35).
Finally,

limsup Py (€, 0571 < |1 (3)] < 42,067 < €)1 (j)] < A=72)
N—+o00

Ae—2 Ae—2
<ce® N k2N (W)TV2< st
k=ds—1+1 k'=6e—1+1
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We may then conclude with (4.33) that

limsup By (&) < Py (1€,1(1)] > 472,16, ()] > Ae™2) + C(de + 6/2%/2 + be)
N—+o00

< de+ C(oe + §1/23/2 4 de),

S0, since ¢ is arbitrary, the result follows.
The corresponding result for ]@E’“) is readily obtained by using the fact that the law of

the number of arms of a particle in solution at ¢ has finite variance, see (4.19). O

9.2.4 Conclusion

From Lemma 9.3, Proposition 9.1 follows easily. Indeed, say that 1 has k neighbors at time
t. Then, Lemma 9.3 states that, if C;(1) reaches size a(N) on the time-interval [¢,t + €],
then at most one of the subclusters of 1 has reached size /G(N). But if none does, then
C¢(1) has size less than kv/B(N) + 1, thus less than «(N) for large N.

Consequently, if 1 falls into the gel on [¢,t + ¢], then exactly one of its subclusters
reaches size greater than /5(IV). A fortiori, this cluster also reaches size a(N) —k+/B(V)
which is greater than a(NN) — B(NN) for large enough N, whence Proposition 9.1 follows.

9.3 Proof of Corollary 9.4
9.3.1 Rates of gelation
Recall that we define

N T = (k
fut) = lim — lim B (| (1)] > a(V))

where the limit is along a subsequence where p@ converges, to some p, say. Recall that

NpW)(r, k) is the number of particles in solution at time ¢ with k active arms and r arms
in total.

The first question concerns the definition of fx(¢): it is a priori not-clear that it should
be well-defined. Rather than writing cumbersome formulas as we just did, we shall work a
bit informally, the details being easy but long to write, and quite similar to what we just
did. We hope that doing so will be more informative for the reader.

Let us rather start by considering

fra(t) =i~ tim B (€0 (1)] > a(N)lar = 1)
where we recall that a; is the total number of arms of 1. This conditioning has positive
probability as soon as p(r) # 0, and we will implicitly only consider such r.

We just saw in Proposition 9.1 that if 1 falls into the gel, this is due (up to terms of
order o(¢)) to one (and only one) of its subclusters €\1(i) reaching size a(N) — (N), and
this event has probability of order €. The probability that, on top of that, 1 activates one
arm has thus order 2. Hence, if frx is well-defined, then so is fi and f,, = f for all
r>k.

Let us check that f, ;. is well-defined. So assume that 1 is in solution at time ¢, has £k
active arms at that time and r arms in total. On the time interval [¢,t + €], it may:

e activate one arm: this happens with probability (r — k)(1 — e~ ¢);

e fall into the gel: this happens with probability I@gk)(\et%(lﬂ > a(N)|ay = r);
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e activate one arm and fall into the gel;
e activate more than two arms.

We just saw that the probability of the third event is of order £2, and the probability of
the fourth is obviously of order £2.

As a consequence, up to terms of order €2, pt¥)(r, k) changes on the interval [t,t + €]
thanks to three phenomena.

e A particle in solution at time ¢ with k active arms and r in total activates one arm:
for each of them, this happens with probability (r — k)(1 —e™¢).

e Such a particle falls into the gel: this happens with probability IP’ ]€t+€( )| >
a(N)|ay =r).

e A particle in solution at time ¢ with k& — 1 active arms and r in total activates one
arm: for each of them, this happens with probability (r — k + 1)(1 —e™¢).

Hence, we may write

thrE(ra k) - pt(r’ k) = (7“ —k+ 1)(1 - es)pt(r, k— 1) - (T - k)(l - ea)pt(r¢ k)

(4.36)
+ P (|Cie(1)] > a(N)]ar = 7) + ofe).

According to Proposition 7.1, p(n, k) is Lipschitz-continuous, and thus is a.e. differen-
tiable. This equation thus implies that

P (1€ese(1)] > a()|ar = 7)

is a.e. differentiable, and thus f, ;, and then fj, are well-defined a.e.

9.3.2 Relation to the number of active arms

The proof of the following corollary is now easy.
Corollary 9.4. For allt >0, fi(t) =kfi(t).

Proof. Because of Proposition 9.1, we can write

P (C(1)] = a(V) = S B (€)' (3)] = a(N) = B(N)) + ofe). (4.37)

z<—>1

Let us define, for 7 & 1,

g(t) = lim ~ 1im PPN ()] > a(N) - A(N)).

e—=0 & N—>+oo

This quantity is readily seen to be well-defined, and it does not depend on ¢, since the
state at time ¢ is a configuration model, and thus all the subclusters attached at 1 have
the same law. In particular (4.37) gives

Hence g1 (t) = f1(t) and the result follows. O
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10 Evolution in time

We shall now end our proof. Since the tightness of the quantities we study, (™)) and
(7T(N )), has been proved, and the evolution in time is essentially given in the previous
section, it just remains to prove the uniqueness of the limit point of these quantities,
which is a far easier matter.

10.1 Evolution of p(r, k)
The evolution of p(r, k) has been described in Section 9.3.1. From that, it is straightfor-
ward to deduce a PDE for its generating function.
Proposition 10.1. Any limit point p of (p")) enjoys the relation
dp:
dt
In particular, the generating function

he(z,y) = Y pu(r k)z*y", 2,y €0,1),
r,k>0

(r, k) = =pu(r, K)(Kf(t) + (r = k) + (r =k + 1)pi(r, k = 1).

solves the PDE o 9k o
t ¢ t

— =x(l - ft)—x2)— —1)y—
Y z(1— f(t) —x) o (x—1)y 9y

with initial condition ho(x,y) = G (y).

(4.38)

Remark 10.2. In this statement, the derivatives have to be understood in the weak sense,
or, in other words, one should write the equation in the integral form. However, the
Lipschitz-continuity of p(r, k) ensures that it is the integral of its derivative, so there is
no harm in doing so and we rather write derivatives to have clearer notations.

10.2 Solution to the PDE

The solution to this PDE is easy to obtain with the method of characteristics.
Proposition 10.3. The PDE (4.38) has a unique solution given, for x,y € [0,1), by

ha(w,y) = Gy (ye™ (14 20(1)/0'(1)) ),

o(t) = /Ot exp— (/08(1 ) dr) ds.

Proof. 1t is easy to check that the given function is actually a solution to the PDE. To see
that it is the only one, take h; a solution to (4.38), and consider

o) = T P ) = (L a0(0)

where

Then, one may readily check that ht(gpgl)(a:, Y), cp,gz) (z,y)) is constant in ¢, and hence

he(0l) (2, ), 07 (2,9)) = Guly), t>0. (4.39)

Now, note that, for each ¢, (wgl),cpgz)) is a bijection from [0,1)? to [0,1)? with inverse

function
T

w0 (s v (14 “’%)) -

Plugging this values in (4.39) shows that the only possible solution is the one given in the
statement. ]
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10.3 Consequences

This formula allows to compute many quantities related to p(r, k), by extracting the
coeflicients of the representation in power series of h;. Let us point out at the following,

where we denote o)
_—t
o(t)=e (1 + 9’(t)) .

pi(r.k) = p(r)e™™ @ <99((?)>]c

ng = Z pe(r k) = he(1,1) = Gu(o(t)).
k>0

e To begin with, we get

e The mass at time ¢ is

e The probability that a particle has k activated arms, knowing that it is in solution and

has r arms in total is
r / r—k k

In particular, each arm of a particle in solution is activated independently with probability
0(t)/(6(t) + 0'(2))-
e The sequence (m(k)) has generating function

1

G (2) = nltGu(e_t(l +20(t)/0'(t))) = n*tGu(U(t)w +e (1 -x)).

10.4 Recovering the rate of gelation

In the previous statements, everything depends on f, which is, at this point, unknown.
However, we may recover it as follows. First, recall from Proposition 8.1 that, for t > T,
m is critical, i.e. (74, k) = 1. Knowing Gy, this implies that

(0(t) = e )G (a(1) = Gu(a(t)). (4.40)
One can readily check that this equation uniquely determines o(t), and so f(t) as well.
We may even obtain the following formula
o'(t)
)= ——t

Hence f, and thus every quantity, is uniquely determined, and so this ends our proof of
Theorem 2.11.

10.5 Passing to the limit

Let us now see what happens when time tends to infinity. First, note that o(t) lies in the
compact [0, 1] and, according to (4.40), any of its limit point 1 solves

nG,(n) = Gu(n).

This equation has a unique solution, so o(t) converges to this n (which is the same as in
Equation (4.4)). In particular, we obtain the results of Corollary 2.12. Let us remind that
they allow to recover the results of [44], which was our initial goal.
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A Exploration process of a configuration model

A.1 Definition

The exploration process (Vi, k > 0) of the configuration model with a fixed degree sequence
is defined for example in Chapter 10 of [54]. We shall remind its construction since we
need the details in some proofs. We assume that we have n particles'?, particle i begin
given d; arms. Without loss of generality, we may assume that dqy < --- < d,. Define
D,, = (dy,...,dy). Recall that the configuration model CM (n, D,,) is obtained by picking
a uniform pairing of the arms.

The vertices of the graph will be revealed through the exploration process. We will
thus consider two sets of vertices, namely the set E of already explored vertices, and the
set U of unexplored ones. We also define three sets of arms, namely the sleeping half edges
S, the awaken ones A and the dead ones K.

Step 0 Initially, U = {1,...,n}, S is the set of all arms, and Vj = 0.

Step 1 When there are no awaken arms (that is A = (J, or equivalently (V;,,) just reached
a new infimum), choose a vertex, say ¢, uniformly at random in U. Put i in F,
and awake all its half edges {(i,1),...,(i,d;)} (that is, put them in A). If we have
already recorded m steps of V', then we record the (m + 1)-th by setting

Vm+1 =Vn +d; — 1.

Step 2 When A # (), pick one arm uniformly at random in A (say e;n;), and pick another
arm uniformly at random in AUS (say ey, ). Kill those two arms. At this juncture,
there are two possibilities.

a) Either the second arm that we just picked was asleep (i.e. egp, € A). Then
this means that we are connecting vertex j to vertex k which had not yet been
explored. This obviously does not create a cycle. We then put k£ in F, and
awake all its remaining arms. If we have already recorded m steps of V', then
we record the (m + 1)-th by setting

Vm+1 = Vm +dk - 27

and then go on with the exploration.

b) Or the second arm that we picked was already activated. Then this means that
we are connecting vertices j and k, which were already explored at previous
steps of the exploration. This also means we just found a cycle in the explored
component. We do not need in that case to awake any new arm. But more
importantly, we update our path and lower its value by 2. That is, if the last
recorded value of V' was V,,, = k we leave the first m — 1 steps of V' unchanged,
but correct V,,, to k — 2.

Remark A.1. The important feature of this algorithm is that the size of a connected
component corresponds to the number of recorded steps of V' between reaching times of
new infima. More precisely, the size of the first explored component is the hitting time of
—1 by V, the size of the second is the hitting time of —2, and so on.

12 will not necessarily be N !
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A.2 Remarks

At any step of the exploration, let A(U) = (d;);cy denote the #U-uplet of the degrees of
the unexplored vertices, so in particular A(U) is ordered.

e Any time we start the exploration of a new component (i.e. perform Step 2.a)),
the corresponding increment for V', shifted up by one, is that of a uniformly chosen
element in A(U).

e Now, recall that S = {(¢,j) : ¢ € U} is the set of sleeping arms. If U = {i1,..., 14y},

we define
d;, times di,, times
—_—— —
HS) = | diyy- oy diyy,  -ov diyys > iy

Note that this uplet is ordered.

Any step of the exploration process which does not start the exploration of a new
component corresponds to choosing uniformly at random a pair of distinct arms in
Ax AUS.

— If we choose the second arm in A we will record no new step for V', and update
its current final value by —2, an event of probability

HA-1
HA—1+#S

— If we choose the second arm in S, an event of probability

#9
#HA—1+#S’

we record a new step for V', and this step, shifted up by one, is that of a
uniformly chosen element of H(.S).

The exact distribution of the steps of V' is quite complicated, because the distribution
of the degrees of U evolves as we go along with the exploration. Note, however, that when
n is large, this distribution should not vary too much during the first f(n) steps of V,
when f(n)/n is small. We exhibit in the next paragraph a natural coupling of V' with a
path V, respectively V such that (V;,i < f(n)) will be bounded above by (V;,i < f(n)),
respectively below by (V,,i < f(n)).

A.3 Some notations

Let p e N*, A, := (dy <--- <dp) a p-uplet of integers, and the natural stick-breaking of
[0,1] in p parts,

I =10,1/p), o =[1/p,2/p).... I, =[(p — 1)/p, 1].
For z € [0, 1], let

p
da,(x) = 3 dill(ry ().
i=1
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Definition A.2. For p,q € N*, and A, an ordered p-uplet, B, and ordered g-uplet of
integers, we say A, < By if

Vo € [0,1] ba,(@) < 05, (2).

Recall now that D,, : d; < --- < d, is the initial sequence of degrees, and fix f(n) < n.
From D,,, we may define other lists

Dy i=dppys1 < <dn, Dp:=di < <dy )

In that case, when less than f(n) steps of the exploration process have been performed,
we have

D, < A(U) < D,,.

In the same vein, we may define

d(ny+1bimes d,times

_ —_——

H’I’L = df(n)+1,,df(n)+1, 3 dn7...,dn
and )

ditimes A f(n) HIMES
—_—

ﬂn = dl,...,dl, 5 dn—f(n)v"'vdn—f(n)

so that
H,<H<H,

when less than f(n) steps of the exploration process have been taken.

A.4 Reformulation with uniform variables

We may reformulate our algorithm in terms of continuous independent uniform random
variables. More precisely, let (U;;,U; ¢, @ > 1,5 > 1,4 > 1) be independent uniform
random variables on [0, 1], and proceed as follows.

a) Vp=0.

b) If we have recorded k steps of V', and Vj is at its jth new infimum, then we choose the
next explored vertex in such a way that

Virr — Vi = daw)(Ury) — 1.
c) If

e we have recorded k steps of V,
e V is not currently at a new infimum,
e we last recorded the ith step in the jth excursion of V' above new infima, and

for some ¢ > 0 we just recorded the ¢th correction of Vi,

then we choose the pair of arms in A x AU S in such a way that

{Vk is corrected by — 2 if Ui jor1 < (#A—-1)/(#A—-1+#S5),
Vi1 = Vi = ¢9¢(5)(Uit1,5)  if Uijerr > S/ (#A — 1+ #89).
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It remains to observe that when less than f(n) vertices have been explored, we must
have

Z?:nff(n)Jrl d;

gn) :=0< (#A-1)/(#A-1+#5) <g(n) = Zzﬂz—lf(n) d;

A.5 Lower- and upper-bound

We are now able to define V and V.
a. Let Vj =0.

b. If we have recorded k steps of V. (resp. V), and Vj (resp. V) is at its jth new infimum,
then we let

Vi = Vi = 6p(U15) =1 (xesp. Vi1 = Vi = ¢5(U15) — 1).

e we have recorded k steps of V (resp. V),
e it is not currently at a new infimum,

e we last recorded the ith step in the jth excursion of V (resp. V) above new
infima, and then for some ¢ > 0 we just recorded the ¢-th correction of V,
(resp. Vi),

then

V. is corrected to (Vy —2) V (inf,,<x V,,, —1) with probability g(n)
Vi1 =V =05Uiqr15) — 1 with probability 1 — g(n)

and respectively,
Vis1 — Vi = ¢5(Uig15) — 1.

Define now Tj = inf{k : Vj, = —j}, Tj = inf{k : V}; = —j} and T; = inf{k : V;, = —j}.
We then have the following result, which readily follows from our construction.

Proposition A.3. As long as less than f(n) steps of the exploration process have been
taken, we have:

Vi o < Vi Yk € {0, (Tyay = T)) A (F(n) = T}, (4.41)
Vi < Vi Yk € {0, (T — T)) A (f(n) — T}, (4.42)

This implies in particular that for j fixed, if the jth connected component of the
graph is fully explored once f(n) vertices have been explored, its size is bounded above
by Tj+1 — T (vesp. it is bounded below by T —1T5).

Also, the size of the component of a uniformly chosen vertex is bounded above by T4,
and below by f(n) AT;.
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B Tightness

B.1 Reminder of the results

In this appendix, we prove Proposition 7.1. We start with the tightness of (n(N )), from
which the tightness of the other quantities follows easily. Our two main tools are Propo-
sitions 7.2 and 7.3 proved in Section 7, which we recall now.

Proposition B.1. For every compact subset K of (0,+00), there is a constant C, de-
pending only on this compact and u, such that, for allt € K and s <1,

pWN) (V)
limsupE | -——=1F5 | < Cs.

N—+4o00 ngN)

Proposition B.2. For anyt,s > 0,

limsupV (n,(fN) — n,(ffs)) =0.
N—4o00

These results are enough to prove the expected result, as we shall now see.

B.2 Proof of the tightness of (n(™)

Fixn >0and let 0 < § < Ty A1, 0 < T < Ty and T > Tye + 1. Consider the
partition tg = 0 < t; =T~ <ty < - < t, = TT of [0,TT], with ;41 = t; + /2 for
1<i<n—1land /2 <t,—ty,_1 <9. Define also
(N)

n™ — )|,

wn(u,v) = sup
t,s€[u,v)

Now, Propositions B.1 and B.2 ensure that we can find Ny such that, for N > Ny and

1<i<n,
(N) (N)

n,. — N,
E(nf") —nl) <E (W) < (K +1)s
t/.

and
V(o0 —nl) <

and thus Chebyshev’s inequality yields, for C = (K + 2)/n?,
P (n,gN) — n(fVJr)(; > 77) < 6.

(N)

Now, note that, when s,t € [t;,t;+1] for some i and s < ¢, since n is decreasing, the

inequality

o0~ < ) o)
holds. Note also that, by Proposition 4.1, since T~ < Tge,

lim sup IP’(n(()N) — n(T]\i) >n) =0,
N—+o00

and hence, for large enough N,

P(néN) — ngpj\i) >n) <46
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We can finally deduce that, for large N,

P ( max le(tiati—‘rl) > ?7> < 0(52 xn+6 < (C+ 1)(5

=0...n—
and thus

lim sup P ( max  wy (t;,tip1) > 77> < (C+1)d.
N—+oco 1=0..n—1

Having 6 — 0 finally ensures that, along with the tightness at fixed ¢ of Lemma 5.3, the

usual tightness criterion in D(R™T, R™") (see [6]) is verified, whence the tightness follows.

Finally, Propositions B.1 and B.2 and dominated convergence readily ensure the regularity

of the trajectories.

B.3 Proof of the tightness of the other processes

Let us write M}’ for the space M; endowed with the tight topology (of convergence in
law), and M} when it is endowed with the vague topology. Let us recall a useful result
of tightness in D(RT, MY) (see [50]): a sequence (A(M)) of M;-valued processes is tight in
D(R*, M%) if and only if

(i) it is tight in D(RT,MY}), i.e. (AM)(k)) is tight in D(R*,R) for every k € N,
(ii) for any vague limit point A of A(™) in D(R*, MY), X has mass 1.

Let us first introduce an easy result. Denote
N N

Nat™ =37 A4(i)
i=1

the total number of activated arms at time t. Recall that Ky = N(u™) k) is the total

number of arms at time 0, and that Ky /N — (u, k) by Assumption 2.1. Then Ky —NagN)

is a pure-death process with rate 1, so it is easy to check that (Ky — aEN)) /N converges
in D(RT,RT) to (u, k)e™?, so

agN) —t
N Nk (k) (1 —e™)

in D([0, +00),RT).

We will now check item (i). Take o > 0 and recall that convergence to a continuous
limit for Skorokhod’s topology is equivalent to uniform convergence on every compact.
Fix a compact K C [0,+00) and assume, with the above result and and the tightness of
(n™), that (up to some subsequence which we do not write) (n™)) and (a(M)) converge.
Then, uniform convergence ensures that there is a € > 0 such that, w.h.p.,

sup sup ]a,EN) — agfs)| < @, supsup |n§N)

()
- nt+s| <«
teK s<e teK s<e

so it is easy to see, along with (4.18), that there is a constant C' such that w.h.p.,

sup sup |7T§N)(k‘) - w§f3(k)\ < Ca. (4.43)
teK s<e
From this inequality, tightness in D(R™,MY) follows readily.
Item (ii) is readily deduced from (4.19), which finally shows the tightness of (7)) in
D(R*, MY).
Finally, Holder’s inequality and (4.19) ensure that similar inequalities as (4.43) can be
obtained for the other quantities, whence their tightness follows. The continuity of the
limit points also stems directly from these bounds.
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C Mass in Smoluchowski’s and Flory’s models

The goal of this appendix is to prove Lemma 7.5, which we remind now.
Lemma C.1. For every i € Ig(t), one has
. N ~ . N
P (Ie™ ()] > a(N)|Is(1),657,) <P (IGM @) > a(W)|Is(1),67",)
In particular

B (Ca 110, €620) < B (Gl 150,650,

1 o) L A
B( L) <& (L),

t

and

Recall it concerns two graphs €N) and GN) that are constructed as follows.
. (N)
e Condition on Is(t) and &, 7.
e Pick a uniform pairing of the O arms, conditioned on having no giant cluster.

o To get CWN) | activate each Y arm independently after an exponential time with
parameter 1. Bind the first two activated arms in solution, then the two next, and
so on (do not forget that clusters fall into the gel in the meantime), until time s+ h.

o To get GIV)| activate each Y arm independently after an exponential time with
parameter 1. Bind the first two activated arms in solution or not, then the two
next, and so on, until time s + h.

Then Lemma C.1 informally states that a typical component of €®) is larger than a
typical component of GV, from which it is easy to deduce that there is more gel in ¢V)
than in GV). Indeed, we may write

eW) _

gel ™ Z Liem@>am)y
1€Ig(t)

and the second part of the lemma is obtained by taking conditional expectations, whereas
the last is deduced by taking expectations and noticing that Ny is Ig(¢)-measurable.

To keep things as simple as possible, notice that the only difference between the two
graphs €N) and G™V) lies in the algorithm used to bind the Y arms. So we may condition
on Ig(t), .{t(];[_) »» the initial pairing of O arms and the activated Y arms on the time-interval
[0,s 4+ h]. This being done, all the randomness is given by a uniform ordering of the ¥
arms. We can thus consider the following problem.

e Start from a certain configuration of (not giant) clusters, each with a certain number
of available arms. Say there are K particles 1,..., K in all.

e Choose a uniform ordering of these available arms.

e Bind the first two activated arms in solution, then the two next, and so on (again,
clusters of size a(N) fall into the gel in the meantime), to get a configuration D.

e Bind the first two activated arms in solution or not, then the two next, and so on,
to get a configuration D.
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In particular, we can construct D and D by discrete-time algorithms. Now, all we have to
prove is the following.

Lemma C.2. For every p € [K],
P(|D(p)| > a(N)) <P (|D(p)| > a(N)).
Proof. To make it easier to study, it is interesting to change the algorithm a little.

e For D, pick at each step an arm uniformly at random, and pair it to another one
chosen uniformly at random in the same substrate (i.e. in solution if the first arm
is in solution, or in the gel if the first arm is in the gel).

e For D, pick at each step an arm uniformly at random, and bind it to another one
chosen uniformly at random. Note that it is just a uniform pairing of the arms, or,
in other words, a configuration model.

It is obvious that the final states in solution (but we are bot interested in the configuration
of the gel) of these two constructions have the same law as D and D. We will call the first
algorithm Smoluchowski’s algorithm, the second Flory’s.

Now, fix an particle p € [K]. To get the result, we shall couple these two processes so
as to provide two cluster configurations Dy and Dy enjoying the following properties.

1. The configuration Dy and D have the same law.
2. The cluster Do(p) has the law as D(p).
3. If [Do(p)| > a(N), then |Dy(p)| > a(N).

This will prove that P(|D(p)| > a(N)) < P(|D(p)| > a(N)), thus proving the result.

Let us now define this coupling. It will be clear from the construction that this can be
done on a large enough probability space. Recall that we say that an arm is free if it is
not linked. Let o be a uniform ordering of the arms. Pick, say, ¢ = o¢, which is fixed in
all the steps of the two following algorithms. In the sequel, the phrase “the smallest arm”
will thus refer to the smallest for that ordering.

1. At step 0, all the arms are active.

2. At each step, consider the smallest active arm. If it is in solution, bind it to another
arm chosen uniformly in solution and deactivate the both. If it is in the gel, choose
another arm uniformly in the gel, and deactivate the both.

We thus get a cluster configuration Dy, defined on {o = 0¢}.

Now, let us condition on the steps of this algorithm, and let us construct another
cluster configuration Do. At each step k of the first algorithm, we let Sy the set of active
arms in solution, Gy, the set of active arms in the gel, s and g their cardinality. We will
construct the cluster of p as follows.

1. As long as |Do(p)| < a(N), consider the smallest free arm b of Do(p). Since Dy(p)
has size less than «(N), then b is deactivated at a step k in the above algorithm,
and it is in solution at that time'. Hence, b is linked to at arm & € S;. Then

131f b is deactivated at this step and is in the gel, then this gel has been created by earlier steps of the
first algorithm. Earlier steps of the current algorithm should hence also have created some gel.
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(i) with probability (s; —1)/(sk + g — 1), link b and b';
(ii) with probability gi/(si + gr — 1), link b to an arm chosen uniformly in Gy.

2. Proceed until no more arms are available (i.e. the whole cluster is formed) or Dg(p) >
a(N). When, if ever, Do(p) reaches a size greater than a(N), proceed as for the
configuration model: chose at each step an arm of the cluster (say the smallest) and
pair it to another arm chosen uniformly among all free arms, until the whole cluster
is constructed.

Note first that this algorithm is well-defined. There is indeed no problem if we always
create the same configuration as in the first algorithm, i.e. we only perform step (i).
Now, say that we do perform step (ii), linking an arm b of @0(1)), deactivated at step k
of the first algorithm, and an arm b € Gj. An issue would arise if, when continuing the
algorithm, we had to link an arm to ¥'. But, as long as Dg(p) has not reached size a(N),
the steps of the first algorithm that we consider are steps when b’ is not in the gel. Hence,
we can only bind either to a particle bound at a step before k of the first algorithm, and
which is thus not b’; or to a particle in the gel at a step before k, which is not b’ as we just
said. However, this stops holding when |Dg(p)| > a(NN), and that is why the algorithm is
modified should this occur.

It is easy to see that if |Do(p)| > a(N), then |Do(p)| > a(N). Note indeed that, when
constructing Do (p), then either we create the exact same cluster as Do(p) and so this is
obvious. Or, at some step, we pick an arm in the gel. Then, continuing the algorithm
with the particle to which this arm is attached, we see by recurrence that it can only grow
to a size greater than a(NV).

Let us now prove that ﬁo(p) has indeed the law of the cluster of p in a configuration
model. Note that, in our second algorithm, an arm which is deactivated at step k of the
first algorithm is bound to another arm chosen uniformly at random among all available
arms at that step. So take b the smallest arm of p. If b is the smallest arm of all, then it
is deactivated at step 1 of the first algorithm, and is thus bound to another arm chosen
uniformly among all. Now, say it is the second smallest arm of all, and the smallest is b;.
Then

e with probability 1/(2K — 1), by chooses b at step 1 of the first algorithm, so b is
bound to b; with that probability. If b; chooses another than b, then b will not bind
to by. So b and by are bound with probability 1/(2K — 1).

e For i/ # b, by, with probability (2K — 3)/(2K — 1), b1 chooses an arm different from
b and b'. Then, at step 2 of the first algorithm, b choses b’ (which is available) with
probability 1/(2K — 3). So the probability that b is linked to V' is

2Kk-3 1 1
2K —12K -3 2K -1’

It is easy to continue according to the order of b. Then, upon conditioning on this first
link, it is not difficult but a tad tedious to check that each other arm chooses another
arm uniformly at random among all available arms. This reasoning holds until @0(1))
reaches size «(IN), after what each arm still chooses another one uniformly in solution by
construction.

We have thus shown that, on {o = og}, if |Do(p)| > a(N) then |Do(p)| > a(N), and
that Do(p) has the same law as D(p). Obviously, this is still true after integrating over o.
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Finally, upon integrating over o, it is easy that the cluster Dy(p) we get is a typical
(4)

cluster for Smoluchowski’s evolution, i.e. Dy(p) = D(p). Indeed, after integration, at
each step, an arm is chosen uniformly and bound to another arm chosen uniformly in the
same substrate. This is precisely Smoluchowski’s algorithm.

We have thus verified the three conditions we requires above, so this ends our proof. [

D Exploration process of a two-type uniform pairing

D.1 Goal

Our aim in this appendix is to prove Lemma 7.8 and show the properties of the measures
YN, 'y](\), and 7}\/, stated in Section 7.3.1. To this end, similarly to the construction of an
upper-bound for the exploration process of a configuration model described in Appendix
A, we provide here a construction of a process bounding the exploration process of a two-
type uniform pairing. It is actually the exploration process of a two-type Galton-Watson
tree.

We shall first condition on Ig(t) and §t(1;[_) 5 in the notations of Lemma 5.7. Then, we
will build a graph and its exploration proceés, as well as an upper-bound for it. The latter
depends only on measures vy, ’y]?, and '7}\/[ which are deterministic functions of #1Ig(t) and
&

Hence, in the first part of our construction, we fix Z € N* particles, whose empirical
distribution of O and Y arms is denoted &, i.e. there are £(i, j)Z particles with ¢ O arms
and 7 Y arms. We construct a graph G by activating each Y arms independently with
probability 1 — e~(**") and then picking independently a uniform pairing of the O arms
and a uniform pairing of the Y arms.

D.2 Construction of a typical component

Let us now explain how to build a typical component of G, that is, we chose a vertex i
uniformly at random and build a connected component which has the same law as the
connected component of ¢ in G. We define in the same time the exploration process (V)
of that component. To avoid introducing irrelevant random variables, we also take an
arbitrary ordering of the arms, so in the following, “the smallest arm” corresponds to the
smallest arm for that order.

We may explore and construct a typical component of the graph G as follows. The
(O or Y) arms may be in three states : S(leeping), D(ead) or A(wake). At each step, we
denote

e SO and SY the sets of sleeping O and Y arms, S = SO U SY is the set of sleeping
arms.

e A9 and AY are the set of awaken O and Y arms, A = A9 U AY is the set of awaken
arms.

e D is the set of dead arms.

e ¢ is the generation (i.e. the graph-distance to 7), and the index g means “at genera-
tion g”, so for instance A, is the set of active arms at generation g.

Step 0 g =0, k=0, SO (resp. SY) is the set of all the O (resp Y) arms, A; = ) for all
1>0,D=0,and k=0, V, = Vp = 0.
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Step 1 Chose a vertex ¢ uniformly in [Z]. We then perform the following steps of the
algorithm.

e With probability 1 — e~ (") each arm of [i]¥ goes independently into A}, say
there are p of them.

A§ + [{]9, Ag + AJ U AY, A+ A.

SO ¢« SO\[i]9, SY « SY\[{]Y, S «+ SO u SY.

e g+—g+1=1.
o k+—k+1=1.
Then, we let

Vi=Vi=Vo+dl +p—1=d? +p—1.

Step 2 As long as A # (), or equivalently, as long as V' has not reached —1, we perform
the following steps.

e Aslong as Ago # (), consider b the smallest arm in A? and perform the following.

1. Chose b’ uniformly in A9 U SO\{b}, link b and ¥/, and let D < DU {b,'}.
2. If v ¢ Ago, we let Ago +— Ago\{b, v}, Ay Ago U Ag, A = Ur>04,, and
update V to Vi — 2.
3. If v € Agﬂ, we let A;) — Ago\{b}, Ay = Ago U A;, AQOH — Ago+1\{b’},
Agi1 AgOJrl U Az;/+1a A = U,>0A,, and update Vi to Vi, — 2.
4. If v € SO, we let j the vertex to which it is attached, and perform the
following.
— With probability 1 —e~ (") each arm of [j]¥ goes into Az]/H, say there
are p of them.
— Ag-i-l — Ag?—i-l U A;/_H, A+ UerAr'
— 89« SO\[§19, SY « SY\[j]¥, S « SPu SY.

— We take another step of the exploration process
_ O
Vi1 = Vi +dj +p—2.

— Finally, k£ + k+ 1.
e Aslong as A;f # (), proceed as above with obvious changes.

o If Ay =0, welet g+ g+ 1.

Step 3 When A = (), the algorithm stops.

Note that at each step, only A, and A,y for some g can be non-empty. Moreover, it
is easy to check that at the end of the algorithm, we have constructed a typical component
of G. More precisely, we have constructed it generation by generation : first, we take a
vertex uniformly at random. Then, we add the neighbors of that vertex (which form the
first generation), then their non yet explored neighbors (the second generation), and so
on.
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D.2.1 Construction using uniform variables

Let us first introduce some notations. We call an increasing list a matrix 3 with three
rows such that Hso; + Hs; is increasing in i.

Consider a set of arms B = {b = (i1,J1),...,br = (i, jrx)}. We can associate to B an
increasing list

b ... by
H(B) = |df ... dg 7
dy ... d},

implicitly assuming that B is labeled in such a way that d;; <--- <d;,, i.e. such that the
list is increasing. For the sake of definiteness, if ties occur, we order the columns in the
order of arms.

Now, consider an increasing list 3 of length k, and let, for 1 < r < k, I, = [(r —
1)/r,i/r), and Iy = [(k — 1)/k,1]. Then, we define

Pi(z) = S 3,1y, (2),
P (x) = Sh_y(Har, Hs,)lp, (2),
dfe(x) = Sh_(Hop +FHs,)lp(2), x€0,1].

We will simply write ¢} for gbg;c( B and so on.

For a set S = {i1,...,i} of vertices, we also denote
... Ik
H(S) = |df ... dlg ,
o ..d

implicitly assuming again that this list is ordered. We will also write e.g. qﬁ}g for ¢%{( )

Remark D.1. The interest of these notations is that, when U is a uniform random variable
on [0,1], ¢ (U), is a uniformly chosen arm in B, say j, $(U) and ¢%(U) are the number
of O and Y arms of j, and ¢5(U) the total number of arms of j, whereas ¢4(U) is a
uniformly chosen vertex in S.

Now, we will precise how we chose the arms or vertices at random, in order to bound
by above the exploration process (V). To this end, we take Uy, Uy, Ugr, U;fr, U, .y With
g,7,1 > 1 independent uniform r.v. on [0, 1].

Step 0 We initialize the variables as before, and let r =1 and [ = 1.

Step 1 Choose i = qb[lZ](Uo). Call by,...,byy the d¥ Y ordered arms of i. Then, b, goes

in AY if and only if Uy, < 1—e~ (57", We then update the other variables as above
and let

ay
‘/1 — le + Z ]1{U1,p§1—e*5} - 1
p=1

Step 2 As long as A # (), or equivalently, as long as V' has not reached —1, we perform
the following steps.
1. If Ag # (), we chose the smallest b € Ago and proceed as follows.
o IfU;,, < (#Ago —1)/(#A9 +#85° —1), then we take b’ = gbAg)\{b}(Ug,.) €
Ago, update the variables accordingly and Vi to Vi — 2. Also | + [+ 1.
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o If (#AT —1)/(#AQ +#59 —1) < U, .| < (#A9 —1)/(#A° + #5° —1),
then we take b’ = ¢ Ago+1(U907 ) € AgOH, update the variables accordingly
and Vi to V, — 2. Alsol <+ [+ 1.

e Else, we take ' = ¢g0 (Ug%) € S9. Call j the vertex to which ¥’ is attached,

and denote by,...,b; v its ordered Y arms. Then, b, goes in A;/H if and
J
only if Ugp1p <1 — e~ (511 We then update the variables as above and
let
d}“
Vigr = Ve + d? + Z Ly, .h p<i—e-Gstmy — 2.
p=1

Alsor+r+1, k<« k+1.
e If now Ago = (), then we let r <+ 1 and start over Step 2 again.
2. If Ag) = (), Ag # (), we proceed as above with obvious changes.
3. If Ay =0, welet g« g+ 1,7 1,1+ 1.

Step 3 When A = (), the algorithm stops.

At a given generation g, the variables r» and [ account respectively for the number of
new vertices visited and the number of corrections we observe.

D.2.2 Upper-bound for the exploration process

We will now define an upper-bound (V') for the exploration process. We assume here that
our set of Z particles is actually a subset of our initial N particles. This allows us to
control the total number of arms on the particles.

Construction of new lists Consider the initial number of arms on the N particles
ay,...,ayn and let £ be the list of the a;’s ranked in the increasing order (which is thus
constituted of Nu™(0) times 0, Nu™ (1) times 1, and so on). Consider as well the size-
biased list £’ of size Ky = N(u(N), k) created by writing a; times aj, then ag times as,
etc., and reorder it in the increasing order.

e From the initial increasing list H([Z]), we may consider another list H created by
replacing its second and third rows by the Z last elements of £, to get a list called
.

e From 3(S9), we may construct another increasing list H© as follows.

— Replace the third row of 3(S?) by the #S© last elements of £';

— delete its «(N) first columns (if there are that many, else keep only the last
column);

— subtract 1 to each term of its second row.
e From H(SY), we may construct another increasing list H¥ as follows.

— Replace the second and third rows of H(SY) by the #S5Y last elements of £';

— delete its «(N) first columns (if there are that many, else keep only the last
column);

— subtract 1 to each term of its third row.
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Remark D.2. The key in the construction of these lists is that, when U is a uniform
variable on [0, 1], (d9,d") = %Z](U) and (69,8Y) = ¢2,(U) then d° < 69 and d¥ < Y.
If now (d9,d") = ¢%,(U) and (69,6") = ¢2o(U), then d° — 1 < 6© and d¥ < §¥ as
long as less than «a(N) steps of the exploration process have been performed. If finally

(d,d¥) = Zv(U) and (69,0Y) = $3ov (U), then d? < 69 and d¥ — 1 < §Y as long as

less than (V) steps of the exploration process have been performed. This allows us to
bound the exploration process defined above, and makes the proof of Lemma 7.8 below

quite obvious.

Construction of the upper-bound We now define our upper-bound exploration pro-
cess as follows.

Step 0 We first let Vo =0,g9=1,d? =dY =0 for all » > 1.
Step 1 We then chose (d°,dY ) = ¢2.(Up). We let d « d©,

Y
dO

Y
d < Zﬂ{Ul,p§1*€7(5+h)}’
p=1

&Y« dY +d¥ =d¥, and
Vi=d°+d¥ —1.

Step 2 As long as V has not reached —1, or equivalently, as long as d? + dg % 0 just
after an update of g, we perform the following steps.

1. As long as ng #0, we let (d°,dY) = (;Sgco(UgO’r), d?+1 — dgﬂ +dO,

Y
dO

Y
e Z1 ]l{Ug-&-l,pSl*e*(Hh)}’
p:

dyyy + dy, g +d”, and
Vip1 =V +d° +d¥ —1

andr<r+1, k< k+1.

2. When dg =0, we let r + 1, and as long as dgo # 0, we proceed as above with
obvious change.

3. Whend;/:(), we let g + g+ 1.

Step 3 When V};, = —1, or equivalently, when dg) + d;/ = 0 just after an update of g, the
algorithm stops.

Three measures and a Galton-Watson process For U a uniform r.v. on [0, 1], let
(d9,d¥) = ¢3.0(U) (resp. (d9,d¥) = ¢35 (U)) and 79 (resp. v¥) be the law of

AS
(do, Z H{Ul,pgl—e—(s"'h)}) .

p=1

For (d9,dY) = ¢2.(U) let also 7 be the law of (d°,d¥). Then, it is important to notice
that V is actually the walk associated to a two-type (O and Y) Galton-Watson tree
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e visited by breadth-first-search, where O individuals are visited, at each generation,
before Y individuals,

e with reproduction law ~ for the ancestor,
e with reproduction laws 7 and 4 for the O and Y individuals.

In particular, this implies that the equivalence “Vj, = -1 < dg) + d;/ = 0 just after an
update of g” holds.

Now, denote T the hitting time of —1 by V and T the hitting time of —1 by V. Let
Ggel the number of particles in giant clusters in G. It is then easy to check the following.

Lemma D.3. For k <T Aa(N), Vi < V. In particular, T ANa(N) <T Aa(N), and

%E(Ggel) < B(T > a(N)).

Proof. The comparison between V and V is easy but tedious. Using Remark D.2, we may
indeed check that, at each step of the algorithm, the increments we add are bigger for V'
than for V' (when less than a(NN) steps have been taken), and that we take (at least) more
steps for V than for V.

This result obviously implies that TAa(N) < TAa(N). Finally, note that T is precisely
the size of the connected component of the vertex chosen at Step 0 of the algorithm, so
T > «(N) if and only if this vertex is in the gel. Since this vertex is chosen uniformly at
random, then

whence the result follows. ]

This shows precisely Lemma 7.8. What it remains to do now is to check the properties
of the measures given in Section 7.3.1.

D.3 Convergence of the measures

We will now translate the previous result in the random setting we are interested in. Recall
that we have fixed ¢t > 0, s > 0, a small A € (0,¢) and assume, by tightness, that ngN) and

575(];[_)h converge sharply to some n; and & ;_p, in the notations of Lemma 5.7. We are thus
dealing with

(N)

e a number N; =n; 'N of particles,

e with empirical distribution of O and Y arms given by 5512 >

e with empirical distribution of O arms given by Trft\f_)h() =20 ffztv_) p (> J) (which is
obviously the same as in Lemma 5.6).

Recall that Ky = (™), k)N is the total number of arms at time 0, and define

e Opyp = <§t(];[_)h, i) Ny the number of O arms, 015];[_),1 = O¢1—n/Kn,

o Y, p= <§§,];[_)haj>Nt the number of Y arms, ng,];]—)h =Y n/Kn.
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Conditionally on Is(t) and fgjtv_) 5, the construction from the previous Section D.2.2 can

be carried out. More precisely, for each instance of Ig(t) and gt(]tV_) 5> We obtain a random
graph G, and, as above, laws 7, Y° and 4", which are deterministic functions of Is(t) (or

merely N; = #15(t)) and ft(];[_) 5, and which we rather call vy, 7§ and v} to insist on the
dependence on N. We will first study their limit.

Recall from Lemma 5.1 that, uniformly for ¢ in the compact sets of (0, +00), there is
a constant ¢ > 0 such that, with high probability, ngN) > ¢ and yy;[_) n > C

An easy reasoning, as in the proof of Lemma 5.6 ensures that the particles of Ig(t)
have, at time ¢t —h > 0, a number of active arms of order N, or, in other words, that there
is a constant, say ¢ > 0 again (which can also be chosen to be uniform for ¢ — h and ¢ in
the compacts of (0, +00)), such that Oi,];[—)h >cw.hp

(N)

Finally, the sharp convergence of ffjt\[z ;, ensures the convergence of the sequences o, ,”,

and yift\f_)h to some (random) o¢;—j, > ¢ and y¢;—p, > ¢, and the convergence of W,Ef;[_)h

S0me ¢ ¢—p-

to

Convergence of v To construct a random variable with law ~x, we may proceed as
follows. First, consider My the CDF of the law of the initial number of arms of a particle
picked uniformly at random in [N] (i.e. My is the CDF of uN)). Take U a uniform r.v.
on [0, 1] independent from all the variables and (e;). Then
_ N N - N N
(M50 =)+ n0) 251 = ™ 0

has law vy, where M ](,1 is the generalized right-inverse of M.

Now, My converges a.e. to M, the CDF of p. Hence (see e.g. the proof of Skorokhod’s
theorem in [6, Th. 25.6, p. 333]), Mg,l — M~" a.e. Then, it is easy to check, since U is
uniform and ¢; > 0, that

Myt(1— ngN) + nEN)U) - M 11 —ny +mU), ae.
so, if v denotes the law of (M ~1(1 —n; +nU), M1 (1 —ny +n,U)), then vy — 7 weakly.

Convergence of vQ Now, take (e;) an independent family of exponential with param-
eter 1 random variables, independent from all the variables, and denote

k
B(k) = Z ]l{eigs—i-h}n
i=1
so B(k) has a binomial (k,1 — e~(*") distribution. Call Ry the (random) CDF of the
law of 7%15(];[_)}1 Let also Qn be the CDF of a uniformly chosen element in £’, that is of

AN) . Then, the variable

(1 (557 (=55 v) 2 (o (1ol S0 (2057 )

has the same law'? (as random probability) as fy]Q,. The reasoning above can be easily
adapted to take into account random measures, using e.g. Skorokhod’s representation
theorem, so 'y]% converges to a measure 7 which is the law of

(RHW), B(Q7H (1 — oy + 0ra-nl)) )

Mexcept in the cases where oglﬁh < a(N)/N, but since ngﬁh is of order N, this obviously does not

make any difference. To avoid cumbersome notations, we ignore this issue.
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where @ = lim @y is the CDF of v and R = lim Ry is the CDF of 7 ;.

Convergence of 7111{ By still the same reasoning, ’y}\/f converges to v, the law of
(Q_l(l — Ytt—h T yt,t—hU)a B (Q_l(l — Ytt—h + yt,t—hU))> .

This all shows the first properties of vy, 7](\)7 and 7}\/, of Section 7.3.1.

D.4 Bounds on the laws

To end the proof of the other properties of these measures, all it remains to do is to prove
the bounds on the means of 7, v¢ and 7Y . Note that the inequalities we write below are
a.s., though, for notational simplicity, this will remain implicit.

Now, recall from Section D.3 that there is a constant ¢ > 0 (depending only on the
compact and ) such that, with high probability n,EN) > c, OEJX—)h > ¢ and y,E];[_)h > c.
Now, by another reasoning analogous to the proof of Lemma 5.6 and using the fact that
1([3,400)) > 0 (because we assume that gelation occurs), there is a constant, say ¢ > 0
again, such that ﬂifj_)h(Z) > ¢. Once again, ¢ is uniform for ¢ — h,t in the compacts of
(0, 4+00).

The marginals of a law A are denoted A\' and A\?>. We also take a constant M greater
than (u, k)/c and (v, k) /c.

e The mean of M]f,l(l—ngN)—i—ngN)U) is less that (u(™), k>/n§N), so, by Fatou’s lemma,
1
(MY = ng +nU), k) < “(wk) <M
and thus
9¢ 9¢
1 2
k) = ky=—(1,1)=—(1,1) < M.
(0K = %) = R0 = P <

e The first marginal of 7o is 7 ;—j, so by Proposition 6.1 and Lemma 5.6,

0
bk = 20,1 < 1.

e By easy computations

a(Z)y <l/ k‘)
Lky=""1,1)< 22 <M
(v, k) o (1,1) < vt =
and
o) =22 1) < BB < arpn)
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e We also need a lower-bound on
*po
Ox?

First, note that P(R™1(U) = 2) = #;4-4(2) > ¢ > 0. Now, conditionally on
R~Y(U) = 2, we have, by definition and using Jensen’s inequality, that

(0,0) = 270(2,0).

P(B(Q™(1 - Oti—h + 0r—pU)) = 0o =2)

:E(exp( (s+h)Q™ (l—Otth+0tt hU))’R (U) = 2)
(s+h ( (1 —ott—n +ors—nU)|R™ (U):Q))

> exp — ( s+ h)E ( (1= op4-n + 0t7t—hU)> /P(R™N(U) = 2))
> exp — ((s + h){v, k) /(0t,4—nc))

(
(

and hence, since s < 1,

(0,0) > 7 t—n(2) exp — ((v, k) /(0 t—nc)) > cexp — (M/c)) =

We have thus proved all the properties of vy, 'y]?[ and 'y}\/, given in Section 7.3.1.
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