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Convergence of cluster coagulation dynamics

Luisa Andreis, Tejas lyer, Elena Magnanini

Abstract

We study hydrodynamic limits of the cluster coagulation model; a coagulation model intro-
duced by Norris [Comm. Math. Phys., 209(2):407-435 (2000)]. In this process, pairs of particles
x,1y in a measure space F, merge to form a single new particle z according to a transition kernel
K(x,y,dz), in such a manner that a quantity, one may regard as the total mass of the system, is
conserved. This model is general enough to incorporate various inhomogeneities in the evolution
of clusters, for example, their shape, or their location in space. We derive sufficient criteria for
trajectories associated with this process to concentrate among solutions of a generalisation of
the Flory equation, and, in some special cases, by means of a uniqueness result for solutions of
this equation, prove a weak law of large numbers. This multi-type Flory equation is associated
with conserved quantities associated with the process, which may encode different information
to conservation of mass (for example, conservation of centre of mass in spatial models). We also
apply criteria for gelation in this process to derive sufficient criteria for this equation to exhibit
gelling solutions. When this occurs, this multi-type Flory equation encodes, via the associated
conserved property, the interaction between the gel and the finite size sol particles.

1 Introduction

Coagulation models are prevalent across numerous disciplines, spanning from physical chemistry
(to describe polymer formation), to astrophysics, where they simulate galaxy formation. A natural
coagulation model involves particles moving in space, with larger particles exhibiting slower move-
ment compared to smaller ones. A classical ‘mean field' description of this process via Markovian
dynamics is known as the Marcus-Lushnikov model [14] 8, [13]. Here, pairs of particles of masses
x and y merge at a rate K (z,y), for an appropriate function K (x,y). The normalised, limiting
trajectories of particle concentrations in this model, are generally expected to follow a system
of measure-valued differential equations known as the Smoluchowski (or Flory) equations. This
rescaling, which involves rescaling time with the system size (to ‘slow time down’), and looking
at a fixed volume (the whole space FE), is known as taking a hydrodynamic limit.

A popular question in coagulation processes, concerns whether or not one sees the occurrence
of macroscopic or giant particles by some time ¢t > 0. This phenomenon is known as gelation.
Gelation is generally formally defined in terms of whether or not a solution of the Smoluchowski
(or Flory) equation fails to ‘conserve mass’, which means, intuitively, that mass is lost to ‘infinite’
particles. Meanwhile, the term stochastic gelation (see, e.g. [12,12]), generally refers to the forma-
tion of ‘large particles’ in a bounded amount of time in the Marcus—Lushnikov process. When the
trajectories of the Marcus—Lushnikov process are concentrated on solutions of the Smoluchowski
equation, Jeon showed that these two notions of gelation are equivalent [12, Theorem 5]. How-
ever, in certain regimes, it may be the case, that, once gelation occurs, the ‘gel’ or macroscopic
particles, interact with the microscopic ones or ‘sol’, in such a way that the trajectories of the
Marcus—Lushnikov process only concentrate around solutions of the Smoluchowski equation for a
short time before gelation. In such regimes, a correction term encoding this ‘sol-gel’ interaction is
required in the Smoluchowkski equation, this is known as the Flory equation. A weak law of large
numbers of the Marcus—Lushnikov process to the Flory equation in a particular case was first
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proved by Norris [17], and later, concentration of trajectories around solutions of this equation
were proved in [7) 20].

A limitation of the classical Marcus—Lushnikov model is that the dynamics only include in-
formation of the masses of particles, and not, for example, other inhomogeneities such as their
location in space. In [17], Norris introduced the cluster coagulation model, which allows one to
incorporate these features rather generally, (see also [15] for a variant where clusters move diffu-
sively). In a particular, limited regime of this model, Norris proved a weak law of large numbers
for the dynamics of this model, with exponential rates of convergence [17, Theorem 4.2 & 4.3]. It
should be noted that the cluster coagulation model is general enough to encompass models such
as those studied by Jacquot [10] and later work of Heydecker and Patterson [9]. In [10], Jacquot
proves a weak law of large numbers for the ‘historical trees’ encoding histories of clusters in the
Marcus-Lushnikov process is proved; whilst in [9], Heydecker and Patterson prove a weak law of
large numbers in the special case of ‘bilinear’ kernels. For more examples of cluster coagulation
processes we refer the reader to [2, Section 3.1]. Also note that more recently, from the perspec-
tive of analysis, a strain of research has focused on the study of multi-component generalisations
of the Smoluchowski coagulation equations, where the mass variable is substituted by a variable
in a d-dimensional Euclidean space, and there is an additional source term corresponding to the
system not being in equilibrium (see for example, [0, 5, 2I] and reference therein). In general,
without the source term, these equations are particular instances of the Smoluchowski equation
associated with the cluster coagulation model.

In recent work [2], the authors have proved sufficient criteria for stochastic gelation to occur
in the cluster coagulation process. In this paper, we derive criteria for concentration of trajectories
associated with the cluster coagulation model around solutions of a multi-type Flory equation,
generalising the classical Flory equation. We also provide criteria for solutions of this equation to
be unique, hence for sufficient condition for a weak law of large numbers associated with these
trajectories. As a result of the aforementioned device due to Jeon [12, Theorem 5] (reformulated
in [2, Theorem 1.1]) this concentration also leads to sufficient criteria for the associated multi-type
Flory equation to exhibit gelling solutions.

1.1 Overview on our contribution

The main novelty of this paper involves the idea of a conserved quantity appearing in a generali-
sation of the Flory equation; corresponding to an invariant associated with the cluster coagulation
process. From the perspective of applications, this quantity may correspond to the total mass of
the system, or, depending on the setting, for example, the ‘centre of mass' or ‘momentum’.

1 In Definition we define a multi-type Flory equation, expected to encode the limiting
behaviour of the cluster coagulation process, when there are ‘conserved quantities’. Then,
in Theorem we provide sufficient criteria for tightness of trajectories associated with
the cluster coagulation process, and criteria for limit points associated with the process to
concentrate on solutions of this equation, proving, in particular, the existence of solutions.

2 In Theorem [2.4] we obtain a uniqueness result for this multi-type Flory equation in the case
when the kernel is ‘eventually conservative’ (see Definition [2.2). Such a uniqueness result
implies a law of large numbers for the paths of the stochastic cluster coagulation process

in Corollary 2.5

3 In Corollaries 2.6 and [2.7] we state, without proof, conditions for solutions of the multi-type
Flory equation to have gelling solutions. These results rely on previous results concerning
stochastic gelation from the aforementioned companion paper [2].

The notion of conserved quantities allows us to go beyond the setting of [16], and to prove
existence of solutions for the limiting equation under weaker assumptions. The ‘eventually con-
servative' property is a natural extension of the eventual multiplicativity property introduced
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in [17]. The approach we use, using weak-compactness, and martingale techniques, whilst well-
established, allow for relatively few assumptions on the underlying space. We only assume that
the clusters take values in a o-compact metric space E. This means that our results encapsulate
existing generalisations of the Marcus-Lushnikov model in the literature, including those of [9, [10].

1.2 Structure

The rest of the paper is structured as follows.

1 In Section [I.3] we introduce the model, terminology and global assumptions in Assump-

tion [LL.11

2 In Section[2.T] we include our main definitions, including the definition of a generalised Flory
equation with a conserved quantity in Definition 2.1} This section also includes our main
result, Theorem [2.3] concerning the hydrodynamic limit of the process.

3 In Section [2.2) we state a uniqueness result (Theorem [2.4) for the solutions of the multi-type
Flory equation in the case of eventually conservative kernels.

4 In Section [2.3)we draw connections with the related paper [2] on gelation for these models
to state results concerning existence of gelling solutions for the multi-type Flory equation.
As these results are an immediate consequence of results appearing in [2], we omit explicit
proofs.

5 Section [3] is dedicated to proofs: the proof of Theorem appearing in Section [3.1] and
the proof of Theorem [2.4] appearing in Section [2.2]

1.3 The model, terminology and global assumptions
1.3.1 Definition of the cluster coagulation process

Recall that in the cluster coagulation process [17], one begins with a configuration of clusters in
a measurable space (F, B). Associated with a cluster x € E' is a mass function m : E — (0, c0).
Another important quantity associated with the process is a coagulation kernel K : EX ExB —
[0, 00), which satisfies the following:

1 Forall A€ B (z,y) — K(z,y,A) is measurable,

2 For all z,y € E K(x,y,-) is a measure on E,

3 symmetric: for all A € B,x,y € E K(z,y,A) = K(y,x, A),

4 finite: for all z,y € E K(x,y) := K(2,y,E) < 00

5 preserves mass: for all x,y € E, m(z) = m(z) + m(y) for K(z,y,-)-a.a. z € E.

As a continuous time Markov chain, we associate the following dynamics. Suppose that we
begin with a configuration of clusters. Then,

B to each pair of clusters x,y € E, we associate an exponential random variable with param-
eter K(x,y);

B upon the elapsure of the next exponential random variable in the process, corresponding
to the pair = and y, say, the clusters x and y are removed and replaced by a new cluster
z € E, sampled according to the probability measure

K(:L’,y, )

K(z,y)
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1.3.2 Notation and preliminaries

In this paper, we consider the process as depending on a parameter N € N, which one may
consider as (up to random fluctuations) the total initial mass of the system, and analyse the
process as in the limiting regime as N — oo. We consider the configuration of clusters at time ¢
as being encoded by a random point measure LEN) on E, so that, for anyset A C F, a € (0, 00),
LgN) (ANm~1([a,00))) denotes the random number of clusters of mass at least a belonging to
A. We denote by M (E) the set of finite, positive measures on E (also defining M, (E x E)
in a similar manner). We may then consider the process as a measure-valued Markov process,
whose infinitesimal generator A is defined as follows: for any bounded measurable test function
F: M, (E)— R, we have

1

2 JExExE

AP (Ly) = Ly(d) (Ly — &) (dy) K (,y, dz) (FL777) ~ F(Ly))

where L@¥) =2 .= T, + (0. — 6 — 6y). Note that, as LEN) is assumed to be a point measure,
the above integral is always with respect to a positive measure. The measure L(*%) describes the
configuration of the system after a coagulation involving clusters the two clusters z,y € E and
ending with one cluster z with m(z) = m(z) + m(y), for K(x,y,-)-a.a. z € E. Note the factor
% in front of the generator, present to ensure that the total rate at with clusters x and y interact
is K(x,y) (and not 2K (z,y)).

In this paper, we assume E is a o-compact metric space with metric d. Given another space
F, denote by Cy(E; F), or resp. C.(E; F), the spaces of continuous functions E — F which
are bounded, or resp., have compact support. In general, we write Cy(E) (resp. C.(F)) as a
shorthand for Cy(E;R) (resp. C.(E;R)). We equip M (E) with a metric d that induces the
vague topology on M, (E). EI For any n € N, we denote by &, the space

En = {u e My (E / m(x n}
and € = U,en En-

We generally regard £ as the state space of the process, taking values in D([0,00); &), the
Skorokhod space of right-continuous functions f : [0,00) — & with Skorokhod metric dg induced
by d.

Given a measure u € M, (FE) and a measurable function f : E — R, we denote by

lull = [ utdo) and (o) = [ F@)n

At the level of the stochastic process, we denote by Py (-) and Ey [-] probability distributions
and expectations with regards to the trajectories of the process with generator A and (possibly

random) initial condition I_J(()N).

1.3.3 Normalisation, global assumptions and the multi-type Flory equation

We expect, a priori that limiting equation, called the multi-type Flory equation (extending the
Smoluchowski equation from [17]) encodes the behaviour of the process (LE%\%/N)QO, for N
‘large’. The re-scaling of time is required to counter-balance the increase in the number of inter-
actions as the initial mass of clusters grows with N. Thus, in general, we set

(V) . _ (V)
L") = LyJ/N,

TWe recaII that the vague (respectively weak) topologies on M (E) are the smallest topologies that make the maps
p— [ f(z)p(dz) continuous for all f € C.(E) (respectively Cy(E)). Note that, since E is separable and complete,
(M4 (E), ) is a separable and complete space.
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and generally (by abuse of notation, since such a limit may not be unique) use (L});>o to denote
a weak limit (a limit along a subsequence) of the process.

Additionally, the initial condition of the process must meet certain natural convergence as-
sumptions. Here, we outline the primary assumptions required.

Assumption 1.1. /n this paper, we assume throughout that
1 FE is a o-compact metric space,
2 we have f,(()N) = el CZT‘SZ' for some finite set I C E, ¢; € N, and there exists ¢ > 0 such
that Y-,c; % < ¢ almost surely,
3 there exists u € £ such that
Ly = (1)
weakly, in probability, and (m, ) > 0.

An informal definition of the multi-type Flory equation is as follows (see Definitions[2.1]and
on the next page for a more formal treatment). Included in this equation, is a function ¢, which
one may regard as a conserved quantity of the system. Then, (u, )¢>0, taking values in M (E)

is a solution of the multi-type Flory equation with conserved quantity ¢, and initial condition ug
if:

w o= [ [@F ) - @ ()] ds

where Q* (us) and Q™ (us) are measures defined such that, for appropriate test functions J € C.(E;R),
1
[IwQ @) =5 [ JE)K @y du,(dou, dy), @
JE ExXExXE

and

/E J(y)Q™ (us)(dz) := /

K @ pu.doudy) + [ g @)
ExXE E

with g defined such that

9oc(w) = [ 0@ )uo(da) = [ ol yu(da).

2 Statements of main results

2.1 Concentration of trajectories on solutions of multi-type Flory
equations

We adapt the definition from [16] [I7] of solutions for the generalised Flory equation to this
setting.

Definition 2.1. Given a function ¢ : E x E — R, we say a map t — u; € M (FE), is a solution
of the multi-type Flory equation with conserved quantity ¢ if the following are satisfied:

1 for all Borel sets A C E the map ¢ — u;(A): [0,00) — [0, 00| is measurable;
2 forall f € C.(E), and t > 0, we have (f,up) < oo,

/t/ fy) K (z,y)us(dz)u,(dy)ds < oo; (4)
0 JEXE

ond [ [ 1ot yun(drusldy)ds < o
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L. Andreis, T. lyer, E. Magnanini 6

3 for all f € C.(E) and ¢t > 0, with Q1 and Q™ as defined in (2)) and (3),

() = o) + [ (£,QF ()~ @ () ds, (5)

4 For each z € E, t > 0 we have
[t wpaldn) < [ ot wpo(dw). (6)
E JE

Note that Item [1| ensures that the equation in Item [2]is well-defined (without terms of the form
00 — 00).

As alluded in the Definition 2.1 an important feature of a multi-type Flory equation is a
conserved quantity ¢. This as a function ¢ : E X E — R such that, for any z, the quantity
<<Z>(-,x),f.;§N)) is fixed for each ¢t > 0. Perhaps the most natural conserved quantity in a coagu-
lation process is mass, which corresponds to the choice of function ¢(x,y) = m(x); as masses
add upon coagulation, this is fixed along trajectories of the process. However, one may imagine,
in models encoding more information about clusters, that there are other quantities conserved,
reflecting, for example, the centre of mass of clusters in space, or the momentum of the system.

Definition 2.2 (Conserved or sub-conserved quantities). A function ¢ : E x E — R is said to
be conservative or a conserved quantity if for all z,y,q € E, for K(z,y,-) a.a. z,

¢ (2,9) = d(z,9) + ¢(y,q). (7)

It is, similarly, said to be sub-conservative if for all x,y,q € E, for K(x,y,-) a.a. z,

¢ (2,9) < d(x,9) + d(y, ).

It is said to be doubly conservative (similarly doubly sub-conservative), if it is conservative in the
second argument in addition to the first, so that in addition for all z,y,q € E, for K(z,y,-) a.a.
Z,

b (q,2) = ¢(q, ) + (g, y)-

Finally, if a function £ : E — R is such that ¢(z,y) = &(x) is conservative (resp. sub-
conservative), we also say £ is conservative (resp. sub-conservative).

Examples 2.1. Two natural examples of conserved quantities are ¢ = 0, and ¢(x,y) = m(z){(y)
for some measurable function ¢ : E — R,. In the prior case, the associated multi-type Flory
equation corresponds to the generalised Smoluchowski equation introduced in [17, Section 2],
whilst the latter case corresponds to the Flory equation (called the ‘modified Smoluchowski
equation’ in [17]).

Examples 2.2. If ¢ is symmetric and conservative, it is also doubly conservative. Thus, some
examples of doubly conservative functions include ¢(z,y) = m(x)m(y). Another example comes
from the bilinear coagulation process, studied in [9], where E = [0,00)¢, A € [0,00)9*? is a
symmetric matrix with non-negative entries and K (z,y,dz) = (27 Ay)d,4y. In this case, for
any matrix M the function ¢(x,y) = 27 My is a doubly conservative function. This means that
K = 2T Ay is itself is a doubly conservative function.

Remark 2.3. Note that, if & : [0,00) — [0,00) is continuous and sub-additive, the function
& (z,y) = (&'(m(x)))(&(m(y))) is doubly sub-conservative. This is the analogue of ‘sublinear’
function used by Norris in [17].
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Convergence of cluster coagulation dynamics 7

Our main assumptions are as follows. The first, Assumption [2.1| ensures that the probability
measures (Px)nen on the space D([0,00); &) induced by the processes (iﬁN))te[om) are tight;

and thus, by Prokhorov's theorem, the collection of random trajectories {(EﬁN))tE[O,OO), N e N}
contains weakly convergent subsequences.

Assumption 2.1 (Conditions for tightness). Assume the following:
1 There exists a doubly sub-conservative ¢/ such that K < ¢ pointwise.
2 We have
_ _ 5,
limsup Ey {/ L(()N)(dx) <L(()N) (dy) — ) c;ﬁ'(a:,y)] < 0. (8)
ExXE N

N—oo

3 There exists a doubly sub-conservative function ¢" : E x E — [0,00), such that for all
n € N the set

E;::{u€M+(E><E):/E

u(dz x dy)¢"(z,y) < n} (9)

is compact, and ¢ satisfies ().

Our next assumption, Assumption (which contains Assumption , are criteria under
which limits of sub-sequences of the collection {(]T-‘ffN))te[O,oo)a N e N} are concentrated on tra-
jectories that solve the multi-type Flory equation. In particular, Item [2| from Assumption
intuitively states that the coagulation kernel K is more and more comparable to a conservative
function ¢ outside larger and larger compact sets.

Assumption 2.2 (Conditions ensuring concentration of trajectories). Assume that the following
hold.

1 Assumption is satisfied and the functions K and ¢' are continuous.

2 There exists a continuous, conservative function ¢ satisfying , such that one of the
following hold:

2.1 For an increasing collection of sets (Cy)ren C E, with yeny CS = @ we have, for any
compact C' C E

limsup sup |K(z,y) — qb(x,y)‘ < 0. (10)

k—oo zeCp,yeC’

2.2 There exists a continuous doubly sub-conservative function ¢* satisfying Equation (8],
such that, for a collection of sets (Cy)ren C E, we have, for any compact C' C E

im  sup =0.
k—o0 zeCy,yeC’ (b* (iL‘, Z/)

3 The limiting initial condition p from is such that for any compact set C' C

lim sup
N—o0 yeC’

/ ESN)(dxyb(:v,y) —/ u(dw)gb(m,y)’ =0 almost surely. (12)
E E

The main result of this section is the following.

Theorem 2.3. Let {(]T_ll(tN))te[o’oo), N € N} be a sequence of cluster coagulation processes. Then,
the following holds:

DOI 10.20347/WIAS.PREPRINT.3182 Berlin 2025
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1 If Assumption is satisfied, the sequence {(]T-‘z(tN))te[O,oo)aN € N} contains converging
sub-sequences;

2 If Assumption is satisfied, the limit L* of any weakly convergent subsequence is, almost
surely, a solution of the multi-type Flory equation with conserved quantity ¢ and initial
condition . (according to Definition [2.1)).

Remark 2.4. If we have uniqueness of the solution of the associated Flory equation, then The-
orem also implies a weak law of large numbers for the cluster coagulation process, (since
weak convergence to a constant implies convergence in probability). This has been shown by
Norris [I7] in the cases that either K(z,y) < m(z) + m(y), K(z,y) = &(m(x))(m(y))
where ¢ : [0,00) — [0,00) is continuous, sub-linear and (£')? is sub-linear, or if the ker-
nel is ‘eventually multiplicative’ (meaning that, for some R > 0, K(z,y) = m(z)m(y) on
(m~1([0, R]) x m~1([0, R]))¢; see [17, Theorem 2.3]). Notably, Norris also shows an exponential
rate of convergence of the coagulation process to the limit, in a the restricted case of ‘polymer
models’ when the limit is unique (see [I7, Theorem 4.2 and Theorem 4.3]). We note, however,
that the setting we consider here is more general, and there are a wide range of kernels satisfying
Equation which are not eventually multiplicative. The natural extension of this result is to
consider kernels that are, in some sense, “eventually conservative” (c.f. Theorem .

Example 2.5. Some particular instances where Theorem [2.3] applies, are listed in the following.

1 We can take ¢/ = ¢" = ¢* in Theorem and Lemma [3.2] with ¢/’ satisfying (8). In this
case, if there exist a nested sequence of compact sets (C})ren such that J,en Cr = E and

¢'(x,y) > k on (Ck x Cy), one readily verifies the compactness in (9, by Prokhorov’s
theorem and Markov's inequality. Often, these sets (C)ren can also be used in or (11).

1.1 For example, assuming continuity of & we can take

¢'(z,y) = &' (m(2))€' (m(y)) (13)

for some continuous, sub-linear, positive function ¢, with limy_, 8(1@) = o0, and,
assuming m ([0, k]) is compact, choose Cy, = m~1([0, k]). This is a common assump-
tion in the setting of hydrodynamic limits converging to the Smoluchowski equation
for example in [17, Equation (2.4)].

1.2 In a similar setting, we can choose ¢'(x,y) = m(xz) A m(y), in which case (10]) is
satisfied with ¢ = 0. It may the case that

/ m(z) Am(y)pu(dz)pu(dy) < oo,
ExXE

but (m,u) = oo; and, as far as we are aware, this case is not covered by previous
results appearing in the literature. This offers an alternative to the assumption [17,
Equation (2.4)] in proving convergence to solutions of the Smoluchowski equation. In
a similar vein, we can choose ¢'(x,y) = & (m(x) Am(y)), for a continuous, sub-linear,
positive function ¢’.

1.3 In the setting of the bilinear coagulation process (see Examples [2.2)), we can take
¢ = ¢ = K(x,y) = 2T Ay. If, for example, the matrix A has non-zero entries, the
sets {z,y € [0,00)% : 2T Ay < k} are compact, and so Equation (9 is satisfied.

2 Alternatively, we may choose ¢(z,y) = m(x)l(y) for some measurable function ¢ : E —

Ry, ¢*(2,y) = m(x), and ¢/ (z,y) = & (m(z))&' (m(y)), and lmx o (m, LG = (m, p)

almost surely (which may be used to show (12))). In the setting of the classical Marcus-
Lushnikov process, this example includes a mild strengthening of |7, Theorem 2.3], showing
concentration of trajectories around the classical Flory equation. However, we allow for

random initial conditions (iéN))NeN, and do not require &'(z) > 1.
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Example 2.6. In [2, Example 3.3], a number of toy spatial coagulation models are introduced.
Following the notation introduced there, suppose that

i K(pn). (5,0)

n—oo n

= {(s,0) < 0, (14)

where £ is a continuous function that does not depend on the position p of the mass going to
infinity. Then, the function ¢ := n{(s, o) satisfies the properties in and for any choice
of the location of the newly formed particle, which we indicate by X ((p,m), (s,n)). Indeed
implies condition , and we can also check that also is satisfied:

¢((X((p7 m)? (s,n)),m+n) ’ (Uu.j)) = (m—i_n)g(vvj)
= (b((p,m)), (’U,j)) + ¢((37 n)a (’U,j))

Thus, in this context, we can apply Theorem [2.3]to deduce a spatial analogue of the convergence
to the Flory equation in [7, Theorem 2.3].

N
Remark 2.7. If one considers the initial condition fl(()N) = # where X; are i.i.d samples
from the limiting measure 4, if we choose ¢’ according to ([13), by applying the strong law of
large numbers, one can readily verify that Equations is satisfied when (' o m, pu) < oo. In
this case, the term §, /N appearing in Equation is crucial for this argument to work, since it
may be the case, for example, that (¢’ o m) < oo, but ((¢ o m)?) = oo.

2.2 Sufficient condition for uniqueness: eventually conservative
kernels

Uniqueness of solutions of a multi-type Flory equation is a rather delicate issue even for the
particular case of the classical Smoluchowski equation (see [16] for an example of kernel which
gives non-unique solutions). In the following theorem we focus on certain kernels K (x, y) which
coincide with a conservative function outside a compact set. In analogy with [17, Theorem 2.3]
we call these kernels ‘eventually conservative’ and we prove that this condition is sufficient to
ensure uniqueness of solutions.

Theorem 2.4. Suppose that (u:)i>0 is a solution to the multi-type Flory equation (according
to Definition with conserved quantity ¢ and initial condition pg such that ||ug|| < oco. Also,
assume that, for each k € N sufficiently large, the set

Dei={se £ [ sy < k| (15)

is compact, with ey Di. = E; we have K (z,y) < c/¢(x,y) for some ¢ > 0 and for some R

sufficiently large, ¢(x,y) = K(z,y) on (Dr x Dg)¢. Then, the solution (u)+>0 is unique.

Corollary 2.5. Under the hypotheses of Theorem and Theorem ' if (put)¢>0 denotes the
associated unique solution to the multi-type Flory equation, we have

(L™ )i20 — (pu)e=0  in probability, in D([0,00);E).

Remark 2.8. Note that, unlike in the context of Theorem the condition that ¢(z,y) =
K(z,y) on (Dgr x Dgr)¢ combined with the symmetry of K implies that ¢(z,y) is symmetric.

Remark 2.9. If we take ¢(z,y) = m(xz)m(y), one readily verifies that K (z,y) is eventually
conservative in the sense of Theorem if the sets m~1([0, R]) are compact.
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Remark 2.10. Note that, in the setting of the bilinear coagulation process (see Remark [2.2)),
the kernel K(x,y) = 27 Ay is a symmetric conservative function, hence the uniqueness result,
and weak law of large numbers from Theorem [2.4] and Corollary [2.5 extends the results of [9].

Remark 2.11. It is possible to also apply these results to more general spaces F; as long as E
is a o-compact metric space. This means that we can take E to be, for example, an appropriate
(restricted) space of functions and the kernel to be of the form

K(f.g,dh) = mppemin K (f, 9)-

m(f)+m(g)

With any kernel of this form, a symmetric, bilinear form gives rise to a symmetric, conservative
function ¢; for example, if E = C([0,1];[0,1]) we see that ¢(f,g) = [ f(x)g(x)dx is symmetric
and conservative.

2.3 Existence of gelling solutions to the multi-type Flory equation

In the companion paper [2], we focus on gelation for the cluster coagulation model. In particular,
we derive a general, sufficient criteria for stochastic gelation (see [2] for the different definitions of
gelation) of the sequence of cluster coagulation processes {(EEN))te[Opo), N € N}. The following
is an immediate implication of Theorem combined with [2, Theorem 1.1 and Theorem 2.3],
hence we omit providing an explicit proof.

Corollary 2.6. Suppose a cluster coagulation process (EEN))QO satisfies Assumptions 2.1 & 2.2

from [2] and the conditions of Theorem|[2.3, and that m is continuous. Then, there exists a gelling
solution to the multi-type Flory equation (Definition , with conserved quantity ¢ and initial
condition .

Remark 2.12. Note that it may be the case that Assumptions 2.1 & 2.2 in [2] are satisfied,
but (m, 1) = co. In this case, if the conditions of Theorem apply, trajectories of the cluster
coagulation process still concentrate around solutions of a Smoluchowski equation; and thus it is
natural to use the notion of stochastic gelation to define gelling solutions of such equations.

One of the novelties of Corollary comes from the criterion for gelation of classical co-
agulation processes under the conditions of [2, Corollary 2.4]. In particular, this confirms that a
large class of homogeneous kernels, with exponent v > 1 have gelling solutions, a well-known
conjecture from scientific modelling literature [II [3]. Previously, Wagner showed that the mass
flow process associated with such models is explosive, a property conjectured to hold for all co-
agulation kernels with gelling solutions [3, 22]. Since we believe this is an interesting result on its
own, we state it separately in the following corollary.

Corollary 2.7. Suppose we are in the setting of the classical Marcus-Lushnikov process, that is
E = (0,00), K(v,y,dz) = K(x,Yy)dy+y, for a continuous symmetric function K (x,vy), and the
mass function m(xz) = x. Let (ml,,>1, ) > 0 and the conditions of Theorem 2.3 hold. Suppose
one of the following conditions hold:

1. we have inf;c[ o K(1,4) > 0 and for all x,y sufficiently large
K(cz,cy) = ' K(z,y), withy > 1

or, alternatively,

2. there exists € > 0 such that, for all x,y sufficiently large
K(z,y) = (x Ny)log (z A y)***.

Then, there exists a gelling solution to the multi-type Flory equation (Definition , with con-
served quantity ¢ and initial condition p.
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3 Proofs of main results

In Section we prove the main result of Theorem [2.3] whilst in Section we prove Theo-
rem [2.4] Note that the proof of Theorem requires considerably less technicalities, and may
be read independently of Section [3.1]

3.1 Proof of Theorem 2.3

The normalised cluster coagulation process (f;gN))tzo induces a probability measure Py on the
space D([0,00);&). To prove Item [1] of Theorem [2.3] in Section [3.1.1] we show that under
Assumption the family of probability measures (P ) yen is tight, which implies by Prokhorov's
theorem [18] Theorem 1V.29, page 82] that (Px)nen has a weakly convergent subsequence. We
then show in Section that under Assumption any such subsequence concentrates on
solutions of the multi-type Flory equation.

Throughout this section, it will be beneficial to have associated “conserved” quantities, pre-
served by the dynamics of the process. The following lemma will be useful throughout:

Lemma 3.1. For any cluster coagulation process (I_JIEN))QO, given any doubly sub-conservative
¢ : E x E — R, almost surely for all t > 0 we have, for each y € E

| (B @) ey < [ (L7 @) o' @) (16)
and
[ 1) (B0 - 2oy < [ 10 (16 @) - 2) )07

Proof. For Equation (16]) if 71 < 7 denote times of two consecutive coagulation events, with 75
involving the coagulation of clusters 2’ and 13’ to a new cluster z, we have

[E (IZSZV) (dz) — L) (dm)) ¢ (x,y) = (¢'(z,y) — ¢' (2" y) — &' (¥, v)) -

The right-hand side is 0 for K(2/,y’,dz)—a.a. z, hence almost surely. Now, for Equation (7)),
note that integrals of ¢'(xz,y) with respect to the product measure

£ (o) (L) - )

are nothing but sums of ¢/(z,y) across all the distinct pairs of clusters x,y in the process at
time s. Thus, if 71 < 79 denote times of two consecutive coagulation events, with 75 involving
the coagulation of clusters 2’ and ¢ to a new cluster z, we have

L () () (dy) — 22 V@) — [ e (T (dy) — 22 ) &

[ B () - 3 ) e ~ [ L) (T )~ 5 ) )
@) O | [ (w0 () = ) = )
— 2 + /E (LT1 i ;\’7) (du) 2

_ Op Oy (¢ (u,2) — &' (u,2") — ¢/ (u,y/))
+ (N)
/E (Lﬁ N ]Z\/f> (du) N2 =0,

for K(2',y',dz)— a.a. z. Note that the first term in the second line comes from the contribution
to the integral from the pair 2/, 7/ involved with the coagulation, and the other integrals in the
second and third line, comes from the difference in the contributions to the integrals from pairs
(v,u) where v € {2/,9/, 2}, and u is a cluster not involved in the coagulation event. The result
follows by iterating over the jumps in the process. O
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3.1.1 Tightness: proof of Item [I] of Theorem [2.3]

Item |1 of Theorem is a consequence of tightness of the sequence of measures (Py)yen,
which we prove in the following lemma.

Lemma 3.2. Assume that Assumption|2.1|is satisfied. Then the sequence of probability measures
(Pn)nen is a tight family of probability measures on the Skorokhod space D([0,0);E).

Proof of Item[1] of Theorem[2.3 This is an immediate consequence of Lemma|[3.2/and Prokhorov's
theorem [18, Theorem V.29, page 82]. O

In order to prove Lemma [3.2] we apply some well-established tightness criterion, stated in
Appendix [A]

Proof of Lemmal3.2. We apply Lemma For the first compact containment criterion, first
recall that by (9)), the set

&= {u EM(EXE): /Eu(d:c x dy)¢” (z,y) < n}

is compact. Now, note that, by Lemma [3.1] if we have

_ _ 5,
£V (@) (L) - ) < &;

n

then, for all s > 0, EgN) (dx) (EgN) (dy) — %) eé&r.

Suppose that we denote by Dy the set
CZ'5'

DN::{uEE:u:ZNZ

,CiGN,IgE},
i€l

and ty : Dy — M4 (E x E) denotes the map u — u(dx) (u(dy) — %); and extend this map

toamap ¢t : UyenDPnv = M4 (E x E) such that © = ¢y on Dy. We now note that for any
n € N the set

B,:=<ue U Dy :t(u) €&
NeN

is relatively compact. Indeed, by the compactness of £, any sequence (¢(u;));en has a convergent
subsequence (:(u;,))ken. Suppose v denotes a limit of this subsequence. There, are two cases:
we can either find a further subsequence (which we also denote (:(u;, ))ken), such that, for some
N’ € N we have (¢(u;,))ren = (¢env(i,))ken, or it is the case that for any N’ € N there exists
k € N such that ¢(u;,) = ¢;(u;,) for some j > N'. In the latter case, (since the co-efficient of
the J, term tends to 0), we readily verify that

u;, Qu;, — v,

hence (u;, )ken also converges weakly. We may similarly deduce the result in the first case, when

u;, (dz) (uik(dy) - j\/m/) — v(dz x dy).

Now, since ¢ satisfies we know Ey [fExEI_J(()N)(dx) (_(()N)(dy) - %ﬂ”) (JSH(ZE,y)} < ¢, for
some ¢y € N. Therefore, by Markov's inequality, for any ¢; € N,

lim inf Py (vt=0L™eB,)= lim inf Py ((o" L)) < 1) > 1~ zil)
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Thus, by fixing ¢; > ¢o/e and choosing the closure of B., C £ as the required compact set, we
have the required compact containment condition (55)).

For the second criterion, we define an appropriate family of test functions IF, then apply
Lemma . In particular, we choose the family of functions F from £ to R such that

Fo= {j: J(u) = /EJ(x)u(d:L‘); Je CC(E;R)},

where C.(F;R) denotes the set of continuous functions on E with compact support. By the def-
inition of the weak topology, this family consists of continuous functions and it is straightforward
to see that it is closed under addition. Moreover, since E is o-compact, a measure p is uniquely
determined by the values of (f, i), where f € C.(E;R), thus this family separates points. Now,
let J € F be given, with associated function J : F — R, so that

J(L) = (L) = [ J(@)Li(do). (18)
We seek to apply Lemma to the family of pushforward measures
{JPy: Nen}.

Note that these are measures on the space D([0, 00), R) which a separable, and complete metric
space, hence Lemma applies. Also note, that as the continuous image of a compact set is
compact, we can take .J(&,,) as the compact set for the first condition, and thus we need only
verify the second condition of Lemma [A.]

We note that, for fixed T, and n = n(T) sufficiently small, we can find an integer K € N
such that n < T/K =: n/ < 2. Therefore, we can define a partition {t;} of [0,7] such that
tiv1 —t; =1 >, so that

j*(PN) ({f : U}/(f, n7T) > 6}) = ]P)N (w/((j(i‘t))tE[O,T]an7T) > E)

j(I_‘s) - j(Lt)’ > 8) )

< Py sup
S,tE[O,T],'S—t‘S’I]’

where w’ denotes the modulus of continuity defined in (54)). We now have the following claim:

Claim 3.2.1. For some constant C = C(T'), we have

j(f—‘t) - j(f—’s)

< Cn, (19)

limsup Ey sup
N—o0 5,t€[0,T,|s—t|<n

To complete the proof of Lemma using Claim [3.2.1] observe that by Markov's inequality,
for all n > N, we have

lim lim sup Py sup ‘j(f:t) — J(Ly)
10 N-oo 5,t€[0,T],|s—t|<n

implying (56)). O

Proof of Claim[3.2.1 We first note some relevant facts: since Ly is a pure jump Markov process,
and J is bounded and measurable, it is well-known that

Ze) <lim@:(),
n—0 &

My (t) := J(Ly) — J(Lg) — ; AnJ(Ly)ds (20)

and its quadratic variation

Qn(t) = My(t)? — /(f(ANJ2 —2JAnJ)(Ly)ds (21)
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are both martingales under Py (see, for example, the proofs of [19, Proposition 7.1.6, and
Proposition 8.3.3]). From Equation , the triangle inequality, and sub-additivity of taking
suprema, it follows that

EN[ swp L) - JIE
$,t€[0,T,|s—t|<n

<En sup IMn(t) — Mn(s)|| + En sup / AnJ( Le)d9H
5,t€[0,T7,|s—t|<n 5,t€[0,T7],|s—t|<n

< 2Eyn l sup |Mn(t)|| +En sup / AnJ( Lg)d@] (22)
0<t<T s,t€[0,T),t—s<n

To complete the proof, we bound the two terms on the right side of Equation . For the first,
observe that by Doob's maximal inequality,

Ex [( sup |M<t>|) ] < (525) Ex (P,

0<t<T

so that, by setting p = 2, and recalling that Ey [Q()] = 0, we deduce from Equation that

2
< sup |MN<t>) ] (23)
0<t<T

T ~ ~ ~ —
<4Ey [My(T)] = 4By [/O (AnJ? — 2J Ay J)(Ly)ds

2

Eleup My (t)|| <Ex

0<t<T

Now, we recall that the generator Ay of the normalised process (LEN))tZO may be written as
follows: for bounded measurable test functions F', we have

AvFLMY)
N O

. (L £N><dx>( LV - ) (dy) K (9, dz)
2 JEXEXE N

< (P (20 + =m0 (1))

For simplicity, for the remainder of this section, whenever unambiguous, we drop the super-
script (or subscript) (V) when referring to EﬁN), My (t) and Ap. Abusing notation, for each ¢
we denote by iﬁx’y)% =Ly + (6, — 6, — &) /N

Thus,

(AJ? = 2JAJ)(Ly)

= g EXEXEEs(d.%') (I_Js - (;\x]) (dy)K(gp,y,dz) (j(fﬂ(f,y)—)z)Q . j(i)2)
_ Nj(f;s) /E><E><Eils(dx> (L — (j\[) (dy) (:c,y,dz) (j(igx,y)az) . j(f;))
- g ExExEES(dx) (L a (]SV) (dy) K (z,y,dz) (j(I?s(gc’y)_)z)2 - j(]:s)2>
N[ L) (- 52) @)K g, d2) (TL)IEED ) — J(EL))
:g ExEins(dx) (L - ;SV) (dy) K (z,y,dz) (j(iﬁs”””y”z) —J(IZS))Q, (24)
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where, by definition of J, we have
J(LEY7%) = J(Lg) = (J(2) = J(y) = J()) /N. (25)

Combining this with Equations (24) and (23), we get
2
En [ sup |M(t)|]
0<t<T

2 (T _ _ Oz
<By|y [ s [ o) (Lo ) @)Ky d2) (U(2) ~ Tlo) - T()? .
N Jo ExEXE N
Moreover, recalling that J is continuous with compact support, by the extreme value theorem, it

is bounded. Therefore, bounding (J(z) — J(y) — J(x))? by a constant c;, and recalling that, by
assumption, K < ¢’ pointwise, we have

2
2CJ T _ _ 635 B
Ey L;%\M (Ul] <En lN [as [ Lun) (Lo - %) K(w)]

<2£EN [/ ds /E y d$< (dy>—5)¢’<x7y>]

- QC]“\’[TE /E XELO(dx) (Lo(dy) - f{’;) <z>’(fv,y)} : (26)

N

The last step is possible since we now observe, that, as ¢’ is doubly sub-conservative, for each
s € [0,00) we have

[ 2@ (89 - 2) oy < [ 100 (B0 @) - ) ¢

almost surely. Thus, by Equations and (27), we have

< ¢ | Lotao) (Lotay) - 2) op) @9)

In order to bound the second term on the right-side of (22)), we apply a similar argument:

En [ sup |M(t)|
0<t<T

t
/ AJ(Lg)dH‘

N _ _ - -
_ ‘ 6 Lq(dz) <L§N ) _ f\f;) (dy) K (z, y, dz) J(LSY %) - J (L)

ExXExXE

N 3 [ O @y R
<— [ a6 Ly(dz) (L, — 2 (dy)K(x,y,dz)‘J(Le )—J(Lg)’

2 Js EXEXE N

As before, using Equation ([25]), and the fact that |z| = Vz2, we may bound the previous by
L a0 [ Eutan) (L) - 52) Kioy)
ExE N
t—s _ _ Oy
< YOS [ Eo(an) (Lo(dy) — 32) 0.0,
2 ExXE N

where the final inequality follows from (27)). Thus, we have obtained the upper bound

En [ sup LUE {[E Lo(dz) <E0(dy) - iﬁ) ¢/($:Z/)}(29)

5,t€[0,T),|s—t|<n

/ AJ(Lg d@‘

xE
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Thus, combining Equation with Equations and (29), and passing to the limit as N — oo,

limsup Ey sup ‘j(Lt> - j(i‘s)
N—o0 s,t€[0,T,|s—t|<n

< @nlim supEn [/EXELO(dx) (Lo(dy) - %) ¢/($,y)}

N—oo

the latter bound being finite by . Setting

Ci= L mswy [ [ Lo(da) (Eo(ay) - %) ¢/ (w.1)]
2 Now EXE N
concludes the proof of (19). O

3.1.2 Concentration of trajectories: proof of Item 2] of Theorem 2.3

Assume, now, that Assumption is satisfied. This implies that Assumption [2.1] is satisfied, so
that, by Item |1 of Theorem , the sequence of measures (Py) yen is tight.

Let P* denote an accumulation point of (Px)nen, and assume, by passing to a subsequence,
and re-indexing, that P — P* with respect to the weak topology on the space of measures on
D([0,00); E). Following our previous notation, we denote by L(™) and L* random trajectories
sampled from these distributions. Mostly out of convenience of notation, applying the Skorokhod
representation theorem [18, Theorem IV.13, page 71], we assume that (L)) ycy converges
to L* pointwise for all w € € with respect to the Skorokhod topology on D([0,00);&) on
some enlarged probability space (£2,.%,P(-)). For the rest of the section, we use the notation
E [-] to denote expectations with respect to this enlarged probability space. This allows us draw
conclusions about the limiting trajectory L*, and thus the limiting measure PP, more easily. We
have the following proposition:

Proposition 3.3. For any t € [0,00) we have I:gN) — L} almost surely in the weak topology.

In addition, IZ,ﬁN) ® f,gN) — I_,;{ ® I_Jf almost surely in the weak topology, where the symbol ®
denotes the product measure on the space (2,.7 ,P(-)).

Proof of Proposition[3.3 The proof is the result of the following observations:

(1) First note that, for any J € C.(E;R), the operator .J : D([0,00);E) — D([0,00);R) is
continuous, as the function J : & — R defined by J(u) = (J,u) is continuous (see for
example, [1T, Theorem 4.3]). This implies that, if J(L(")) denotes the map t J(IZﬁN)),
for any J € C.(E;R), we have J(LN)) — J(L*) almost surely in D([0, 00); R).

(1) Applying ([19), and observing that sup, ;¢ (o 77, js—t/<n ’j(f;t) — J(Ly)
ing in 7, we have

is monotone decreas-

lim E |lim sup
N—oo n—0 s,t€[0,T],|s—t|<n

In addition, one may readily verify that, for any 7" € [0, 00) the functional

z — lim sup |lx(t) — z(s)|| (30)
170 5,t€(0,7),Js—t|<n

2Noting that as a tight probability measure on a metric space, P* concentrates on a separable set.
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is a continuous functional with respect to the Skorokhod topology. Consequentially, by
bounded convergence,

0=E | lim lim sup JLIMy = J@)
[N_}(X’nﬁoste[OT] |s— t|<17‘ (L) ( )‘

for any J € C.(E;R), where in the final equality we have used the continuity of (30)). There-
fore, the function J(L*) : [0,00) — R such that ¢ — J(Lj) is almost surely continuous
(i.e., J(L*) € C([0,00),R) almost surely).

lim sup ‘J L) — J(LY)
=05 tefo,17, \s t|<n

@ [

(II1) This continuity implies that for any sequence (t)nen such that ¢, — t, for any J €
C.(F;R) we have

/J )L; (dz) %/ x)L;(dz) almost surely.

But, since, by assumption on the initial condition we have IZS = u, where p denotes
the limiting measure from (I]), and the dynamics of the process ensure that HIZ§N)H is non-
increasing for each N, we readily verify that each for each ¢ € [0, 00) we have L} (E) < ||u.
Thus, by approximating any F € Cy(F;R) by compactly supported functions, for any
F € Cy(E;R) we have

/ F(x)L; (dz) — / F(a)Li(dz)  almost surely.
E E

This implies that L* is, almost surely, a continuous trajectory of measures, i.e., L* €
C([0,00);€).

(IV) It is well-known that in a Skorokhod space the projection map m; : D([0,00); F) — E is a
continuous functional at any trajectory = € D([0, 00); E) for which ¢ is a continuity point.
Since every t € [0,00) is a continuity point of L}, this implies that for any ¢ € [0, c0)

we have I_J,EN)

— f;f almost surely in the weak topology, as required. Now, by a similar
approach to the proof of Lemma the family of measures {IZEN) ® I:EN),N € N}, is
(almost surely) tight, and by assumption uniformly bounded in norm, thus almost surely

relatively compact by [18, Theorem 1V.29, page 82]; and any accumulation point must be
L: @ L. Thus, LY @ LY — L ® L} almost surely.

O

Now we are ready to prove ltem [2] of Theorem Parts of the proof rely on equations from
the proof of Lemma[3.2, hence we recommend that the reader be acquainted with this proof first.

Proof of Item[2 of Theorem[2.3. In order to simplify some expressions, we make some short-
hands. Recall that for any compactly supported J € C.(E;R), we denote by J the functional
such that

FLM) = (1) = [ 20 ) (@).
E
We also define the following functionals:

1

¢ (L(N) J) = 2 JExExE

LM (d2) LM (dy) K (2, y,d2) T (2).
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We recall that, by assumption, there exists a continuous function ¢ : E x E — R™T that satisfies
Equations (7)), and (8)). We then define G by

GEM, ) = [ LWL dy) [K(wy) — dlan)] T,
ExE
Finally, we define the functional
N
LY.0) = [ L) (66,0 L) Jw) = [ L)LY (o) (e,) /()3
ExE
We now have the following claim:
Claim 3.3.1. Almost surely, for any t € [0,00), J € C.(E;R) we have
- - i _ a o= _
L) = J(n) = [ GHELT) = G T) — H(ES J)ds. (32)
0
Note that the truth of Equation for any J € C.(E;R) implies that, almost surely, (L});>0
satisfies (B]) in Definition 2.1} Now, note that, as an application of Proposition [3.3] for any t > 0
we have 5
L (o) (L) - ) > L o L (33)
almost surely in the weak topology. Recall that we have K < ¢/, where ¢ is doubly sub-
conservative and continuous by the first assumption of Theorem , and ¢ (which is also contin-
uous, and ¢’ both satisfy . Thus, exploiting weak convergence, and Lemma , we deduce that
(Lj)¢>0 also satisfies Equations and @ thus is a solution of the multi-type Flory equation
in the sense given by Definition Hence the claim completes the proof of the theorem. O
It thus suffices to prove the claim.
Proof of Claim[3.3l First note that by recalling the martingale from Equation (20]), together
with the bound from in the proof of Lemma [3.2] we obtain
. 75 (N 7= (N
ngnooEHJ(Lg N — JLM) (34)
1 rt _ _ Og
—pfas [ B (L) - ) K d2) x () - T(w) - T(a) |
2Jo ExEXE N
Now, we define
_ 1 _ _ 02\ =
@M. )= [ B (L) - ) K@) (Ue) + T6), (9)
2 JExE N
1 _ _ Oy
GRILM.7) = L (o) (L) - 2 ) K(3,42)(2),
2 JExpxE N
.- _ _ 5o\ [~
Cn (@)= [ B @) (L) - ) [K (o) - o)) )
ExXE
We may thus re-write the inner integral appearing in Equation as G]J(,(EEN), J)—GJ_V(EgN), J),
so that
- o t _ _
lim E HJ(LEN)) — JLM) —/ GLILM, J) = Gy (LM, ) ds] =0. (36)
—00 0
Now, we seek to exploit the convergence of I_;gN) to fﬁs‘, but note that as the integrand appear-
ing in Equation ([35) is in general unbounded, and G~ is, in general, not continuous. However, it
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is possible to show that this functional coincides with a continuous functional on the trajectories
5 E(N) Indeed, since ¢ is conservative, by Lemma the quantity <¢( Y), IZ§N)> is fixed, by

adding and subtracting the term corresponding to [, » Ls LY )(dy)LO (dx)o(x,y)J (y), we have
Gy (LMY, J) = Gy (@M, 1) + HELM, ) — en(LM, 1),
with
En(LM ) N/ o(x, x)J (z)LN) (dx).
Thus, re-writing Equation (36)), we get

N—oo

- i _ A _ _
lim E HJ(L“”) S JEE) = [ GRED, ) = Ga (N, ) — HEN, ) + Ex (B, 7) ds
0

|

=0.

Now, in order to complete the proof of Equation (32]), we need to argue that we can pass the
limit inside the expectation, and exploit weak convergence to replace the terms corresponding
to L) with L*.We can pass the limit inside if the term G(EgN),J) was bounded, and then,

need to argue continuity of the operators G and H. Consequentially, we first approximate the
functional G by truncations (G®)),cy, such that, with compact sets as defined in Equation (11

GO, )= [ L) [ L0 @y) (K (e,y) = o2.0) Iw),

We finish the proof with another claim.

Claim 3.3.2. Almost surely, for s,t € [0,00), J € C.(E) we have

t A — A —
lim limsupE H/ Gy (LM, ) = GE@LIM ) ds] =0, (37)
k—=oo Nooo 0
limsup( H/ GL(L G+(LgN>,J)ds] +E[ (LM ) dsD =0, (38)
N—o00 0
lim E { — G®W(LE, ) ds} =0, (39)
k—o0
and -
]\}lm HLWM J) = H(L:,J) almost surely. (40)
— 00

Indeed, if Equations ([37] , , and are satisfied, by approximating G by G*) (using
the triangle inequality) in the second equality, and using bounded convergence for the third, we
have

0=

- 3 _ ~ _ _
lim EHJ(L(N)) —JEM) = [ GH@™, gy = Gu@N, 7)) — Hy (LY, ) + Ev(LMY, ) ds
—00

|

~ — t =
EDED jiy i EHJ(L(N))—J(L((]N))— G (L

k—o00 N—oo

(M) J) = HELY, J)ds

|

- - t _ ~ _ _
= lim E{ lim ’J(LEN)) — JLMY = [ et @™ gy - GO@LM, gy — BHLM, J)ds

k—o0 N—oo

D i B[l - T - [ 67T

k—o00

g

E HJ(E:) ) - [ 6L T) - G — HLL ) ds

DOI 10.20347/WIAS.PREPRINT.3182 Berlin 2025



L. Andreis, T. lyer, E. Magnanini 20

O
Finally, we finish the proof of Claim [3.3.2]
Proof of Claim[3.3.2 Note that we have
t A — ~ _
| / Gy (@L,0) ~ GOEN, ) as | (a)
< B[ [ [ 2 @niRien - o alswas]
C
_ _ 5o\ | =
ve | [ [ 00 [ (600 - ) K - ot 1]
0 Jcg E N
where we immediately see that
limsup 1k { L) (o) |K () — é(, 2)||J ()| ds ] 0, (42)
N—o0 Ck,

since K, ¢ and J are continuous, they are bounded on the support of J and thus so is the
expectation. Now, if Equation applies, then the integrand of the second term in is
bounded by some constant ¢ > 0, thus by and the Portmanteau theorem, we have

i sup B [ A [ 10 [ (B0 - 5 )[R o) |J<y>|ds]
< CE [ /0 "L ) i;(E)ds] :

and applying bounded convergence, using the fact that ﬂkeNCT? = &, we deduce . Otherwise,
in the case that Equation (11)) applies, we bound the second term in as follows:

t _ _ 5\ | =
|/ [, £an) [ (E0a) - 5 ) (K - ot |71 (#3)
0 Jog E
Pros - 0a K(z,y) — ¢(z,y)
<E / LN (dz / (LgN) dy —>(;5* x,y)ds| ||J sup d =,
[ 0 Joo (dz) E (dy) N (@) ds| | Hooxec,g,yesuppu) *(w,y)
Since ¢* is doubly sub-conservative, and satisfies Equation ([8]), we have
t _ _
lim sup E [ / / L (de) (LgN)(dy) - ‘5””) & (2, ) ds] (44)
N—o00 0 WXE N
¢ _ _
<tmswp B[ [ [ L) (L) - ) 6700 ds
N—oo 0 JEXE N

<limsuptE {/EXE EBN)(dx) (I_JéN) (dy) — 536) ¢*(x,y)] 00.

N—oo

Combining Equation ([44)), with (41)), and (43), we deduce Equation (37).
Equation is proved in an analogous manner to (42), exploiting the compact support of
J. For (39), by the monotone convergence theorem, and Fatou’s lemma we have

e[ [ Eanians o ds] =B[ [ im [ L) @ @) 1) )

t _ _ 5
=k lim i L&) (L(N) _v"?) * ; ]
[ it [ L) (T ) - ) @ () Ad) ds
_ @3)
< limsupE {/ / LY (dz) ( LMY (dy) — 51) o (x,y) ds} 00.
N—o00 EXE N
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Applying Equation ([45)) we deduce Equation in a similar manner to Equation (37). Finally,
recalling the definition of the functional H from Equation (31]), we have

lim H(L{M,J) = lim LY (dy)L§Y (dz)o(, )T (1).
N—o0 N—oo JExE
Thus,
lim sup | H (LY, J) = H(L, J)| (46)
N—oo
—timsup| [ L@V (o)) - [ Lidyuldn) o))
N—oo ExXE ExFE
<timsup| [ L@)LEY We)oe ) ) - [ L (ya(da)ote,)Tw)
N—o00 ExXE ExE
wlimsup| [ LV dpulde)ofe, )T @)~ [ Linulde)ote ) 0)].
N—oo ExXE ExXE

The second term in the upper bound of is 0, since the map y — [ pu(dx)d(x,y)J(y) is

bounded and continuous (because J has compact support and ¢ is continuous), and lng) — L*.
On the other hand, by applying Equation ([12)), with the compact set C’ chosen to be the support
of J, for any € > 0, there exists Ny such that, for all N > Ny we have

[ L)LY oot ) - [ L utdn)él )
ExE ExE

<e [E LM (dy)J (y)

9

and thus, taking limits superior of both sides, since J is bounded and continuous,

timsup| [ LMLV (do)o(e,0) I () — [ L d)a(da)éla. ) (w)
N—oco [JEXE JEXE
<e| [ Linsw).

Sending ¢ — 0, we deduce that the first term in the upper bound of is also 0, hence conclude
the proof of ([40)). O

3.2 Uniqueness: proof of Theorem 2.4

Proof of Theorem[2.4. Suppose that (ps)s>0 and (fis)s>o denote two solutions to the Flory
equation, with a given initial condition 1, with ||z]| < co. Suppose that (s — fis) |p,, denotes
the measure (us — [is) restricted to Dg. By a well-known property of the total variation distance,
we may write

(s = fis) [pgll = sup (flpg, (s = fs))) -
fill flloo=1

Note that, by a straightforward approximation argument (approximating a measurable function
pointwise by continuous functions), if (u)¢>0 is a solution to the multi-type Flory equation as in
Definition Equation () is satisfied for all bounded measurable functions supported on the
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compact set Dy, for k € N. Thus, for f such that ||f||cc = 1, we have

(flpg, (s — (47)
5 [ [E T K (0, 2) (e (du)pe (dv) = for(du) o (dv) dr
/ [E )LD () (1,0) (1 (du)pay () = () (o) dr
/ /E @)L (u)ou,0) (e (du)pro(dv) — i (du)o(dv))
/ [ @0 ) (s () (de) = fr () (dv) b
We now bound the values of each of the terms in the above display. For the first, since ¢

is conservative, recalling the definition of Dg in (15), we have 1p,(z) < 1p,(u)lp,(v) for
K (u,v,dz)-a.a. z. Moreover, bounding f(z) above by 1, we obtain

2 / /EXEXE lDR( )K(u, v dz) (Nr(du)ﬂr(dv) - ﬂr(du>,&r(dv)) dr
<5 [ 101K () by (de) - fuldin @)l dr. (49)

We now have the following claim:

Claim 3.3.3. We have
[, 10n ()10 ()6 ) s (da)pr () — () (d0) (49)
< 2R [ 1p,(0) lin(de) — fr (o))

By applying Claim 3.3.3] and bounding K (z,%) < ¢é(z,), we may now bound the right-side

Of ;
;/05 [EXE 1p, (u)1p, (V) K (u,v) | (du) e (dv) — f-(du) i (dv)| dr (50)
< 62/05 /EXE 1p,(u)lp, (v)P(u,v) | e (du)pr(dv) — fir (du) fir (dv) | dr
< ["R [ 10,0 Inr(ad) = o) dr < R [t = fr) |

Next, re-writing, and combining the second and fourth terms in (47)), recalling that ¢(x,y)
coincides with K (z,y) on (Dg x Dg)¢ (so in particular Dg x D%) we get

L[ s@ing@) (6w ) = K (w,)) Gar(dudpr(de) = or(du)fs () dr

—/ / w)1p,(u)lp, (v )(gb(u,v)—f((u,v))
ExXE
X (pr(du)pr (dv) = fir(du) fir (dv)) dr
@) [ o000 0 () e () () — () ()]

2R+ 1) [ [ 10,(0) () — ()]

= 2R+ 1) [ = fr) g 51
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where in the second to last inequality, we use the bound K(u,v) < ¢¢(u,v). Finally, for the
third term in (47)), observing that y is a positive measure, we make a similar computation:

~ [ H@ oot o) (e (duao(dn) — fr(dulpo(d)) dr
/ [, 1oa(@)o(u, ) [ (du)pode) = fr (duuo(dv)| dr
- [ / 11, (u) / (1, 0)10(dw) |11y (dr) — fip ()|
< B [ = ) [ (52)

Combining Equations (50), and (52), to bound we deduce that

(s = ) Ipll = sup (FLpg, (e = 1) < 3RE +1) [0t = ) Lol

Al flloo=1

Claim 3.3.4. Suppose that (u:)i>0 is a solution to the multi-type Flory equation. Then, if
¢ : E — Ry is a sub-conservative function, for each t > 0

[ €@mntan) < [ s@poldo)
E E

By Claim applied to the function {(x) = 1, we know that for each s > 0, we have

(s = f1s) [ DRIl < 210l

We can thus apply Gronwall’s lemma to deduce that ||(is — fis) [pgll = 0. As Upeny Dk = E, it
must be the case that ||us — fis|| = 0, showing uniqueness. O

We finish with the proofs of Claim [3.3.3] and Claim
Proof of Claim[3.3.3 We bound
[ 101000000 ) s (@0) — @) (a0) (53)
< [ @) Log (000 ) [y () (de) — pr () (o)

[ )10 (0)6(u,) Jar (du)s (o) = fir () (o).

For the first term on the right-hand side of (53)), we integrate the variable u, applying (6))

[, 10 () Lo (006w ) [ () (do) = o (du)y (o) dr
< [ 104(0) [ dfu ) (du) s (dv) = r(dv)] dr
< [ 104(0) [ élu0)uo(du) s (dv) = fr(dv)] dr

< R [ 10,(0) I (dv) = n(do)] drs

and applying a similar argument for the second term in (53]), we deduce the result. O
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Proof of Claim[3.3.4 Suppose first that £ is bounded. Then, applying to the function {1p,,
we have

<£1Dkﬂus >
z/ /EEE 2)1p,(2) = §(u)lp, (u) — £(v)1p, (v)) K (u, v, d2) iy (du) pr (dv)dr

+/ /EE w)1p, (w)$(u, v) (pr(dwe) (pr (dv) — po(dv))) dr.

By (@), since £&(u) > 0, and p, is a positive measure, we deduce that the second term on the right-
side above is non-positive. In addition, since ¢ is conservative, so is the function z — (¢(z, -), 1o),
and we deduce that 1p,(z) < 1p,(u)lp,(v) for K(u,v,dz)-a.a. z. Finally, since £ is sub-
conservative,

/ (&(2)1p, (2)) K (u,v,dz)pr(du)p,(dv)
ExXEXE
= ~/E><E><E (€(u> + f(v)) 1Dk (u)le (U)K (u7 v, dz)ﬂr(du)ﬂr(d’l))

< [ (€D, ) + €)1, () K (0,42 (du)par (o).
ExXEXE

Thus, ({1p,, ps) < ({1p,, po), and we deduce the result from monotone convergence. Finally,
we can extend the result to unbounded &, again from monotone convergence (approximating &
from below by the sub-conservative functions & A j, for j € N). O

A General criteria for relative compactness

Recall that for each N, the cluster coagulation process (f;,(fN))te[()’oo) is defined as taking values
in the space
&= U {ue My(€): (myu) <n}
neN

Recall also that equip £ with the Prokhorov metric, which metrises the topology of weak conver-
gence. We may interpret (I_Jt)te[o’oo) as a trajectory in D([0,00); &), the space of right-continuous
functions f : [0,00) — & with left-limits. We equip D([0,00); &) with the Skorokhod metric d.
Recall that for a separable, complete metric space (€,0) with ¢ := d A 1, the Skorokhod metric
on D([0,00);&) is defined as follows: Let A denotes the set of all strictly increasing functions
mapping [0,00) onto [0,00), and A’ C A the subset of Lipschitz functions. Then, for A € A/,

define
v(A) := sup log)\(s)_/\(t)‘ < 00
s>t>0 s—t
Then, for f,g € D(]0,00);E), we define
d(f,9) = inf (’Y(A) v /Oo e ™ <Sup q(f(EAw), gt A U))> dU> - (54)
€A 0 £>0

It is well-established that D([0,00);R) is a separable and complete metric space see, for exam-
ple, [4, Theorem 5.6]. In this paper, we use the following, well-known criterion for tightness in
Skorokhod spaces. The first, from [4], has been slightly reformulated for out purposes. First, we
define the following modulus of continuity: for f € D([0,00);R), n >0, T € [0,00), we define
w'(f,n,T) = infmax sup |f(s) — f(t)];
{ti} ? S,te[tifl,ti)

where {t;} ranges over all partitions of [0,7], such that 0 =t < t; < --- < t, = T, with
tiv1 — >nand n>1.
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Lemma A.1 ([4, Corollary 7.4, page 129]). A collection of probability measures { i}, o on the
metric space D([0,00); R) is tight if and only if the following criteria are satisfied:

1 Forallt € [0,00) NQ and € > 0, there exists a compact set K (t,e) C & such that, for all
n €N

liminf o, (/3 £(2) € K(t,2)}) > 1<, (55)
2 Forany T € [0,00), there exists ) > 0 such that, for all n € N

im lim sup p, ({f : @'(f,n,T) > ¢e}) = 0. (56)

1
n—0 n—oo

[ |

In literature surrounding stochastic processes, the first condition is often known as compact

containment. The following well-known tightness criterion due to Jakubowski applies more gener-

ally to D([0, 00); F'), where F'is a completely regular Hausdorff spaces with metrisable compacts.
Since we assume £ is a metric space, it applies to D([0,00);&):

Lemma A.2 ([11, Theorem 4.6]). A collection of probability measures {ji;};.; on D([0,00);E)
is tight if and only if the following criteria are satisfied:

1 Foranyt >0 and e > 0 there is a compact set K (t,e) C & such that, for all i € I,
i ({f :¥se0,t] f(s) € K(t,e)}) >1—¢f]

2 There exists a family of continuous functions F from £ to R such that

(a) The family F separates points, i.e., for any x,y € £ there exists f € F such that
f(x) # f(y).

(b) The family T is closed under addition, i.e., if f,g € F then f + g € .

(c) Let, for f € F, f: D([0,00);E) — D([0,0); R) denote the map such that f(z) =
fox, forx € D(]0,00);E). Then, for each f € F the family of pushforward measures
{f*(ui)}iel is a tight family on D([0, c0); R).
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