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We study a spatial Markovian particle system with pairwise coagulation,
a spatial version of the Marcus—Lushnikov process: according to a coagula-
tion kernel K, particle pairs merge into a single particle, and their masses
are united. We introduce a statistical-mechanics approach to the study of this
process. We derive an explicit formula for the empirical process of the par-
ticle configuration at a given fixed time 7T in terms of a reference Poisson
point process, whose points are trajectories that coagulate into one particle
by time 7. The noncoagulation between any two of them induces an expo-
nential pair-interaction, which turns the description into a many-body system
with a Gibbsian pair-interaction.

Based on this, we first give a large-deviation principle for the joint distri-
bution of the particle histories (conditioning on an upper bound for particle
sizes), in the limit as the number N of initial atoms diverges and the ker-
nel scales as % K. We characterise the minimiser(s) of the rate function, we
give criteria for its uniqueness and prove a law of large numbers (uncondi-
tioned). Furthermore, we use the unique minimiser to construct a solution of
the Smoluchowski equation and give a criterion for the occurrence of a gela-
tion phase transition.
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1. Introduction. In this paper we investigate a Markovian process of spatially dis-
tributed particles that coagulate pairwise. Our main interest is in asymptotics and phase
transitions in the limit of many particles. To investigate this, we adopt a typical statistical
mechanics approach: we describe each particle at time T as a trajectory in space-time that
lead to the formation of such particle (via the multiple coagulation events), and we write the
joint distribution of all the particles as a many-body system with a pair-interaction. Starting
from this, we apply the tools from large deviation theory to study the limits, and we use the
results to derive other properties of the process. This section serves as an introduction to the
work. In particular, in Section 1.1 we summarise the goals of this paper. In Section 1.2 we
introduce the model, a spatial Markovian coagulation process. Then we turn in Section 1.3
to an explanation of our approach, which lies in a decomposition of the process into distinct
parts, each leading to one of the single particles that can be observed at a fixed time.

1.1. Summary of our results.

The model. 'We consider a spatial version of the Marcus—Lushnikov model for coagulating
particles. Each particle has a mass (an integer) and a location (a point in a Polish space S).
We start with a monodispersed configuration, where each particle is an atom with mass one.
Coagulations of pairs occur independently over the pairs after exponential random holding
times, whose parameters depend only on the locations and masses of the two particles and are
assumed symmetric in the two particles. The collection of all these parameters forms what is
called the coagulation kernel, K : (S x N)2 — [0, 00). The mass of the new particle is the
sum of the two old ones, its location is picked randomly according to a placement kernel, Y.
This leads to a continuous time Markov process whose dynamics are determined by K and
T.

~

Basic properties and the process E. The total amount of mass in the system is kept con-
stant, but all the particle sizes are nondecreasing, and the number of particles decreases by
one at each coagulation event. After each coagulation event, the parameters of the exponen-
tial random times are updated to accommodate the pairwise interaction between the newly
formed particle and all other ones. This process is a special case of what is called a cluster
coagulation process in [38]. One can write the configuration of the process at time ¢ as a
point measure E;, which registers the statistics of the particles according to their positions
and masses. Hence, E; lies in the set My, (S x N) of all point measures on S x N, and
the natural state space of the process (Z;)sc[0,7] is the set I'r of measure valued trajecto-
ries [0, T] — M, (S x N) that are piecewise constant and are such that in each jump two
particles are lost and one (larger) particle is gained.
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Initial condition. In the present paper, we restrict to an initial distribution of atoms (i.e., the
monodispersed situation of single-atom particles), taken as a Poisson process with intensity
measure N u for some probability measure p, as the answers that we find are particularly
transparent; the study of the model under deterministic initial atom configurations is deferred
to future work.

The overall goals. First, we are interested in the distribution of (&;);¢[0,77, where T is
fixed. Then we study the behaviour of (% 81)refo,7] 1n the limit of large total mass N in the
system, when the coagulation kernel K is replaced by %K . This is often called the hydro-
dynamic limit. Here we would like to understand the limiting distribution of (% E1)rel0,7]
and the question of a gelation phase transition, that is, the emergence of large particles (i.e.,
with diverging size depending on N) containing in total a macroscopic amount of atoms.
Furthermore, we want to derive a characteristic partial differential equation for the limit.

Our new approach. While all the contributions to the analysis of the Marcus—Lushnikov
model that we are aware of use the generator of the process, martingale arguments and charac-
teristic equations, like the Smoluchowski and the Flory equation for finding answers (see the
literature survey in Section 3.2), our approach is fundamentally different: it follows patterns
that are known from statistical physics, large-deviations analysis and variational calculus.

Our contributions. Our main contributions are the following:

(1) We derive an explicit formula for the distribution of (&;);¢0,7] in terms of an in-
teracting Poisson point process, whose points are the histories (trajectories) of each particle
present at time 7'.

(2) We prove a large-deviation principle for (% Bt)refo,7] in the limit N — oo of a large
total mass < N in the system (for K replaced by %K ).

(3) We give criteria for the occurrence or nonoccurrence of large particles with macro-
scopic total atom mass (i.e., a gelation phase transition) using properties of the large-
deviation rate function under bounds on the coagulation kernel. In particular, we give criteria
for the convergence of (% E1)refo.1] a8 N — o0.

(4) As another by-product of our large-deviation analysis, we derive that in the subcritical
regime, that is, when there is no gelation, the process (% 8¢)refo,1] converges as N — 0o to
a solution of a spatial version of the famous Smoluchowski equation.

History trees. Our ansatz for our goal (1) and for everything that follows is a decomposition
of the entire configuration process (&;);¢[0,7] on the time interval [0, 7] into the trajectories
that lead to the particles that can be observed at time 7. For this we introduce a labelled
version of the process, where each particle present at time 7' is described as an element
C of a (random) partition Pr. The set C contains the labels of the atoms that coagulated
during [0, 7] into precisely one particle at time T and induces a (sub)process E(7-C) that
only registers the evolution of atoms with labels in C. We call these subprocesses history
trees of the particles; they are characterised by terminating in just one particle. In Figure 1
we illustrate the decomposition. We register the history trees via their empirical measure

1
(1.1) V== > égro.
N C
ePr

This object is much more comprehensive and detailed than just the process (E;)¢[0, 7. All the
randomness of the process (holding times and placement decisions) is attached to these one-
particle trajectories (coagulation events that lead to the particle) and their mutual interaction
(the noncoagulation between the trajectories).
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FIG. 1. Anillustration of the decomposition of (Et)sc[0,T] into three subprocesses (E;T’Ci))te[(),T], i=1,2,3,

that are distinguished by their colour.

A crucial Poisson process. Indeed, in our first main result, Theorem 2.1, we introduce a
Poisson point process (PPP), Y =}, §z.. whose points are history trees. The intensity mea-
sure of Y is, up to a multiple, equal to the distribution of the coagulation process restricted to
history trees. The probability of the event that any two of them do not coagulate during [0, T']
is expressed in terms of a pairwise interaction of the form

e_%Zi;éjR(T)(Eian)_

In other words, we write the distribution of the configuration of the coagulation process
as an expectation over many independent history trees with an exponential interaction term
expressing the noncoagulations. This gives our representation the structure of a many-body
system (better: a many-trajectory system): a Gibbsian ensemble of many independent trajec-
tories with exponential pair interaction. This turns the Markovian coagulation process into a
static model of statistical mechanics with the underlying reference measure as the law of a
PPP on the set of history trees.

Large-deviation principle. Let us turn now to our goal (2). We use our Poissonian represen-
tation for deriving asymptotics of the empirical process VI(VT) for diverging system size N and
rescaled coagulation kernel %K with the help of large-deviations analysis, one of the ubig-
uitous approaches to Gibbsian systems. In particular, in our case a useful large-deviations
principle (LDP) for the reference PPP Y is known, and it has an explicit rate function. Since
the state space of VI(VT) is huge, we need to employ a conditioning on an event that generates
compactness and continuity properties of certain functionals. This conditioning basically ex-
cludes the occurrence of large particles, which rules out the possibility to observe the gelation
phase transition right away. In this conditional setting, we obtain in our second main result,
Theorem 2.3, a full LDP for V](\,T) and an explicit formula for the rate function of the coagu-
lation process.

Consequences: Euler—Lagrange equation and convergence. An important innovation of our
approach is the description of the limit of the process via an Euler—Lagrange equation. This
can be seen as an alternative formulation of the famous Smoluchowski equation in terms of
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a variational problem. Starting with the rate function of the LDP, we prove that every min-
imiser of the rate function (i.e., every possible accumulation point of (VI(VT)) NeN under the
conditional measure) satisfies the Euler-Lagrange equation and formulate assumptions un-
der which the solutions in turn are unique, employing an argument known from Banach’s
fixed point theorem. One obviously wishes to remove the conditioning, but unfortunately,
it cannot be removed on an exponential scale. Nevertheless, we succeed in formulating as-
sumptions under which we can prove that the probability of the conditional event converges

to one, and we derive tightness of the unconditioned distribution of V](VT) and the convergence

VI(VT) toward the minimiser of the large-deviation rate function. This is our third main result,
Theorem 2.8, 1, together with Proposition 2.10, 1.

Our assumptions. For the LDP we work under the sole condition that the coagulation kernel
K is continuous and that there exists H < oo such that

(1.2) K((x,m), (x',m')) < Hmm' forall (x,m), (x',m") €S x N.

This assumption is equivalent to the upper bound that Norris uses in the definition of
an approximately multiplicative kernel in [38], where it is needed to obtain existence and
uniqueness of the cluster coagulation equation.

Gelation and nongelation. Our criteria for nongelation will require that T is sufficiently
small with respect to the constant H from assumption (1.2). The results about convergence

of V](VT) hold, for example, if TH < eiZlJan Apart from that, more abstract criteria will be
given. To formulate criteria for gelation, we additionally need the “dual”condition that there

exists 4 > 0 such that
(1.3) K((x,m), (x',m")) > hmm’ for all (x,m), (x',m") € S x N.

We prove in Theorem 2.8, 2, jointly with Proposition 2.10, 2, the occurrence of a gel for all
sufficiently large 7. We define gelation via the existence of large particles (with a diverging
size that can be on any scale) that build a macroscopic part of the configuration (the gel), but
do not specify the scale of the size of the large particles. The existence of such particles is
identified by the fact that, when considering the total mass of atoms sitting in all the particles
at time T of sizes < L, after letting N — oo, followed by L — oo, we see that the mass is
strictly less than the total mass at time 0. In future work we plan to analyse also the macro-
scopic and mesoscopic part of the configuration to obtain a more detailed understanding of
the gelation phase transition and the gel itself.

Results for the ML-process. So far, all our results are formulated in terms of the empirical

trajectory measure, Vj(\,T), but one is also highly interested in the Marcus—Lushnikov process
& itself. While the process (&;):c(0,7] takes values in the set I'r of trajectories [0, T] —

My, (S x N), the empirical process VI(VT) is contained in a much more comprehensive and

more abstract space. Nevertheless, (% Er)refo,7] 1s a relatively simple functional of V(T),
which turns out in Lemma 2.5 to be continuous in a sufficient sense, such that a great deal of

our results about V](VT) have a consequence for (% 81)re[0.T]-

LDP for the ML-process. Our first observation is in Corollary 2.6 that, via the well-known
contraction principle, (% 81)tefo,1] also satisfies an LDP (under the same conditioning as

V,(VT)) with an explicit rate function. This nice fact opens up a completely new path to LDPs
for the trajectories of the Marcus—Lushnikov process, which is totally different from and
independent of the much-used Freidlin—Wentzell theory that uses a toolbox from operator
theory and stochastic processes (see the literature survey in Section 3.2). It appears to have
the great advantage to be successful also in the current setting of a pretty abstract and huge
state space, in contrast with existing works using the mentioned toolbox.
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The Smoluchowski equation. Furthermore, and now we are turning to our goal (4) of deriv-
ing a partial differential equation for the limiting objects, by the continuity of the map that
maps V](\,T) onto (% Et)ref0,77, We also obtain, under the mentioned assumptions, the con-
vergence of the latter to a deterministic process, p = (0;):c[0,7]- From the Euler-Lagrange
equation for the minimisers of our rate function, we derive in Lemma 2.12 that p is a solution
to a natural spatial version of the famous Smoluchowski equation on [0, T']. In our approach
this equation is only a by-product and provides a nice additional information but is not a vital
part of the proof of convergence of (% E1)refo, 7], as it is in many previous investigations of
related processes.

Advantages and disadvantages. Let us briefly discuss advantages and disadvantages of our
ansatz in comparison to earlier ansatzes; see Section 3.2 for an extensive literature com-
parison. We present the first LDP for the spatial ML-process. Previous results have focused
exclusively on the convergence to solutions of the Smoluchowski equation. In [38] this con-
vergence is shown to occur exponentially fast, which suggests that an LDP might hold. How-
ever, the result in [38] applies solely to a special case (we conduct an extensive comparison
with [38] in Section 3.2). A byproduct of our large-deviations analysis is that we characterize
the limits of the spatial ML-process through a variational problem, offering a new interpreta-
tion of the solutions to the Smoluchowski equation. From this variational problem, we derive
a lower bound on the gelation time that is comparable to the results in [38]. We obtain an
upper bound on this time as well, which is worse than the known one from [38]; however, the
latter is also not sharp, as it does not account for the role of the spatial component.

A uniqueness criterion. Let us finally mention (see Remark 2.7) that our approach gives
also uniqueness of the minimiser of our rate function under the condition that the kernel K
is nonnegative definite; however, we believe that this criterion is not too helpful, since it is in
general difficult to check this property.

1.2. The spatial Marcus—Lushnikov process. Let us enter into the details of our model.
As mentioned, particles live in a Polish space S, that is, a separable, complete metric space.
Each particle carries a mass m € N and sits at a site x € S; we sometimes also say then that
the particle sits at (x, m). Initially, each particle has mass one; that is, we consider what is
usually called a monodisperse initial condition. The unit-mass particles at time zero are also
called atoms, since all later particles are composed out of them by merging and since they are
never split anymore into smaller units. The particle process is a Markov process in continuous
time. The dynamics of the process depends on a coagulation kernel and a placement kernel,

(1.4) K:(SxN)?—>[0,00) and T: (S xN)?x B(S)— [0, 1],

where B(S) denotes the Borel-o-field on S. We assume that K is symmetric and measurable
and that Y is a Markov kernel from (S x N)? into S, that is, measurable in the argument
(S x N)? and a probability measure in the last argument. We also assume that Y is symmetric
in the first two arguments, that is, Y ((x, m), (x’,m’), ) =Y ((x", m’), (x, m), -).

THE RANDOM MECHANISM. At each time ¢ € [0, 00), for each unordered pair of parti-
cles in the current configuration, located at x and x” € S with masses m and m’, respectively,
there is an exponential random time with parameter K ((x,m), (x’, m’)) running. When it
elapses, the pair is replaced by a single particle with mass m + m’, located at a random
site that is picked according to Y ((x, m), (x’,m’), -). The exponential random times and the
placement locations are independent over all particle pairs and over all times.
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Hence, after each coagulation event, the parameters of all exponential random times in-
volving any of the two coagulating particles are updated. Since we are starting with only
finitely many particles, this excludes explosion and the total number of coagulation events
during a time interval [0, T'] is finite. Hence, the entire process can be decomposed into
finitely many time intervals during which the configuration remains constant. (The process
that we study is the special case of what is called a cluster coagulation process in [38], with
state space £ =S x N and mass-preserving function m((x, m)) = m.)

The above mechanism defines a Markov chain in continuous time

(1.5) E=(Erel0.00), Where Er= D> 8(x,(00,m;(1)) € My (S x N),
ie[n(t)]

where (X;(¢), M;(¢t)) € S x N is the location and the mass of the ith particle at time ¢, and
n(t) is the number of particles at time ¢ (we abbreviate [n] = {1, ..., n}). We denote by My,
the set of measures with values in Ny, that is, the set of finite point measures. We will treat
elements ¢ € My, (S x N) as partially discrete measures and we will write, for example,
¢ (x, m) instead of ¢ ({(x, m)}). We write also E,(A, m) for the number of particlesin A C S
with mass m € N at time ¢ in the configuration.

The process (n(1)):e[0,00) 1S NONincreasing in ¢; it actually decreases by one at every coag-
ulation time. We include also the trivial case n(¢) = O for all ¢ in which case there is no atom
and hence the process is empty. As usual for point processes, the index i € [n(¢)] is arbitrary
and does not specify the ith particle. In particular, if there are multiple particles with the same
location and mass, then E does not give information about which one of them are involved
in a coagulation.

The process E is a Markov process with jumps of type

(1.6) ¢ > & = 8em) — S m) + Szmimy, P € My (S x N)
(as long as the right-hand side is nonnegative) that happen with rate
Ky ((x,m), (x',m’),dz) =K((x, m), (x',m’), dz)

(L.7) 8 ¢ (x,m)p(x',m') if (x,m) # (x',m’),
¢ (x,m)(¢p(x,m)—1)/2 otherwise,

and we abbreviated
(1.8) K((x,m), (x',m’),dz) = K ((x,m), (x',m")) Y ((x, m), (x',m’), dz).

The counting factor in the second line of (1.7) is the number of unordered pairs of particles of
types (x,m) and (x’, m’). In the case that S is uncountable, formally, there are uncountably
many (x, x’) that give rise to a step, but actually only finitely many have a positive rate, since
¢ has a finite support.

We always start with a monodispersed situation; that is, we fix n(0) € N, M; (0) = 1 for any
i € [n(0)] and some configuration of (X;(0));c[(0)]. Hence, Eg = Zie[n(o)] 3(x;(0),1), and we
often identify Eg with the configuration Zie[n(o)] 8(x;(0)) € Mn,(S). The trajectories of &
lie in the set

I'={& = (&)ref0.00) € DM, (S x N)): & is concentrated on My, (S x {1})

(1.9)
t — & is piecewise constant and makes steps as in (1.6)},

where ID(X) denotes the set of cadlag-paths [0, 00) — X, that is, paths that are right-
continuous in [0, c0) and have left limits everywhere in (0, 00) (we give M, (S x N) the
weak topology induced by integrals against continuous bounded test functions). In particular,



SPATIAL COAGULATION PROCESSES 1265

the initial configuration of any & € I is finite, and the collected mass of all particles at time
t, which we indicate with ||&|[1 = )_,,cnym& (S x {m}), is a constant in 7.

For any k € My, (S), we write P, and Ey for probability and expectation with respect
to the process & when started from Eg = k. For kK = 0, we define P as the measure that is
concentrated on the constant zero point measure.

Initial configurations. In this paper we will formulate and prove all our results for the dis-
tribution, Ppo;, " of the process under poissonised initial conditions so that

(1.10) Ppoiy,, g Poiy, (dk)Py

where Poiy, is the law of a Poisson point process (PPP) on S with intensity measure N u for
an arbitrary probability measure © on S. Note that the number n(0) of initial particles is not
deterministic but is Poiy-distributed, and the empty configuration appears with probability
e~V > 0. The analogous statements and proofs for the deterministic initial configuration
Pry with ky € My, (S) satisfying %kN — p for some u € My (S) are deferred to future
work.

REMARK 1.1 (Special choices). A natural choice of Y is the deterministic choice z =
% (if S is convex), which keeps the centre of mass of the two particles (and hence also
the centre of mass of the entire configuration) constant. Another one is the random one, where

z is put equal to x or x” with probability # and #;n,, respectively; this choice keeps the
centre of mass fixed on average. An important special case in the nonspatial setting (i.e.,
S is a singleton) is the product kernel K (m, m’) = Hmm' for some H € (0, 0c0). Then the
coagulation process can be mapped one-to-one onto the process of the family of connected
component sizes of the well-known Erdés—Rényi graph in its dynamic version. We go into

the details of this connection with graphs in Section 3.3.

1.3. Decomposition into history trees. We will describe the distribution of (E;):¢[0,71]
for a fixed T > 0 via a decomposition into subprocesses that coagulate into one particle
by time T, which we will call history trees on the interval [0, T']. This section provides the
necessary framework to properly define the empirical measure of trajectories V,(\,T) introduced
in Section 1.1.

Observe that the notation in (1.5) only counts particles at a given site, that is, with a given
location and mass. It is not rich enough to differentiate between multiple particles that sit on
the same site and can, therefore, not express information about which particles coagulate into
which particle. As a consequence, it cannot grasp the full history of a particle. In order to
express the evolution explicitly we need to introduce an alternative version of the coagulation
process, that assigns a label to every atom at time O such that we can follow its path through
the coagulation process. To this end, we define a Markov process (P;)¢[0,00) On the set of
all partitions of [n(0)] starting from Py = {{i}: i € [n(0)]}, together with the locations of the
particles (elements of the partition).

As a preparation we need some notation. For any finite, nonempty set A, we denote the set
of partitions of A by

(1.11) P(A) = {{Cj}jejz J an index set, UjeJCj =AVj:F#C; C A}.

We define a process (P;);e[0,00) On P(A) in such a way that  — P, makes discrete steps
by joining two of the partition sets and is otherwise constant; in particular, ¢ — | P;| decreases
by one in each step. We refer to each partition set C € P; as a particle that exists at time ¢ and
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attach to it the site X g) € S at which the particle sits. More precisely, we define the labelled
coagulation process

(1.12) Z=(Z)ielo.o).  With Z = (XE, C) .
as a Markov process with the mechanism

(Xc,O), (Xp, D))
— (Xcup, CUD) with rate K((Xc, |C|), (XD, |D|), dXCUD),

where our short-hand notation ((X Cy C),(Xp, D))~ (Xcup, C U D) includes the fact that
for all C ¢ {C, D} the values (Xg, C) are unchanged in the transition. In contrast to &, the
process Z contains for every particle C present at time ¢ the information from which of the
atoms at time 0 it stems. Given X = (x;)jca € S A we denote by Py the distribution of this
Markov process starting from Zy = (X(CO), C)cepy = (xi, {i})ica. We call x the initial atom
configuration of the process.

Now we fix atime T € (0, 00). For each particle present at time 7', we want to define a sub-
process that describes the history of the particle. Now let (Z;);¢[0,7] with Z; = (X g), C)cer,
be the process defined in (1.12) on the time interval [0, T']. Fix a set C such that either C € Pr
(which is the case we consider most of the time) or such that C can be written as a union of
sets in Pr. Define

(114) eTO=(&")), orp where g V= 3 5
CEP,:ECC

(1.13)

(Xg),|6|) (S MNO(S X N).

One can easily check that, as a consequence of the mechanism (1.13), the sum on CeP
satisfying CcCis nonempty. 7€) is the (sub)process that only keeps track of the atoms

with labels in C, that is, ’“(T ©) is the number of particles with a given location and mass at

time ¢ that have emerged from atoms with labels in C. In particular, it holds that = "‘(T O =
Yiecd x© 1y In the following we mainly choose C € Pr (i.e., C is one particle at tlme T),
{i}

and in that case we note that (7€) is an element of the set of history trees,

(1.15) r'Y ={eelr: &r(SxN) =1},
where
(1.16) I =mpl (D), where o 71(8) = (&)refo.71-

is the set of trajectories on the time interval [0, T']. Thus, if C € Pr, then 2O tracks

history of the particle (X~ ) ,|C|), ending in a single-particle configuration § & cp & time
C k)

T. Recall Figure 1, where we illustrate how the process (E;):c[0,7] decomposes into the
subprocesses E(7C), C € Pr.

Now we introduce the main object of this paper: the normalised empirical measure of the
history trees of all the particles present at time 7,

(1.17) V= Z Sgrcy € M(TIV).
N C
ePr

For the definition of V(T), we need the process (Z;);¢[0,7] and need to work a priori on the

extended probability space with measure Pyx. However, observe that V](VT) does not depend
on the labels, even though its definition uses the labels in order to decompose the process
into its subprocesses 2.0 C e Pr. More precisely, assume that we fix k € M, (S) and

some vector X = (x,)| ll € SA that is compatible with k, that is, it satisfies k = Zlkl
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Then IP’X(V](VT) € -) does not depend on the labelling given by x, but only on k. Hence, in a
small abuse of notation, we will consider V](VT) under the measure P, and mean its distribution

under Py for some x that is compatible with k. Hence, we can assume that & and VI(VT) are
defined on the same probability space with measure P. In particular, we will speak of its
distribution under the Poisson initial configuration, Ppy;,, " and mean the distribution with
an initial configuration vector whose length is Poiy-distributed and has i.i.d. p-distributed
entries.

Let us explain how we can obtain the process (% E1)tefo,r] from V](\,T). Let us denote
the projection m;: I'r — M, (S x N) by m;(§) =&, and let us write v; =v o nt_l for
ve M(I'r)andt € [0, T]. Then, denoting

(1.18) E(Z2)= Z 8(X(’),|5|)’

we have that

o) ~
(0 ¢<hTel)
GP[

1
(1.19) =N > 2 5(Xg)’|5|)
CePrCep;: CcC

1
i

CePr
- / v de)e,,

where the first equality can be checked easily by comparing the transition rates of the two
processes. The connection in (1.19) is crucial, since it shows that ( % E1)refo,7] 1s a function

of V](\,T) and allows us to understand the dynamics of (% E1)refo,71 by studying VI(\,T).

The organisation of the remainder of this paper is as follows. Section 2 presents the main
results of this paper, which we discuss and compare to the literature in Section 3. In Section 4
we prove the first main result (identification of the distribution); in Section 5 we prepare for
the proofs of the others, which we complete in Sections 6 (large-deviation principle) and
Section 7 (convergence and gelation criteria, and the Smoluchowski equation). Technical
parts of the proofs are collected in the Appendix.

2. Results. In this section we formulate and comment our four main results: a represen-
tation of the empirical measure of history trees in Section 2.1, a large-deviation principle for
this empirical measure in Section 2.2, criteria for the occurrence of the gelation phase tran-
sition and convergence in Section 2.3, and the validity of the Smoluchowski equation for the
limit in Section 2.4.

First, let us introduce some notation that we use throughout the paper. For any measure
m on some measure space X and any measurable function f on X, we write (m, f) for the
integral of f with respect to the measure m. We write |m| = m(X) for the total mass of m.
We denote by M (X)) the set of probability measures on X. For measures v € M(S x N),
we use the fact that v is partially discrete and write v(dx, m) instead of v(d(x, m)) and define

vl =X men Js v(dx, m)m.
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Considering Poisson point processes, we use the following notation. For y € (0, 00), we
denote with Poi,, the Poisson distribution on Ny with parameter y, and for a measure u €
M(S), we denote with Poi, € M{(My,(S)) the distribution of a Poisson point process on
S with intensity measure . By this we mean a finite random collection ); §,, of points
ri € S such that #{i : r; € A} has the distribution Poi,(4) for any measurable A C S and is

independent over mutually disjoint sets A. Similarly, for any measure M on F(Tl ), by Poiyy,

we denote a finite collection ) ; §g, of point measures on nonempty point configurations &; €

F(Tl) such that #{i : E; € B} is Poisson-distributed with parameter M (B) for any measurable
&)

BcCcl; .

2.1. First main result. Identification of the distribution. In this section we present our
first main result: an identification of the distribution of the empirical measure Vﬁ,T) of the his-
tory trees of the particles present at time 7. This is in terms of a Poisson point process (PPP)

on F(T1 ) and an exponential pair-interaction term. We fix 1 € M (S) and will be considering

the Marcus—Lushnikov process under the poissonised initial condition Ppy;,, L

In the following the reference measure, M,iT,{, € M(F(Tl)) will play an important role,

which we define as

2.1) M"Y ds) = NW-lePpy, (B € df), & el k=¢,

that is, the restriction of Ppy; . to F(Tl ) with some factors that turned out convenient. Note that
M :LT])V does not weight empty configurations: while Poi,, gives positive measure to k = 0,
the restriction of Py to F(Tl ) is the zero measure, since F(Tl) does not contain the zero point
measure trajectory. Furthermore, the total mass of M;LTI)V is finite, since [P, has mass < 1 on
F(Tl) and Poi, has exponential moments of all orders.

We now introduce a reference PPP Yy =3 ;; 6z, on F(Tl ) with intensity measure N M‘(LT])V.

We write expectation with respect to Yy as E YR
w,N

Let us express the probability of noncoagulation between any two history trees for a fixed
time interval [0, T'] for fixed T > 0. In Lemma 4.1 we prove that, for any two history trees

&,& € I'r, the probability that they do not coagulate takes the form e~ R ), where we
have the explicit formula

T
2.2) RD(£,8) = /0 dile, K&, €8 Ty,

and we write K¢ (x,m) = [¢ ey @ (dx',m)K ((x,m), (x",m")) for any (x,m) € S x N
and any ¢ € M, (S x N).
In our first main result, we assume nothing else than what we stated around (1.4).

THEOREM 2.1 (Poissonian description of the empirical measure). Fix u € M1(S) and
T > 0and N € N and a measurable bounded function f : M(F(Tl)) — [0, 00). Then

T)

. () _ Ly i RD(ELE; 1 NaM) -1y
(2.3) EPOINM(f(VN )) _ENM;(ZI)V |:e 22 i ( ])f<NYN)i|e wN ,

where Yy =) _; g, ~ PoiNMm is a PPP with intensity measure NM(T])V.
N i,

The proof of Theorem 2.1 is in Section 4. Let us give an interpretation of the formula:
the distribution of V§ is given via the distribution of ¥y with the additional density term
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exp{—% i) RT)(E;, B ;j)} that takes into account the noncoagulation between any pair of
history trees.

Actually, Theorem 2.1 gives the coagulation process the meaning of a spatial interacting
many-body system with Gibbsian interaction; see Remark 3.1. We underline that this is not
a prerogative of the system when starting from a Poisson initial condition, as an analogue
representation can be obtained for any initial condition. However, since in the following we
focus only on Poisson initial condition, we omit it here and defer the treatment of such setting
to future work.

2.2. Second main result: A large-deviations principle. Here is our second main result,
which is about asymptotics as N — oo. In view of our Gibbsian representation in The-
orem 2.1, limiting statements are most naturally approached in terms of a large-deviation
principle for the empirical history tree measure, as we will formulate in Theorem 2.3. We
consider initial configurations distributed as Poiy,, for some u € M (S) such that N is the
order of the number of particles at time zero. In order to see interesting phenomena, we re-
place now the kernel K by %K . We indicate this by adding an additional superscript V).
Having done this change, the formula for the particle distribution from Theorem 2.1 receives
a structure that is exponential in N; hence, any kind of limiting assertions as N — oo based
on that formula will naturally involve a large-deviation principle (LDP). It is known that the
concept of an LDP depends strongly on the topologies used, and we will be working on
sets V) = M(X) of bounded Borel measures on a Polish space X, equipped with the weak
topology; see Section A.1 for specific remarks on our particular case.

For all limiting assertions in this paper, we will be under the assumption formulated in
(1.2). Note that product kernels of the form K ((x, m), (x’, m")) = ¢(x, x"Ymm’ satisfy (1.2)
if ¢ is bounded.

In preparation for formulating our main result, we formulate the convergence of the ref-
erence measure M LTI)V, defined in (2.1), with K replaced by %K . In a slight abuse, we
use the notation Q|4 for the restriction of a measure (Q to a measurable set A, that is,
Q)a(B) = Q(A N B). Both measures that we are introducing in the next lemma are crucial
for our LDP.

LEMMA 2.2 (Convergence of N'k‘_llP’,((N)(E € -)|F<1>). Assume that the kernel K satisfies
T
(1.2). Fix p € M1(S) and T € (0, 00) and k € My, (S). Replace the coagulation kernel K

by %K , and write ]P’,(CN) for the probability measure. Then the following limiting measure
exists in the weak sense:

. - - 1

2.4) Ql(cT)(') — ngnoolel IP]((N)(__:‘ c ')|F(Tl) c M(F(T))~

In particular, the measure Ml(f,’VN), defined in (2.1) w.r.t. PN converges toward the measure
(2.5) MDD =ePoi, @0 e M(TYV).

In (2.5) we used the well-known measure-theoretic notation
(2.6)  Poi, ®QT (d(k, £)) = Poi, (dk)QL ) (dE), k€ My, (S), € e T\ st & =k.

The proof of Lemma 2.2 is in Section 5.1. An explicit formula for Q,((T) and more informa-

tion appear in Lemma 5.2. Informally speaking, Q,(f) assigns to a trajectory & the product of
the rates over all coagulation events but drops all terms coming from the exponential densities
of the coagulation times. It is an important reference measure for our further analysis.



1270 ANDREIS, KONIG, LANGHAMMER AND PATTERSON

As we have already said in Section 1.1, in the present paper we study only the microscopic
part of the process, that is, those particles that are of finite-order size in N. We leave the
study of other particles, with size growing in N, to future work. Note that the space of history
trees F(Tl ) does include the history of particles with arbitrarily large sizes. For this reason we
encounter the problem of lack of compactness in M(F(Tl)), the state space of V(T), and we
are forced to condition on a set that induces compactness. Fix any > 0 and some function
f: N — [0, co) that grows at infinity faster than linear, that is, f(r)/r — oo as r — oo, and
satisfes that f(r) > r for all r € N. Define

2.7 App= {veM(F(Tl)): /Fmv(dg)fﬂéol)sﬂ},

and note that for any & € F(Tl) it holds that its collected mass ||&;||1 € Nis constantint € [0, T']
and equal to |&p|, the number of initial atoms of £. Hence, the condition in A, g is an higher-
moment integrability condition on the sizes/masses of the particles at time 7. On the event
{V](\,T) € Ay g}, we will be able to derive compactness/continuity of important objects that
allow for a smooth proof of the LDP (see Sections A.1 and A.2). See Remark 3.4 below
for an explanation that, on this event, the configuration cannot develop a macroscopically
large particle by time 7 in the limit N — oo, and so the conditioning is more than a purely
technical step. Since f(r) > 1 forall r e N, |v| < 8 for all v € Ay g. We will later mainly
use f(r) =r2.
We are going to introduce the rate function of our LDP.

Recall from (2.2) the noncoagulation functional R, and introduce the operator with
kernel R(T),

(2.8) ROE) = | | RD(E (), & Ty, veM(Ty).

See Section A.2 for a number of properties of R,
We fix u € M;(S), and we define the function I&T) : M(F(Tl)) — [0, oo] by

dv 1
v, lo —>+— v, RO +1— | ifvMD,
(2.9) D) = < ng,ST) 2< ) "

00 otherwise.

Here is our main result: an LDP for the collection Vl(\,T) of all the components of the co-

agulation process with N particles and kernel %K , restricted to the event that no infinite
component appears in the limit.

THEOREM 2.3 (LDP for VI(\,T) ). Assume that the kernel K is continuous and satisfies the
upper bound in (1.2). Replace the kernel K by %K. Pick T € (0, 00) and . € M1(S). Pick
f: N — [0, 00) satisfying lim, .~ f(r)/r =00 and f(r) > r for any r. Then for any B > 0,
the distribution of VI(VT) under Pl()]gi)m (- IV](\,T) € Ay p) satisfies an LDP on M(F(Tl)) with speed
N and rate function

1D W) — fveAsg,
2.10) MI®) > [0,00], i | T X8 TVEAL
00 otherwise,
where xpg =infyea,, I, ,(f)(v). The sublevel sets of this rate function are compact.

The proof of Theorem 2.3 is in Section 6.
A standard conclusion from Theorem 2.3 is the following.
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COROLLARY 2.4 (Accumulation points). In the situation of Theorem 2.3, the distribution
of VI(VT) under Pl()]gi)w (-IVJ(\,T) € Ayp) is tight in N, and each limit point of this distribution

along any subsequence is concentrated on the set of minimisers of I ,ST) lAsg-

We are not only interested in the empirical process VI(\,T) but also in the Marcus—Lushnikov
process (Z¢)se[0,1] itself. Because of (1.19), this is a function of V(T), more precisely,
(% Ei)ref0,7] = p(V,(\,T)), where we define

p: M(TV) 5 Dy (M(S x N)),

po(v) = (Pt(U))te[O,T] = (/M(F;})) v<d$)$t>te[0 T]’

where we write D7 for the set of cadlag functions on [0, T'].
The continuity of the map p is handled in the following lemma. Details about the topolo-
gies are given in Section A.1.

@2.11)

LEMMA 2.5 (Continuity of v — p(v)). Fixany g > 0 and some function f: N — [0, c0)
that grows at infinity faster than linear, that is, f(r)/r — 00 as r — 00. Let (Vy),eN be a

sequence in Ay g that converges toward some v such that I ,ST)(V) < 00. Then p(vy) — p(v)
as n — oo.

The proof of Lemma 2.5 is in Section 5.2. As a consequence of this and the LDP of
Theorem 2.3, we obtain also an LDP for the Marcus—Lushnikov process:

COROLLARY 2.6 (LDP for (% E1)refo,71)- In the situation of Theorem 2.3, the distribu-
tion of (% E1)iefo, 1] satisfies an LDP on Dy (M(S x N)) with rate function

= inf{IliT)(v) —xp:veAsrg, pv)=p}.

This immediately follows from the contraction principle, more precisely from Remark (c)
on Theorem 4.2.1 in [19].

Let us close this section with a remark on a handy criterion for uniqueness of minimisers

for the rate function /, ,fLT).

REMARK 2.7 (Convexity of I,(LT) by nonnegative definiteness of K). The map v —
(v, R (1)) is a priori not convex. But under the additional assumption that K be nonnega-

tive definite, it is. Then / ,ST) is strictly convex. Recall that
(2.12) K is nonnegative definite <= (v, Kv) >0, ve Mp(S xN),

where we denote by MRp(S x N) the set of signed finite measures on S x N. The convexity
of the map under the assumption of nonnegative definiteness is clear from the fact that, for

positive measures Vi, Vv on F(Tl) and a € (0, 1),
o1 (avi + (1 = )2, R (a1 + (1 — a)v2))
13)
=a(v, R 1)+ A = a){v2, R (1)) — (1 — ) (v1 — v2, RP (1 — 12)).

Nonnegative definiteness yields a handy criterion of uniqueness of minimisers of / ,ST), but
since it is difficult to check in practical examples, we will not rely on it.
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2.3. Third main result: Criteria for convergence and gelation. One of the main questions
in the Marcus—-Lushnikov model is about the existence or nonexistence of a gelation phase
transition. That is, the question about the existence of a deterministic critical time threshold
Tge1 € (0, 00) such that there are only microscopically sized particles (i.e., particles of size
of finite order, not depending on N) before time Tge|, and after this time, a positive fraction
of the total mass (i.e., < N) lies in large particles (i.e., particles of N-depending diverging
size). If this phenomenon occurs, then we call Ty the gelation time, the group of all the
macroscopic particles the gel and the coagulation kernel K a gelling kernel. We stick to the
convention that we use %K instead of K (indicated by an additional superscript V).

Let us coin a rigorous definition of the occurrence of gelation. We introduce the notation

lvll,<r = [g > pm—ymv(dx,m) for v e M(S x N); then ||E7]l1,<1 is the total amount of
(N)

Poix,.’ and

mass in particles with size < L attime T'. Recall that t — || E,|| is constant under P
| % &1 is equal to % times a Poi y-distributed random variable, that is, it converges to one as

N — 0o almost surely and in L!-sense. One can call the difference || % Erlli —lIgErlh.<L
the L-gel of the process at time 7. Then
1, 5L:|

is the limiting expected nongel mass, that is, the mass outside the gel. The map 7 +— NG(“ )

1
(2.14) NG = lim limsup ESY) [HNQT

Poiy,,
L—oo N oo

is nonincreasing with initial value NG(“ )= L If NG(T”“ ) < 1, then we say that there is a gel at
time 7', and we define the gelation time by

(2.15) T =inf|T € (0, 00): NG < 1} € [0, o).

This is the time at which the gelation phase transition occurs, if it is finite. If Tg(e’f) < 00, we

also speak of the phenomenon of loss of mass and say that gelation occurs. The interpretation
is that some positive fraction of all the atoms sits in particles of sizes that depend on N and
diverge as N — oo such that their total mass goes lost when looking only at particles of finite
size, regardless how large this finite-size window is. We think this notion is (one of) the most
natural notions of gelation and gelation times; see Section 3.2 for other notions of gelation
used in the literature on coagulation processes.

Note that the total mass of the L-gel can also be expressed in terms of our process Vj(\,T).
Indeed, for any measure A on point measures on S, introduce its arom-distribution measure,

(2.16) () = /M 5, HAOKO) EMS), 1 e M(Mri(S)).
No

and its L-restriction CFL)(-) = [ A(dk)k(-)L{|k| < L}. Recall that (V](VT))O 1S a measure con-
centrated on M, (S x {1}) and can hence be identified with a measure on My, (S), which

allows us to write ¢ . Recalling the connection between V](\, and + ~ &¢ from (1.19), we

(V](\]T))()
can write the non-L-gel of the process at time 7" as

Vi d8) g [1{ [0l < L)

(1)
2.17)

1
- (T) N
/ VD@ lEr <1 = | 8

<L

Especially from the second expression, it is clearly seen that this quantity is a continuous
functional of VI(VT) in the weak topology. This will be important in our proofs, since they deal
with V(.
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Introduce

(2.18) g\ = hmsup(M<T>({s eV g5l =n}) " € (0, 00).

This quantity controls the finiteness of all the moments of |&y| under the reference measure
M, (1): the threshold for the finiteness of all moments is q ,(LT) =1

Here is our main result on the existence and nonexistence of gelation. For all our sufficient
criteria for gelation, we will assume that the lower bound from (1.3) holds. Like our main up-
per bound in (1.2), one main example for a kernel that satisfies (1.3) is K ((x, m), (x',m’)) =

@(x, x"ymm' with ¢ bounded away from zero.

THEOREM 2.8 (Criteria for nongelation and for gelation). Fix u € M1(S) and T €
(0, 00), and assume that (1.2) holds.

1. Criterion for nongelation: Assume that q,(LT) < 1. Then the following hold:

G I ,ST) has compact sublevel sets and hence possesses minimisers.
(ii) NG(TM ) — 1, that is, there is no gelation at time T .
(iii) Any minimising v\1) satisfies the Euler—Lagrange equation

(2.19) v(dg) =MD (de)e ™ g

under P are tight in N.

Poiy,

(iv) The distributions of V(T) and c WD

(v) Let P be a limit point ofIF’g(;/]) V(T) € ), N € N. Denote by V a random variable
with distribution P. Then |cy,| =1 almost surely with respect to P.

2. Criterion for gelation: In addition to (1.2), assume that (1.3) holds and that inf I\") > 0.
Then gelation occurs, that is,

NG < 1.

The proof of Theorem 2.8 consists of several steps and is spread over the entire Section 7.
The main argument for 1(ii) is in Section 7.3 and for 2 in Section 7.4.

REMARK 2.9 (Interpretation of the EL-equation). The EL-equation in (2.19) charac-
terises minimisers v of the rate function in terms of a self-referencing equation for the (non-
normalised) distribution v on history trees: they are equal to a characteristic reference dis-
tribution M ,(LT), with a term that weights the sampled history tree with the probability that
it does not coagulate with another independent sample under the same distribution v. Via
(1.19), this can also be turned into a characteristic equation for all accumulation points of
(% E1)refo.7]; see Section 2.4.

Now we state simple estimates on the kernel K that imply that the criteria from Theo-
rem 2.8 are satisfied.

PROPOSITION 2.10 (Bounds on T that imply (non)gelation or convergence). Fix u €
Mi(S) and T € (0, 00), and assume that (1.2) holds.

1. Criterion for nongelation:

(i) IfTH < e%’ then q,(LT) < 1, and thus the statements from Theorem 2.8, 1 apply.
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() If TH < eLZHLn’ then (2.19) has at most one solution, and the distribution of
- N
(% Er)rel0,T] under P4y,

Poiy,, COnverges to f v(T)(dé)St),e[o,T] with v\ the unique solution
to (2.19).

2. Criterion for gelation: In addition to (1.2), assume that (1.3) holds. Then

1
(2.20) inf IPDWw)>1- —<

e (1og(2THe2))2)
vem ) 2T ’

TH h

that is, the criterion of Theorem 2.8, 2 applies for all T such that the right-hand side is
strictly positive.

The proof of assertion 1 of Proposition 2.10 is at the end of Section 7.3, and the proof for
2 is in Section 7.2.

COROLLARY 2.11 (Bounds on the gelation time). Under the assumption in (1.2), ng’ >
. If additionally (1.3) is assumed, then

. 1 € (1Og(27 1162))2
() .
Tgel <1nf{T. < + h )<1}<OO.

1
He?

The correct interpretation of the loss of mass phenomenon in terms of a measure v on
F(Tl) is that the total mass of all the history trees decays in the limit N — oo as a function of
T. Indeed, v(d§) registers only those history trees that correspond to finite-size particles at
time 7. All the other (larger) particles that are present at time 7' do not appear in v anymore,
together with their respective history trees. The reason is that the state space F(Tl) cannot
accommodate nonmicroscopic trees. In future work we plan to extend the description of the
history trees by some enlarged space that is able to describe also the larger particles and their
history. It seems as if it is not possible to formulate (not to mention, prove) an LDP or a law
of large numbers without detailed knowledge about the large particles, since each of them
has a nontrivial influence on the dynamics of the entire coagulation process after they appear.

2.4. Fourth main result: The Smoluchowski equation. Let us now come to the fourth
main result of this paper. To introduce it, let us recall that the rigorous analysis of coagu-
lation processes started in 1916 with a formulation and analysis of the—by now famous—
Smoluchowski equation [44]. This is a partial differential equation for the evolution of the
concentration of particles sitting in any site. It consists of a positive term that describes the
formation of new particles in a certain site via coagulation of a pair of smaller particles and
a negative term describing the loss of particles in that site due to coagulation with any other
particle. In our situation, where we include space, we can formulate the equation in the form

0 pr (dx™, m*)

1

2.21) =5 Z /S/Spt(dx,m),o;(dx/,m')K((x,m), (x',m’), dx™)

m,m’'eN: m+m’'=m*
— pe(dx*, m*)Kp (x*,m*), x*eS m"eN.
This equation and its variants play a fundamental role in the investigation of the limiting
behaviour of the Marcus—Lushnikov process as well as being of interest in its own right as

a deterministic coagulation model. Indeed, in previous probabilistic investigations, proofs of
the convergence of the process (% E1)re[0,00) With kernel %K often (if not always) follow
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the route that: (1) tightness arguments are employed, (2) it is shown that every accumulation
point satisfies the Smoluchowski equation, and (3) criteria for the uniqueness of the solution
are given; see Section 3.2. If the kernel is such that gelation occurs, then one can only expect
this convergence before the gelation time, whereas the full process ( % E1)ref0,00) has a limit
that solves an extension of the Smoluchowski equation, called the Flory equation, which
captures the influence of the gel on microscopic particles after the gelation time.

The main results of this paper on convergence and gelation so far have nothing to do with
the Smoluchowski equation. Nevertheless, this equation is so important that we decided to
show that it is satisfied by all limit points of the process (% &r)tefo.7], if T is small enough
such that we have no gelation. The novelty here is that we derive it from our main character-
ization, the Euler-Lagrange equation in (2.19).

LEMMA 2.12 (The ML process converges to a solution to the Smoluchowski equation).
Assume that w € M (S) and that K satisfies (1.2) and that TH < % -=—. Then, under

&2 147 ”
Pl(,lgi)w, the process (% 81)refo,1] converges to a solution p of the Smoluchowski equation

in 2.21).

The proof is in Section 7.5. We use Proposition 2.10 to ensure that we are in a regime,

where gelation does not occur and to get convergence of VI(VT) to the (unique) solution of the
Euler-Lagrange equation (2.19).

3. Background discussion.

3.1. Comments on the main results. In this section we outline our key heuristics and
explain the nature of some crucial difficulties in the proofs. We also highlight the benefits
and shortcomings of our approach.

REMARK 3.1 (The coagulation process as a Gibbsian many-body system). In our first
main theorem (Theorem 2.1), the expectation on the right-hand side of (2.3) is with respect
to a Poissonian reference measure on point measures Yy of history trees on [0, T']. The time
marginal at time zero is the spatial distribution of the initial particles (atoms) that coagulate
during [0, T'] into one particle, and the time marginal at time 7 is the particle distribution at
the end. By the Poisson nature, these trajectories are a priori mutually independent, but they
are under an exponential pair interaction term that expresses that they do not coagulate by
time 7'. Note that this interaction is mutually repellent. Hence, the right-hand side is a many-
body system of points in S with marks (the mark being their history tree) with Gibbsian pair
interaction with a PPP as the underlying reference measure. Putting f = 1, we can identify
N(M N1

the last exponential term (e 1)) in terms of the first one and obtain the formula

1 = =5
B o e 2 Zisia ROERED £ Ly )

(1)
NM, n

T
(3.1 Eroiy, (F (V) = Ty RTEE)
By o789 RO E0)
This shows that V,(\,T) has the distribution of %Y ~ under exponential transformation with the

. Iy prMy(m. 7. .
density e” 2 Lizj R (E0E)) properly normalised.

REMARK 3.2 (Plausibility of the LDP). On the basis of the Poissonian description in
Theorem 2.1, one can easily guess that there might be an LDP valid for V](\,T) with rate func-
tion as in (2.9), after replacing K by + K and hence R‘") by +- R in (2.3). The main point
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is that %YN satisfies an LDP under E NI with a rate function of entropy form, since
w,N

M /(Z,’VN) converges weakly toward M l(LT). The interaction term in the exponent (the double-
sum on i # j) is approximated by the sum on all i, j and directly leads to the double-integral
of R with respect to v ® v. Now collect all the exponential terms on the right-hand side of

(2.3) to see that they lead directly to the formula for / ,(LT) in (2.9).

REMARK 3.3 (Difficulties). The heuristics of Remark 3.2 suggest that I,(LT) governs an
LDP for (V}VT) )NeN under ng’i)N without any conditioning, but this is not true in general: A
couple of problems arise when a&tempting to prove an unconditional LDP, and they turn out
to be substantial issues, not merely technical difficulties. Indeed, these problems have a lot
to do with the gelation phase transition that we discuss in Section 2.3. One problem is that
the approximation of the sum on i # j in the interaction term by the sum on all i, j (i.e., the
addition of all the self-interactions) fails if the particles are too large, more precisely, if some
of them are of a size proportional to N. Another problem is that we do not see an argument for
compact sublevels sets of / ,ﬁT) (not even for lower semicontinuity) on the entire set M (F(Tl ) )
if |M ,ST)| = 00; hence, existence of minimisers is not certain. A third problem is that we see

a priori no argument for the fact that the infimum of / ,(LT) over M(F(Tl)) should be equal to
zero; in fact, we disprove it in Section 2.3 under certain assumptions on K and 7.

As mentioned, the above issues are not only technical. The reason why the unconditioned
process (V](VT)) ~NeN fails to satisfy an LDP with rate function / ,ST) is the possible emergence
of a macroscopic particle by time 7'. One can see that, under the assumptions in Theorem 2.8,
2, actually a different scenario arises, the emergence of a gel, and this makes an LDP with rate
function / ,ET) impossible. Let us recall that, in the special case of an inhomogeneous Erd&s—
Rényi graph (see Section 3.3), it turned out that a nontrivial contribution to the true rate
function without conditioning comes from the macroscopic part of the configuration, which
we neglect in Theorem 2.3. We plan to incorporate this part into our analysis in forthcoming
work.

REMARK 3.4 (The role of conditioning on Ay g). In Theorem 2.3 we condition on Ay g

to avoid the problems in deriving an LDP for (VI(\,T)) ~eN described in Remark 3.3. It is simple
to see that the map v — [ v(d§)|&p| is continuous and bounded on the set A .- Furthermore,
this enables us to show that / ,ST) has compact sublevel sets on it, and the diagonal sum (i.e.,
the sum on i = j) in the exponent can be shown to be small (also using the assumption in
(1.2)). This makes the proof of the LDP of Theorem 2.3 practical.

The compactness of the level sets of the rate function indeed hinges on the restriction to
the set Ay g. In an alternative characterisation of the rate function that we provide in (A.12),
at least for large T, the additional parameter b needs to be taken small, and then the one-
but-last term is not lower semicontinuous in v. However, on A g it is easily seen to be even
continuous. Then the compactness of the sublevel sets of the rate function follows easily from
the lower semicontinuity of v — (v, R (1)) (see Lemma A.2) and the compactness of the
level sets of the entropy.

However, on the event {V,(\,T) € Ay g}, there can be no loss of mass in the limit N — oo

for the random coagulation process V(T), since the total mass of atoms present at time 7 in

particles larger than L is bounded for any L € (0, oo). Indeed, using the majorizing function
f(r) = r? implies that

T p

/(va @)l L{ligoh > L} < -
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This means that the conditioning rules out any occurrence of mesoscopic or macroscopic par-
ticles with total mass of order < N. In this way, f acts like a majorant that induces tightness.
In our arguments in Section 7, we will use only f(r) = r? and large S, since this is easy to
handle.

One might think that, instead of conditioning on {Vl(\,T) € Ay g}, in the proof of the LDP,
one can use a decomposition into this set and its complement and try to show that the proba-
bility of the complement is exponentially small in N with a very large rate if 8 is large. This
argument, if it could be carried through, would indeed lead to a proof of the LDP without con-
ditioning. However, it is not successful, since the probability of such complementary event is
exponentially small only when gelation is super exponentially unlikely to occur before time
T and, therefore, it requires an a priori knowledge about the occurrence of gelation.

REMARK 3.5 (Difficulties in proving (non)gelation). If V](\,T) were to satisfy an LDP un-
der PV I,ST)

Poix . with rate function

, as discussed in Remark 3.2, then one would expect that

it converges (at least along subsequences) to a minimiser v‘*) of I,ST), which then satisfies
the EL-equations in (2.19). In this setting, one might hope that the definition of gelation via
(2.14) would be equivalent to mass loss in the minimiser, that is, | v (dg)|&| < 1.
However, as we already pointed out in Remark 3.3, the truth is much more delicate. Never-
theless, we succeeded in proving that there is no mass loss in either sense under the assump-
tion q,&T) < 1, implying no gelation. However, the condition q,(LT) < 1 is only sufficient, but
not necessary; we dropped the exponential term in (2.19) when estimating in Lemma 7.1. Ac-
tually, the criterion ql(f) < 1 for nongelation (and convergence and characterization of limits)
is good only for T small enough, depending on the upper bound on the kernel K in (1.2).
Unfortunately, even for kernels that are known never to produce a gel, we are currently not
able to derive q,(LT) < 1 from our criterion; for example, for the constant kernel K = H, we

can currently deduce only that q,(LT) < %H T . This shows that our nongelation criterion is only

sufficient and may be far from sharp.
On the other hand, under (1.3), we did prove that [ v (dg)|g| < 1 for T sufficiently
large; however, we were not able to use this to prove gelation. The reason is that we found no

argument to show that VI(VT) converges to V1) as N — oo under any measure that satisfies an
LDP with rate function /, ;(LT). Instead, the main point in our proof of gelation for large T in
Section 7.4 is the fact that / ,(LT) is bounded away from zero for large 7'.

3.2. Literature survey. In this section we wish to give an overview on related literature.

Spaceless coagulation models. Spaceless models for coagulation have been studied for
decades, and there are a number of works that derive criteria for the occurrence of gelation. A
review by Aldous [4] gives a general overview, covering deterministic and stochastic points
of view. He also suggests many open questions, several of which have since been resolved.
Mathematical modelling of coagulation began with Smoluchowski [44] in connection with
his work on diffusion. He wrote down a deterministic model in the form of a coupled set of
ODEs, (together known as Smoluchowski equation), which he informally derived from an
underlying stochastic model of Brownian particles. The original Smoluchowski equation is
the spaceless version of (2.21). A very natural stochastic (Markovian) model, which may be
viewed as spatially homogenised limit of the stochastic model used by Smoluchowski, has
been introduced by Marcus [35], again by Gillespie [25], and later studied by Lushnikov [34].
It is called the Marcus—Lushnikov model, and we study a spatial version of it in this paper.
The stochastic setting is well connected with the deterministic one. Indeed, replacing the
coagulation kernel K by %K , several later authors prove, in the spaceless setting, the conver-

gence of the normalised Marcus—Lushnikov process (written % E in our setting) toward the
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solution of the Smoluchowski equation, under various assumptions on the kernel and on the
initial condition. Some authors [24, 37] prove convergence toward a more general version of
the Smoluchowski version, the Flory equation [23], which characterises the evolution also in
the presence of a gelation phase transition after the gelation time.

Much literature focuses on the deterministic setting, proving existence, uniqueness, and
other properties of solutions of the Smoluchowski equation and its variants, under more and
more general assumptions [9, 17, 21, 22]. In this setting the phenomenon of gelation was
initially interpreted as an explosion of moments of solutions at a finite time, later as the ex-
istence of a time at which the solution loses mass, that is, the first moment strictly decreases.
The first rigorous treatment of gelation in the stochastic model comes with Jeon’s work [29]
(see also [39] for extensions and generalisations), where several notions of gelation are con-
sidered. One main notion is in terms of some kind of boundedness in N (either in probability
or in expectation) of the first time at which the total mass of the configuration that sits in
particles larger than ¥y is larger than § N for some & > 0 and for some scale function vy .
The choice of ¥y < N (i.e., the appearance of a macroscopic particle) leads to what is called
a strong gelation. It is clear that all these notions a priori depend on the parameter § and
the scale function ¥, and on the sense of boundedness that is required. The notion that we
chose refers to ¢y = L and an additional limit as L — oo, and we take expectation of the
total mass, a notion that is not handled in [29] or in [39]. Our gelation time defined in (2.15)
is—so to speak—the “earliest”of all possible gelation times.

It is intuitively clear that sufficient criteria for gelation to occur should consist of lower
bounds for the coagulation kernel K. The most interesting yet simple example is the product
kernel, K (m, m") = Cmm’, which admits a one-to-one map of the coagulation process onto
a natural growing sparse Erd6s—Rényi graph (see Section 3.3), where gelation has a natural
analogue with the famous emergence of a giant component. In this special case, one can
identify the gelation time, and it turns out that at that time a macroscopic particle arises;
hence, it is a strong gelation time in the above notion.

In [29] Jeon proved that a sufficient condition for gelation is that K (m, m") > € (mm’)4 for
all m, m" € N, with some positive € and g > % Later, Rezakhanlou [39] proved that kernels
satisfying K (m,n) > m9 + n? with ¢ > 1 produce instantaneous gelation, that is, the time
at which a giant particle appears tends to zero. Let us mention that it is, in general, believed
in the applied mathematics areas that all homogeneous kernels, that is, kernels that satisfy
K (cm,cm’) = c¥ K (m,m’) for all m,m’ € N, are gelling for y > 1, but as far as we know
there is not a proof for this statement.

Cluster coagulation model: Comparison with [38]. A very general coagulation model that
is able to incorporate space or particle features other than mass is introduced and studied by
Norris [38]. He introduces what he calls a cluster coagulation model, where each particle is
registered as a cluster that is an element of some measurable space £, which is equipped with
some mass function m: E — (0, 00). The coagulation of a pair of particles is a replacement
of two with one single particle such that the sum of the masses before and after coagulation
is preserved. Choosing £ = S x N makes our model a special case of this. In a nutshell,
our analysis does not offer a more detailed picture of the gelation phenomenon than [38]; our
new interpretation in terms of a PPP nevertheless sheds new light on the process and its phase
transition.

Norris focuses on the deterministic side, proving existence and uniqueness of solutions to
the cluster version of the Smoluchowski equation, in our setting (2.21), and conservation of
mass in some cases, that is, when K (x, y) < o(m(x))p(m(y)) for all x, y € E, where ¢ is at
most linear. Moreover Norris calls the kernel K approximately multiplicative if

em(x)m(y) < K(x,y) <M(1+mx))(1+m(y), x,y€E,
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for some ¢ > 0 and M < oo; this is equivalent to our assumption that (1.2) and (1.3) hold
for some H and /h. In Theorem 2.2 he proves that equation (2.21) in this case has a unique
mass-preserving solution up to a certain time 7', which can be upper and lower bounded by
functions of the initial condition. Note that this is not a probabilistic result but concerns the
deterministic differential equation. In order to tie this result to the (stochastic) ML-process a
convergence result is needed. Indeed, Norris studies convergence of % & (in our notation) to
the solution of (2.21) in his Theorem 4.2. However, his result requires restrictive assumptions
on the cluster space E (these are formulated in [38] as equations (3.1) and (3.2)). In particular,
the first of these assumptions (his (3.1)) implies a handy discretisation of the process, and
it essentially requires that the cluster space is induced by a discrete set of shapes. More
precisely, the clusters are discrete shapes that are equipped with real-valued weights, which
are needed to define the mass of a cluster, which in Norris’ work is generally allowed to
be real-valued. With other words, the masses are the only ingredient that is allowed to be
continuous. Hence, our understanding is that Norris’ convergence result does not hold for the
case E =8 x N, if § is continuous. That being said, let us mention that his Theorem 4.2
states also that the convergence holds exponentially fast in N. This is a first indication that
a large deviation principle might hold, even if it comes only in form of a (nonsharp) upper
bound.

Let us compare now the estimates on the gelation time from [38] to ours. This is only pos-
sible under the restrictive assumptions from Theorem 4.2, since Norris’ defines the gelation
time via the solution of the (limiting) differential equation (2.21), while we define it via the
stochastic process. In this framework the lower estimates on the gelation time are both of the
order 1/H (or 1/M in Norris’ notation), while the precise prefactors differ slightly. Regard-
ing upper bounds for the gelation time, Theorem 2.2 from [38] suggests that the gelation time
is not larger than 1/(e(m?, o)), where (m?, io) is the second moment of the initial masses.
After that time, any solution fails to conserve mass or ceases to exist. Since Norris’ definition
of a gelation time relies on an existing solution to (2.21), he cannot formulate an explicit
bound for the gelation time. It’s an advantage of the ML-process that the gelation time can
always be defined from the perspective of the particle system. While our quantitative upper
bound from Corollary 2.11 is far from optimal, the connection between the infimum of our
rate function and the gelation time that we find in Theorem 2.8 provides a new tool that has
not been explored yet.

With our new approach, we derive an explicit and autonomous representation of the dis-
tribution of the process in terms of a PPP. This leads to a characterisation of convergence
and of the limit in terms of an energy—entropy minimisation, which leads to a characteris-
tic Euler—Lagrange equation rather than a differential equation. Furthermore, we derive the
explicit large-deviation rate of the speed of convergence. Drawbacks of our ansatz are, in con-
trast to [38], that our convergence result of the Marcus—Lushnikov process is restricted to a
time-interval whose length is determined by some (nonoptimal) analytic conditions on com-
pactness issues and does not reach the gelation time, and our sufficient criteria for gelation
are far from optimal and cannot cover some well-known examples.

Other related works on spatial coagulation models. Recently, in [5] the authors focus on
gelation for the cluster coagulation model, providing criteria for gelation involving lower
bounds on the coagulation kernel and the convergence of a series. The approach is similar to
the one in [29, 39] for nonspatial kernels, based on estimates on the generator of the process.
It gives upper bounds on the expected gelation time of the stochastic proess. The bounds
obtained are similar to the one from Norris [38] and, therefore, very different from the one
in our Corollary 2.11. In [6] the authors extend Norris’ convergence results to convergence
toward the solution(s) of a generalised Flory equation, when E is a o -compact metric space.
It is important to mention that, in general, the uniqueness of such solutions is quite a delicate
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question. Under relatively strong assumptions, uniqueness has been established both before
and after gelation [36] in spaceless models. However, see [37] for a (quite involved) example
of a spaceless kernel for which multiple solutions of the Smoluchowski equation are possible.
It is not clear whether the introduction of spatial positions for the particles influences unique-
ness in a positive or in a negative way. Our work does not shed any light on this question,
since our uniqueness assertions are only for the minimiser of the rate function.

There are few other models of coagulation, where the coagulating particles move in Eu-
clidean space: [27, 31] treat the case where the particles move as independent Brownian mo-
tions in R? and [26] where the Brownian motions are replaced by random walks. The works
[13, 46] deal with diffusive particles with very general interactions of which coagulation is
only a special case. All these investigations proceed under assumptions that exclude gelation,
whereas [41, 45] restrict to particles moving as independent Markov chains on some finite
state space in order to investigate gelation in detail.

Large deviations for jump Markov processes. 'We turn now to large deviation results. In par-
ticular, we would like to draw comparisons between our Corollary 2.6 and existing results of
dynamical LDPs, that is, LDPs for the path of the empirical measure of weakly interacting
jump Markov processes over a compact time interval [0, 7]. Results of this type have been
proved in the case that the empirical measure takes value in a finite dimensional space, start-
ing from [40] and then under increasingly general assumptions; see, for example, [2, 3] and
references therein. The classical approach follows Freidlin—Wentzell theory; it consists in a
tilting argument for which a law of large numbers for the transformed dynamics is needed.

Our model does not fall in the above category, as our main object of interest is the path of an
infinite dimensional empirical measure. The case of LDP for infinite dimensional empirical
measure has been under investigation mainly in kinetic theory, in relation to large deviations
for Kac type of particle systems (stochastic microscopic models for Boltzmann equation). In
this case, particles are characterised by a spatial location and a velocity; they interact pair-
wise by changing their velocities and preserving kinetic energy. Here the empirical measure
is a measure on the space of locations and velocities; therefore, it is a truly infinite dimen-
sional object. For this type of model, a rate function of the classical Freidlin—Wentzell type
was suggested by Léonard [33] via a large deviation upper bound. However, matching lower
bounds were proved only when restricting to classes of sufficiently good paths [11, 28, 43];
the difficulty lies in the lack of a law of large numbers for the perturbed dynamics. In [10, 12]
two models of Kac type are studied, and a new rate function is suggested, which assigns a
nontrivial rate to paths with increasing energy. The matching lower bound is then proved for a
(larger) class of paths, but not yet for all paths. We are facing similar problems in our infinite
dimensional setting, the role of conservation of energy for Kac type of models being played
in our case by the conservation of the mass. To deal with this, we prove a conditional LDP;
that is, we prove matching upper and lower bounds only for paths in a certain subset of the
space (the image of the subset A7 g under p). Exactly as predicted in [10, 28] for Kac type
of models, we expect the true rate function (without ruling out gelation) to be different but
we defer this to future work.

Other Poisson process approaches. Our Poisson-process description of Theorem 2.1 is
novel in connection with coagulation processes and opens up a multitude of further research
directions, in particular a comprehensive analysis of the entire trajectory configuration on
the time-interval [0, T']. It also makes the model amenable to an asymptotic analysis, like
hydro- or thermodynamic limits and large-deviations, in combination with the powerful LDP
of Lemma A.4. Related Poisson representations have been found and employed for a few
models in statistical mechanics, like the interacting Bose gas [1, 18]. Also, in a recent paper
[42], the joint distribution of all the components of the Erd6s—Rényi graph has been iden-
tified in terms of a Poisson point process (here a compound one). It is used there to derive
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moderate-deviations results for three variables (size of largest component, number of compo-
nents of a given fixed size and total number of components). Previous large-deviations results
for Erd6s—Rényi graph with and without spatial component (see [7, 8]) can be obtained as
well with this approach; see also Section 3.3 for an account on the latter subject. It is clear
that the idea of Theorem 2.1 is amenable to all sorts of variants of coagulation processes, for
example, with movement or other features. It seems to us that the idea can and should equally
be applied in future to other models of statistical mechanics that are related to partitionings in
any way, for example, to hard-core gas dynamics or billiards. In this respect, let us mention
the work [15], which summarises a series of impressive works on hard-core gas dynamics.
In this framework, even though a decomposition into collision trees has been identified as a
crucial tool, no Poisson description has been used, and it will be natural to check whether this
approach might give new insight or introduce alternate tools there.

3.3. Comparison to inhomogeneous Erdds—Rényi graph. There is a special case in which
our spatial coagulation process can be realised as the connected component size process of an
inhomogeneous Erdés—Rényi graph, which was analysed in [7]. The graph dynamics differs
from the coagulation mechanism studied here only in that, for the graph, we add an edge
between atoms (and leave their locations untouched) instead of replacing two particles by
with a single particle at a new location. The connected components of the graph then play the
role of the particles of the coagulation system.

Here is the special form of the coagulation and placement kernels that admit a representa-
tion as a graph process provided that S is a convex subset of a linear space. Consider

(3.2) K((x,m), (x",m")) =« (x,x"Ymm', x,x'€S,m,m'eN,

with some symmetric and bilinear function x : S x § — [0, 00), together with the determin-
istic placement kernel

(3.3) Y ((x,m), (x',m'), ) =8 pswv -

m—+m’

Recall from Remark 1.1 that this kernel determines the new location of the particle in such
a way that the center of mass is preserved. This implies that the center of mass of a com-
ponent (the convex combination of its vertices) is equal to the location of the particle in the
coagulation process, for any component (resp., particle), at any time.

Since « is linear in each of its arguments

|1||1/|K(ﬁ Y % Zx,-) =Y kG, x), LI CIN

iel iel ieliel

Assuming that / and I’ are disjoint, on the right-hand side, we see the rate (in the graph
model) of putting a bond between any two vertices of the groups {x;: i € [} and {x;: i € I'},
which corresponds, in the coagulation model, to the rate of the coagulation between two
particles at the locations |}—| Y ierXi and |Il—,‘ > icp xi with mass ||, respectively, 1’|, which
we see on the left-hand side.

The rate function that we derived in [7] shows how the macroscopic and the mesoscopic
part of the configuration influence the large deviations of the microscopic part. We strongly
expect to see corresponding effects for the more general coagulation process studied in this
work, but this issue is deferred to future work. Our present work introduces a major improve-
ment to the proof technique from [7] by introducing in Theorem 2.1 a Poisson point process
that enables us to prove large-deviations results without the projective limits that are at the
core of the proof in [7].
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4. Proof of Theorem 2.1: Distribution of the configuration. In this section we prove
our first main result, Theorem 2.1. That is, given an arbitrary probability measure ¢ on S,
we identify the distribution of the empirical measure VI(\,T) defined in (1.17) for any fixed
T € (0,00) and N € N under the poissonised initial condition ]P)POiNH given in (1.10). We
assume that the coagulation kernel K from Section 1.2 is just measurable.

The main idea is the decomposition of the process into all the subprocesses that coagulate
into one single particle by time 7. This is done via a decomposition in terms of all the coag-
ulation trajectories, which we will also call history trees, that is, the parts of the coagulation
process that coagulate into one single particle by time 7. We are going to rewrite the joint
distribution of all these trees in terms of a self-interacting Poisson point process. The first
result is an explicit characterization of the self-interaction term.

Recall the partition process Z = (Z;)ec0,7) from definition (1.12), that is, Z; = (X g),
C)cep,, which consists of a process of partitions P = (Pr)scfo,7] € P(A) for some A C
N with a location X g) € S for every particle C € P; at every t € [0, T]. The Markovian
dynamics is given in (1.13), and the initial state is Zy = (x;, {i});ca for some vector x € S A
We denote the state space of Z by Z4, and we indicate with Py the law of such process. Fix
disjoint finite label sets A, B and vectors x € S4, y € SB. Suppressing the dependence on
T in the notation, we consider the process Z = (Z;)¢[0,7] under P(x y), where the partition
process (P;):¢c0,7] takes values in P(A U B) with initial atom configuration (X, y) € SAVB,
We denote by {A <+ B} the event that (up to time 7') there is no coagulation between A and
B, that is, no coagulation between any pair of particles (i.e., sets) C, D with C C A and
D C B. Now we define

dPx.y)(A = B, (ETA 8T8 ¢ .

@D ROEE) =l b T o Py e (B (2]

(‘i:’é/)’ SvS/GFT-

In words, e~ RTEE) is the probability that the subprocesses & = E(7-4) and &’ = 8(7-8)
do not coagulate with each other by time 7'. This probability is the probability that all the
exponential holding times of pairs of particles between & and &’ never elapse during [0, T'].

LEMMA 4.1 (Identification of R).  For any &,&" € 'y, the density R (&, &) in (4.1)
exists, and the formula (2.2) holds.

From formula (2.2) one sees that R‘") does not depend on the placement kernel Y and is
symmetric, since K is. Since for any 7 € [0, T] we have that & and &, are discrete in space,
the integrals (§;, K&/) are indeed sums.

PROOF. As for the definition (4.1) for R (£, £"), let A and B be disjoint finite sets,
and fix X = (x;)jes € S and y = (vi)icp € SB such that & = > i 0y, and 56 =) ;4y,. By
Px,y) we denote the distribution of the process Z as above with partition process in P(AU B)
and initial configuration (x,y) € S AUB On the event {A <> B}, for any t € [0, T], P; can be
decomposed into a partition of A and a partition of B. In particular, we can decompose any
state z € {A +» B} of Z as z = (z4, zB), Where z4 € Z4, zp € Zp. On the other hand, to any
pair z = (za, zp) With z4 € Z4, zp € Zp, we can associate a state z € {A <+ B}. Then

/ P(X7y)(A<—/—>B,ZAEdZA,ZBGdZB)
ZAuB
4.2)

= Px(Z € dza)Py(Z € dzp) p(za, 2B),
ZAXZp
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where p(za,zB) = Pxy)(za +» zp) is equal to the probability that no exponential time
elapsed that would result in a coagulation between subsets of A and subsets of B. More pre-
cisely, given any two states z4 € Z4, zp € Zp, we can iteratively, fori =1, 2, ..., construct

maximal intervals I; = [t;_1, t;) such that the corresponding partition processes (Pt(A))te[o, T]
and (PI(B) )teo,7] are both constant on [#;_1, #;). Then we indicate with {z4 <> zp} the event

that, for all i and for all C € Ptl(,fl) ,De Ptl(,i) the exponentially distributed times with pa-
rameter K((X¢, |C|), (Xp, |D])) are larger that t; — ;1. Since for any i we can get the
number of sets/particles C € P,l(.fl) sitting in (x,m) € S x N via the empirical measure

Bs_,(za)(d(x, m)), as defined in (1.18) (and the same for B), we have that
- - T
paa, zp) = [ [ i G K Sy @) exp(— [T K&(zB))dz),
i

which only depends on E(z4), E(zp). Given that these exponential clocks did not ring, by
definition the exponential clocks running between elements of P(A) are independent from
the ones running between elements of P(B). Therefore, we have

Px,y)(Za €dza, Zp €dzplza +» z) =Px(Z € dza)Py(Z € dzp),

which justifies (4.2). Now, going to the distributions of E(z4), E(zp) under Py and Py gives
the result. [

Now we express the probability of the event that the coagulation process decomposes into
two pieces, not necessarily terminating with precisely one particle at time 7 .

LEMMA 4.2. Let A and B be disjoint finite sets, and fix X = (x;)ica € S4 and y =
(yi)iep € SB. By Px,y) we denote the distribution of the process Z as above with parti-
tion process in P(A U B) and initial configuration (x,y) € SAYB. Then for any measurable

N € My, Ty,

Py (A« B, NV € N)
4.3) o
_ <PX ® Py, e_R(T)(G(T,A)’:‘(T,B))]l{N[VI(VT)(ZA) + V](VT) (ZB)] c N}),

where we recall definition (1.14) and (1.17). (We write the random processes under Py and
Py as Z a, respectively, Zp and used (1.17) for each separately.)

PROOF. On the event {A «+» B}, forany ¢ € [0, T'], P; can be decomposed into a partition
of A and a partition of B. In particular, we can decompose any state z € {A <+ B} of Z as

z=1(za,2B), Where z4 € Z4, zp € Zp. The measure V](VT) decomposes accordingly into the
sum of V,(\,T)(ZA) and V](VT)(ZB). This gives us

Pyy(A e BNV €)

N ZpJZp

(T)
LiN Py (dzA)Py(dzp).

. . . . T)(g(T,A =(T.B .
Hence, we can insert the density which is equal to e RPETYe).8TP @) anq arrive at
4.3). O

Now we formulate the decomposition of the coagulation process into pieces that end up
with just one particle each at time 7. We denote the restriction of Py to {E(Z) € F(Tl)} by
IP’,((I) and note that this is a subprobability measure.
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LEMMA 4.3. Fix M €N, and let P ={C;: j € [m]} € P(IM]). Fixx= (x))!1, e SM,
and denote xV) = (x,-)iecj. Then for any measurable N C My, (F(Tl))

Px(Pr =P, NV’ e N)

(4.4) n | T(g. g =z
= ®P>(;8)ve_7zj’j/:#ﬂle €i8i0q Z‘SE]’ eNt)
j=1 j=1
where for each j =1, ...,m, we denote the random variables under Py by Z; and put

2;=E(Z)).

PROOF. Note that {Pr = P} implies that {C; < U’}Lz C;}, and use Lemma 4.2.
Iterating this argument gives formula (4.4), since Y cep. cué RM(gT.0O) 5.0y =
1 TYm. 7.

EZJJ/J?&J/R( )(uj,uj/) ‘:’

PROOF OF THEOREM 2.1. Without loss of generality, it suffices to show the statement
of the Theorem for functions of the form f(v) = 1x/(Nv) for some measurable set N €
MNO(F(T] )). Denote by L the set of collections of numbers £ = (£,,),eN € Ngl. For any point
measure v =3 ;c; 8z0) € MNO(I‘(TI)), there exists an £ € L such that £, =#{i € I : |§éi)| =
n}, for any n € N, that is, v consists of exactly ¢, (coagulation) trees of of size n, for each
n € N (where the size of a tree & € F(Tl ) is given as the number of atoms, i.e., by |£g]). In that
case we say that the tree sizes of v are given by £. We can decompose any measurable set

N C My, (TSP) as N = ey N(€) with
N () ={v e N: the tree sizes of v are given by £}, forany £ € L,

where the sets A/ (£), for £ € L, are disjoint. In the following we will assume that " = N (£)
for some £ € L. Recall that N VI(VT) =Y 8z.c), where the sum extends over C € Pr, which
we will leave out in the notation. We want study the event {3} dzr.c) € N'}. We abbreviate
M=} ,¢,nand m =), £, and note that on the event {}_ 3zr.c) € NV} it holds that M is
the total number of atoms and m is the total number of coagulation trees. Recall that under
Ppoiy ., We want to consider the empirical measure VI(VT) under Px, where the initial condition
X = (x;)ies is such that ) ;c; 8y, is Poiy,, distributed. More precisely, we choose the length
|1| of the initial vector x as Poiy -distributed and sample the (x;);<7 1.i.d. and with distribution
. Therefore, we have that

Ppoiy,, (Z Sz € N)

o
= Z POiN(M/) /SM’ M®M/(d(x1,...,fo))PX(Z3E(T.C) EN)
M’'=0

The sum reduces to the summand M’ = M, since otherwise the probability of the event is 0.
Now,

PX(Z(SE(T.C) GN)= Z ]P)X<PT=P,ZSE(T,C) GN),

PeP(IM])
P compatible with ¢
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where we say that a partition P € P([M]) is compatible with ¢ if for each n € N we have that
#{C € P: |C| =n} ={,. Using the formula from Lemma 4.3, we get that

IP)PoiNH (Z 5E(T.C) € N)

=POiN(M)
(4.5) x > / ®M(dx)<®]}»<<}), 1557 i R(EEp)
PeP(M)

P compatible with ¢

m

X ]liZ(SEj GN}>
j=1

For n € N, we denote u®" @ P (d(x, Z2)) = u®"(dx) ® IP’,((U(dZ) (i.e., we conceive PV ag

the kernel (x, A) — IP’,((I)(A)). Then for any P € P(M) that is compatible with ¢, we have

that each summand in the second line of (4.5) equals

m
(4.6) <®( ®ICi| @ p(D), g2 X joit R (218 ”1{2& e/\/}>

j=1 j=1
where we put P = {C;: j € [m]}. The right-hand side of (4.6) depends only on the cardi-
nalities n; of the partition sets C;. Given £, we can uniquely fix a collection of numbers
ni,...,ny € Nsuchthat#{j: n; =n} = ¢, for each n € N. Hence, we need to find the num-
ber of partitions P = {C;: j € [m]} such that the cardinalities n; of the partition sets satisfy
this, in other words, such that P is compatible with £. Indeed, we observe that

M! M!

m! 17y n;! om!],nt

4.7 #{P € P(M): P compatible with £} =

To see that, recall that the multinomial factor is the number of possibilities of putting

M!
the indices from [M] into boxes labelled by j =1, ..., m such that box j has exactly n; many
indices. Each of those possibilities gives us an ordered partition of [ M ] that is compatible with
(n j)’}?:I (in the sense that its jth set has n; many elements). Any (nonordered) partition of
[M] that is compatible with £ corresponds to precisely m! many ordered partitions that are
compatible with (n j)’}1=1' Thus, formula (4.7) holds.

Summarizing the previous steps, we have shown that

PPoiN,L (Z SE(C) € N)

( ) M!
=Poiy(M
(4.8) ‘ﬂm
e 1 RD(s. 7
x {Ru® @ PW), em2 2 j#7 (“./’“j’)ﬂ{z(saj e/\/'} ,
Jj=1 J

where we recall that N'= N'(€¢) and #{j: nj =n} = £, for each n € N and that ; is short
for E(Z;) (see (1.18)), where Z; is the random variable under ,u®”i P,

Now we make the connection with the reference measure M deﬁned in (2.1). Note that,
on {£ € F(Tl). |60l =nj}, we have
1 . _ —_ T
= (u® @ NTPY) 0 87 () = My (),
j!
where we conceive E as the map defined in (1.18).
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Inserting this into (4.8) and using that }°;n; = M (and hence []; Nt~ = NM=my e
get

IP)PoiNM (Z 5E(C) S N)

N nj—1p)\ —1>. 0. ., RT(E;E )

®_'M i Q NYTP L€ 2400 i# J’J]lZ(SEjEN
n;!

j=1" J

- PoiN(m)<

1 _1 Iz =
—-N (T) \®m > i RYI(E;E )
=e —!<(NMM,N) , € 2SI A = IL{ E 5Ej€/\/}>
J

(1)

N(M, =1
=e wNT TR (T
NM, y

1 Tg. =
—5 2.2 RYIE;,E) _
|:e 22 A = ]l{ E SQjEN}iI,
J

where the E; denote in the second line E(Z;), in the third line the random variables with

distribution M ISTI)\, (even though this is not normalised), and in the fourth line the points of
the PPP.
We have arrived at the assertion. [

5. Preparations. In this section we prepare for the proof of our remaining main results
by doing the following:

e We prove the convergence of Q,((T’N’N) and introduce the measure Q,ET) in Section 5.1.

e We prove the continuity of the map v — p(v) in Section 5.2.

5.1. The measure (@,((T). In this section we study the limit of Q,((T’N’N) =N |k|_1IP’,((N) X

(E € Npm as N — 00 for k € M, (S), that is, the restriction of the distribution of the
T

coagulation process to the space F(Tl) of history trees. Recall that the (additional) super-index
“N7”indicates that we have replaced the kernel K by %K . The limiting measure (@,((T) will
play an important role in the description of the limiting behaviour of the coagulation process.
We will identify Q,({T) in terms of an explicit formula, using a kind of chart, that is, a push-
forward measure under some explicit measure on the space [(S x N)2 x S x (0, 00) %I~ that
carries all the data needed to understand which transition is happening in each of the |k| — 1
coagulation steps.

Fix an initial configuration k € M, (S) and a coagulation kernel K as in Section 1.2. Let
us identify the distribution of the coagulation process E = (&;);¢[0,7] under P; on F(Tl), more
precisely, on the set

(5.1) ryy = {6 ey’ &=k}

Recall that a history tree & € F(Tl)k is a trajectory that is only allowed to perform steps as in
(1.6). For a pair of particles at (x,m), (x’,m") € S x N that coagulates into a particle with
location z € S, this step is given by the addition of the signed measure

(5.2) w® —8eam) — S’y + e’y

(x,m),(x",m") =

For a fixed tuple (yi, y/, zi)i=1,....|k|—1 With y;, ¥/ € S x N and z; € S, we define

i

(53)  goC.m)=k()o1(m) and ¢ =go+ Y W, 7). fori=1,.. |k-1,
— i
J_
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and say that ((y;, y/, zi)i=1,...|k|—1) is compatible with k if

5.4) ¢;i >0, fori= . k)l — 1.
Let X C [(S x N)? x S]*I=1 denote the set of such tuples. Furthermore, introduce the set of
admissable time tuples,

k|—1
Fe=161,....8-1) € [0, 00) K7L ZSzST

and define
Wi: Xi X Sk —> F(Tl,)k? ()’i,y,{,Zi,Si) ..... k-1 & = (&)rer0.11
by
i—1 i
[Zsj, Zsj) fori < |k|,
ud =1 j=1
(5.5) &= 1{t € Ij}¢pi_1, where I; =

£ k=1
= |:Z sj,T] for i = |k|,
j=1

where ¢ = (¢i)i=1,...|k|-1 1s defined in (5.3). In words, if, starting from ¢, for i =
1,..., |k| — 1, iteratively after a time elapse of s; time units, two particles at y; = (x;, m;)
and y! = (x], m}) coagulate into a particle at (z;, m; 4+ m’), then at each time ¢ € [O T1, the
configuration is equal to &;. Note that £7 is a delta-measure; that is, after time Z' - 1 Ls; j» there
is no coagulation possible anymore.

It is not hard to see that the mapping Wy is a bijection. We will leave the details to the
reader.

In the following lemma, we derive a formula for the distribution of history trees un-
der Px. Recall the definition of Ky from (1.7). Let us abbreviate K¢((x,m), (x’,m")) =
Ky ((x,m), (x',m"),S), for any (x,m), (x’,m") € S x N. Recall that we conceive Ky as a
measure on (S x N)? x S. In the first four arguments, K, is indeed point a measure. With a
slight abuse of notation, one can conceive Ky, | (d(x, m), d(x’, m"), dz) as a Markov kernel,

since ¢; = ¢i_1 + W(Z’) Their product ®|k| 1K¢i_1 is concentrated on Xj.

LEMMA 5.1 (The distribution of a history tree). Fix k € M, (S), k # 0. Then we have,
for any measurable bounded test function f : F(Tl)k — R,

k|1 k-1

(5.6) Ex(f(B)1{Eely,)}) = /;E . <® Ky ® @ ds,)<d®>f(wk(®))e ©),
k XSk

i=1
where

k| —1

57 @©) =75 3 sil{git, K1) = (¢, K D), O = (i, 37, 2 8i)imy 10
i=1

where we introduced K 98 (y) = K (y, y) for y € S x N.

The right-hand side of (5.6) is the image measure under Wy, of the restriction of the measure
®l‘k|] (Kg,_, ®ds;) to its support X; x §x with density e k.
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PROOF. Fixi €{l,..., |k|—1}. During the time interval I;, for any unordered pair {y, y'}
of elements of S x N, there are ¢; _1(y)¢i_1(y’) if y # ¥/, respectively, %d),-_] M (i—1(y) —
1) if y =y’ independent exponential holding times running with parameter K (y, y’), one of
which elapses at the respective coagulation time, namely, one with unordered pair {y;, y;}.
There are only finitely many such exponential clocks involved, since ¢; 1 has a finite support.
The Lebesgue density for the event that the unordered pair of particles {y;, y/} coagulates at
time s; as the first pair in the configuration is

si > Ko (i yl()e_siKtﬁifl (isyi) H e—Si¢i—1(Y)K(y,y'/)¢i—1(y/)>
(0 Y VE LY} y#£Y
(5.8) » I 051391 MK @i—1()-1)

v {y}#i v}

_sin®
=Ky (yl,y) Sin (y,y)

where, for y; # y/,

1D (vi, yl) = Z¢, TOVK (3, ¥)i—1( ——Zdh 1K, y)
yy
= > ¢i1iMWK(Y.yY)i-1(Y)
{v.y'}: y#y
1
+ > 5Pi-1 MK G (@i-1) = 1),
v {y}£ iy}

and for y; = y/
) 1
"Gy = D it MK, Y)ei-1(Y) +Z§¢i_1(y>1<<y,y)(¢,-_l(y> —1),
y

(v, )} y#y

that is, the same formula.

The probability that the new particle is placed at z; is expressed by multiplying (5.8) with
Y ((x;, m;), (x;, m}),dz;), which turns the first factor into K¢, , (vi, y/, dz;).

Because of the Markov property of the coagulation process, the probability Px (E € d§) is
equal to the product over i =1, ..., |k| — 1 of (5.8). Noting that ¢ (®) = Zl.kzll n® (yi, AR
this implies (5.6). U

Now we introduce the measure

T,N - - 1
(5.9) Q! RJ=NW‘PHaeN¢NaMWy)
The next question that we consider is the identification of the limit of Q,((T’N’N) as N — oo for

fixed k e My, (S), where we recall that we add a superindex “N”when we replace the kernel
K by + K. Using the description of & that was given in Lemma 5.1, we define a measure

Q(T) on F(Tli by dropping just the density in (5.6),

k| -1 k| -1

Q" (dg) = (® Ky © R ds,-> o W (dg)

(5.10) i=1 i=1

= e OP (s €T B € dt),
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where

1 pT .
(5.11) o ®) =3 /0 (&, K&) — (&, K99 dr, & =&.

Note that ¢ (W (®)) = ¢@r(®) for ® € Xy.

LEMMA 5.2 (Limit of Py (8 € )| .. Fix any k € My, (S), k # 0. Then
T
dQ(T N,N)

T
doy”
If K satisfies (1.2), then the density satisfies

(5.12) &= "%®  geri).

1
(5.13) 0<g®) < HTIKP. §eTr;.
and in particular,

(5.14) Q" = Q(T NN
weakly and in total variation.

PROOF. We apply formula (5.6) to the coagulation model with kernel %K (instead of
K). Hence, the (k| — 1)-fold product of the K-terms receives a prefactor N —UKI=D which is
compensated by the prefactor N'¥I=1 in (5.9). Hence, on F(Tl)k we have that

k|1 k-1

QNN (dg) = <® Ky, ® Q& ds,) oW (dr?)eXp(——wk(@ (5)))

i=1 i=1
1
_ exp(—ﬁﬁﬂk(f))(@;{n ().

This shows (5.12).
To show (5.13), we use that (¢, K¢) < H||¢||% for any nontrivial ¢ € My, (S x N) and

that || |l = [|€oll1 = |k| for all £ € [0, T] and for any & € I''}. Therefore, we get
1 (T 1 )
(5.15) k(&) < 5/0 (6, K&)dr < EHTIkI .

The bound (5.13) obviously implies convergence in total variation as well as weak conver-
gence. [J

LEMMA 5.3. We define o : My, (S x N) — [0, 00) recursively via o (8(x,m)) = 1 for any
(x,m) €S xNand

o)=Y / Ko (Crom). (x's '), d2)0 (¢ — Stemy — Siaranty + Seams).
(x,m),(x",m’)
where the sum is taken over the support of ¢. Then the measure (@,((T) has total mass equal to

k-1

T
(5.16) Q"(r }{)zmo@o), where ¢o(dx, m) = k(dx)8; (m).
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PROOF. Recall definition (5.10) and the fact that W, : X; x §r — F(T % 1s a bijection.
Then

|k|—1 [k|—1
Q" (ry)) = <® Ky, )(h)(@ dsi)@k).
i=1

Note that

|k|—1 [k]—1 T k-1
(g dsi>(3k) = /[Q,T]kll(d(sl’” , Slkl—1)) { Z s; < } = 7(|k| O

We now generalise the definition of X in order to write down the recursion. We fix a point
measure ¢ € My, (S x N) and define for any tuple ((y;, ¥/, zi)i=1,...,|¢|—1 the finite sequence

i
o (z5) . _
¢l—¢+§.1wy,‘,y}’ fori=1,...,[¢|—1,
j=

where we recall the definition of W((yZ)y/) given in (5.2). We denote by Xy the set of all tu-

ples ((v;, y{, Zi)i=1,...,|¢|—1 that are compatible, that is, that ¢; > O foralli =1, ..., |¢| — 1.
Observe that

Xy = U {(y y, z)} X £¢_6}'_6y/+8(z¢m(y)+m(y/))’
(y,y',2)esupp(@)? xS

where for any y = (x, m) € S x N we abbreviated m(y) = m. This implies that

lpl—1
o(p) = ( ® K¢i—1) (Xg)

i=1

= > /K¢(xm) (x',m’),dz)

(x,m),(x",m")

l¢]—1
X ( ® K¢i—1>(%(P_S(X.m)_B(X’,m’)+8(z,m+m/))’
i=2

which is the claimed recursion and implies the result. [J]

LEMMA 5.4 (Bounds on the total mass of Q7).  Assume that the kernel K satisfies (1.2)
with constant H. Then for any k € My, (S), k # 0, we have that

k-1
517 (T) TH)™™ k-1
(5.17) Q" (rfl) = W

PROOF. We use Lemma 5.3 and show via induction over |¢| that

(5.18) 0’(¢) < H|¢|—1”¢”%(\¢|—1).

For |¢| = 1, both sides of (5.18) are equal to 1. Fix any ¢ € M(S x N) with |¢| > 2. We
use the recursion from Lemma 5.3, the induction hypothesis, and the fact that for any ¢ =
¢ — Sx,m) — O, m’) + 8¢z, m+m’y We have that |¢| = |¢p| — 1 and [|¢|l; = [|@]l1. Also, recall
from (1.2) that the definition of H implies that (¢, K¢) < H ||¢>||%. Then

o@) < HP 21372 S Ky(Geom), (x'm'))

(x,m),(x",m")

_ 2 -2 — 2 —1
< HYOI=21 130?172 ¢, K p) < HIOI=1 g 207170
This implies (5.17). O
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REMARK 5.5 (Examples of explicit expressions for Q(T) (]) ). Insome specific cases,
the recursive definition of Q,(CT)(F(I)) in (5.16) can be solved, and the quantity can be ex-
pressed explicitly for every k € M, (S) \ {0}. Notable cases are the nonspatial kernels of
multiplicative and of additive type. When K ((x,m), (x’,m’)) = mm’, then Q,((T)(F(l) ) =

Tlkl=1 1 k]
L KIPUF=D When K ((x,m), (x',m')) =m + m', then Q" = ;M,l k]!

5.2. Proof of Lemma 2.5: Convergence of p. In this section we prove Lemma 2.5, that is,
the continuity of the map v — p(v) defined in (2.11). We use the characterisation of the rate
function from Section A.4 in terms of the relative entropy, which implies that finiteness of
1 ,fLT)(v) is equivalent to v having a density with respect to M IE;TR for some b > 0, where M, (T)

is defined as in (A.9). Let us start by showing the continuity of every marginal.

LEMMA 5.6 (Continuity of v +— p;(v)). Fix any B > 0 and some function f: N —
[0, 00) that grows at infinity faster than linear, that is, f(r)/r — 00 as r — 00. Let (Vy),eN

be a sequence in Ay, g that converges toward some v that has a density with respect to M éﬁ)
for some b > 0. Then for any t € [0, T], p;(vy,) = p: (V) as n — o0.

PROOF. Fix A C S x N with p;(v)(0A) = 0. It suffices to show that p;(v,)(A) —
p:(V)(A) as n — oo. Note that, for any L € N,

pt(vn)(A)=fvn(dé‘)éz(A)Il{|§o| <L} +fvn(d5)éz(A)Jl{|§o| > L}.

The last term vanishes uniformly in A and n as L — oo, since

(5.19) /vn(dé)ét(A)Jl{léol > L} S/vn(dé)léolﬂ{IEoI > L} <eLp,

where e; = inf,~ 7 r/f (r) vanishes as L — oo.

Concerning the first term, we now show that the map & — &, (A)1{|&| < L} is continuous
in each & that satisfies & (0 A) = 0 and does not jump in ¢. Let & be such a point, and pick a
sequence (5(”)),161\; that converges to &£. Then |$(§")| — |&| as n — oo0. If |&y| > L, then we
have lim,_, o £ (A)1{|£{"”] < L} = 0 = & (A)1{|%| < L}. Otherwise, for any sufficiently
large n (recall that |£| € N for any s), we have & (A)1{]g"| < L} = £ (A) — &(A) =
& (A)1{|&| < L} because é,(”) — &; weakly (since & is continuous in ¢) since & (0A) =0

Finally we need to show that the set of considered & exhausts all &, that is, that
v({€: &(0A) > 0}) =0 and v({&: & jumps at t}) = 0. The first holds since & (dA) is Np-
valued, and hence v({&: &(dA) > 0}) < [v(d§)&(dA) = p;(v)(3A) = 0. The second holds
since v has a density with respect to M, b(f;), and the latter has a density with respect to the dis-
tribution of the Marcus—Lushnikov process, which does not jump with positive probability at
time t. [J

Now we prove the continuity of the map v — p(v) defined in (2.11).

PROOF OF LEMMA 2.5.. We are going to show that limy,—, oo SUp; (o, 71 0(0¢ (Vn), p: (v)) =
0, where 0 is the Lévy—Prohorov metric on M(S x N) defined in (A.1). This implies con-
vergence of p(v,) toward p(v) with respect to the J;-topology on D7 (M(S x N)). With a
small parameter ¢ > 0, we decompose [0, T'] into pieces /; ) = [ti—1, t;] of length < ¢ and



1292 ANDREIS, KONIG, LANGHAMMER AND PATTERSON
use the triangle inequality to estimate

sup 3(pr(va), pr (1) < max[ 3oy, (), py; ()
te[0,T] l

(5.20)
+ sup (o (), 5, () + sup (s (v), p ) ].
teli(g) zeli(g)

The first of the three terms on the right vanishes as n — oo, according to Lemma 5.6. We
estimate now the second. More generally, we give an upper bound for

(5.21) sup (01 (Vn), ps (V).

s,t€[0,T]: |s—t|<e

Let s,¢ € [0, T] be such that s < ¢ and |s — #| < €. According to the definition of the Lévy—
Prohorov metric, if we can find some 1 > 0 such that

pr(Va)(A) < ps (V) (A") +n and  pg(v)(A) < P (va) (A7) + 1

holds for all measurable A C S x N, then 9(p;(v,), ps(v,)) < 7. For any 1 > 0, we have the
estimate

Pr (V) (A) < pr (V) (A") < ps(va) (A") + / v (d&)[& (A) — &(A")]

and the same for s and ¢ exchanged. For the latter term, we can estimate

f v (dE) & (A") — £,(A)] <2 / 0 (AE) Jiy.11 (6,

where J;(£) is the number of jumps of £ in the interval I C [0, T]. This is true since all steps
of £ are of the form of adding 8. sm-m’y — 8(x,m) — 8(y,m’) for some x, y,z € Sandm, m’ € N.
Now, for any interval I C [0, T'] and L € N, we define

(522) TP w = [vaon@ilial <) vem(ry).

Splitting the integrals into the cases |§p| < L and |§p| > L and proceeding as in (5.19), we
get, for any &, > 0,

Sup (s (Vn), ps(vp)) <2 sup \7[(sz)] (vp) + 2BeL

s,t€[0,T]: |s—t|<e s,t€l0,T]: |s—t|<e
L
=27\, ((n) +2PeL,

where (s;,, t,,) are picked as a maximising pair in [0, T1?* with |s, — tn]| < €.

Now, along subsequences, we may assume that (s,, t,) = (s,¢) € [0, T1? such that |s —
t| <e. For a given é > 0 and all sufficiently large n in this subsequence, we have [s,, t,] C
[s —&,t+ 381 N[0, T]. Furthermore, observe that & — Jjs—5 /+s1n[0,71(§) 1S upper semicon-
tinuous. Indeed, if £, — £ in F(l), each jump of &, converges to a jump of &, and since each
element is right-continuous, we have that Jjis—s r+51n[0.71(n) < Js—s.1+81n10.71(§). Hence
we have, by [19], Theorem D.12,

. (L) (L)
(5.23) hnrisolép j[sn,zn]("n) < ‘7[s_5’,+6]ﬂ[0’T](v).

We show now that the right-hand side is not larger than Cy (¢ + 268) for some C;, > 0 that
does not depend on s or on ¢. For doing this, we note that

HIMy)) +e!

—1 —log M}’ (A)

(5.24) Myl (A)<eT! = v(A) < AC Agp.
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Indeed, note that x — x logx + 1 — x is nonnegative and convex in (0, 00), and, therefore,

d d dv
H(U|Ml§£))z/< D log—— +1— —)lAdM(T)

dM;? dMlgfg dM;p
> MDAy () jog VA VA
%) g )
My, (A) My, (A) M, (A)

> v(A) log v(A) + v(A)(~1 — log M} (4))

—e ! +v(A)(—1 —log M} (4)),

where the second inequality is obtained thanks to Jensen’s inequality, the third because of
Mb(T) (A) = 0, and the last one thanks to the fact that xlogx > —e™". We see that, when
M IE?(A) < e~ L, the bracket on the last line is positive, and we obtain (5.24).

Now note that the right-hand side of (5.23) may be bounded as

L

525 T o) = Yo v({E: Ts—satsin0.11(E) = J. &l < L}).
j=1
Before bounding the right-hand side, we are going to argue now that

(5.26) My (& Tis—s.cvs1ni0.11(E) = j. 1ol < L}) < Cre +28)

for all j € {1,..., L} and some C 1, > 0 that does not depend on s or on ¢. Recall that
My, (dg) = e~ meM ®QD (dg )bl and the formula for Q7 from (5.10). For & € I'\", let
k= 50, and let (y;, ¥/, zi, 8i)i=1,....|k|-1 € Xk Xk be such that & = Wi ((vi, ¥/, 2i, Si)i=1,....|k|~1)-
Abbreviate I = [s — §,t 4+ §] N[0, T], and note that the value of J;(&) only depends on the
intercoagulation times (s;);i=1,...jk|-1 € Sk, Which are i.i.d. with distribution given by the
Lebesgue measure (see (5.10)). More precisely, we can recover the jump times of & via
ti=s1+---+s;,fori=1,...,|k| — 1, and have that J;(§) =#{i: t; € I}. Then

k-1
/ Q) dsii{#li: eI} > j}
k=1
k-1
= A— g dl‘i]l{#{lt ti EI}Z]}]I{Z‘I <t <-- <Hg-1}
lk|—1 Cor 1 lkl—1—¢
1 [*(T — 1)
—_— dy1 # tiel}> ,
= =t Jorn & dut#ti <271 = 2 =1 =y

£>j

where the last term is smaller than | 7|/ (2T)I=1 /(Jk| — 1)}, if |I] is small, which we can assu-
me without loss of generality. The terms of Q(T)(dé ) that depend on (y;, ylf 2 Zi)i=1,... |k|—1 €
X can be estimated as in Lemma 5.4. Altogether, we get that

My ({&: J[s—s,r+5]m[o,r](§) > j. &l < L})

(5.27) . - n2(n—1)

n=1

Via (5.24) and the assumption that H (v| M) < oo, this implies that also the right-hand
side of (5.23) is not larger than Cr (¢ 4+ 26) for some Cr > 0 that does not depend on s or
ont.



1294 ANDREIS, KONIG, LANGHAMMER AND PATTERSON

Summarizing, we have shown that, for any L € N and ¢, § > 0,

lim sup sup 0(0:(n), ps(vn)) <2CL(e +8) +2Ber.

n—0oo s.te[0,T]: |[s—t|<e

We first pick L large enough such that e, is small enough. Since the left-hand side does not
depend on §, we may make § | O on the right-hand side. In an analogous way we derive the
same bound for sup; ;¢ 77: |s—r|<e 0(0r(V), ps(v)). This implies via (5.20) our assertion. [

As a byproduct of the above proof, we have the following result.

COROLLARY 5.7 (p(v) is a (uniformly) continuous path). Fix any 8 > 0 and some func-

tion f: N — [0, 0o) that grows at infinity faster than linear, that is, f (r)/r — 0o asr — 00.
Then if v € M(T'}") is such that H(v|Mj]) < 0o, then [0, T] 3 t = p;(v) € M(S x N) is

uniformly continuous.

6. Proof of Theorem 2.3: The LDP for VI(VT). In this section we prove our second main
result, the LDP of Theorem 2.3, that is, the LDP for V](VT) with Poissonised initial distribu-

tion under conditioning on VI(VT) € Ay g, where we fixed a majorizing function f such that
f(@)=r forany r and f(r)/r — o0 as r — oo and a constant § € (0, co). We rely on the
representation of Theorem 2.1 in terms of the PPP Y. We consider the empirical measure

VI(VT) with underlying kernel % K (instead of K') and indicate this replacement of the kernel by
adding the superindex (V) to the probability measure; that is, we consider the distribution of

VI(VT) under Pl(’jgi)zvu‘ This change also affects the intensity measure of the PPP, when applying

Theorem 2.1 which is now given as NM /(ZI’VN) , that 1s,
6.1) MYV dg) = NOTTePL (2 e dg), forg e Ty,

Our proof relies on deriving an LDP for %Y n and then to apply Varadhan’s lemma. The
statement of the LDP for % Yn can be found in the Appendix, Section A.3. There are several
technical problems to solve. The first one is that the total mass of the N-limit of M I(ZJ’VN)
might be infinite, and in that case we do not have an LDP for % Yy ; see also Section A.4 on

some issues related to this. Hence, we will replace M l(fj’\,N) by M b(z;%) for a small constant
b € (0, 1), as defined in (6.1), with u replaced by bu. Note that

dPoi,
dPoip,

()=t~ ke My, (S).

(TN _ 4y TNy .
It is then easy to see that e@=DIYN.olp=[Yno@O kN UMy N 1=IM N D g the density of the

PPP Yy when switching from PNMLT}VN) to PNMg;:%).

This implies for any measurable set £ C F(T1 ) that
PY D ¢ )

POiNM

(6.2) — ENM(T’N) [e—ﬁ 2it) R(T)(Ei,Ej)e(b—1)|YN.0|b_fYN,O(dk)Vd]l{ lYN c E”
bu,N N

(T.N)
w eV UMy, N |,1),

(T,N)
My, N -
Now we use the following corollary, where the density of M, éi%)
given.

where Yy =) ; §g, is a PPP with intensity measure N

with respect to M lE;TL) is



SPATIAL COAGULATION PROCESSES 1295

COROLLARY 6.1.  Fix € M{(S) and b € (0,00) and N € N, and replace K by %K
(adding a superscript ™). Then

(6.3) MEN) (dg) = MiE) (dg)e™ w0 ©),

We rewrite the right-hand side of (6.2) in such a way that the intensity measure of the refer-
ence PPP does not depend on N (up to the prefactor N): we just carry out a change of measure

from NM ZS;TL]]\\]/) to NM éﬂ) in the Poissonian expectation. This gives, for any measurable set
Ecr,

P, (V' €E)

Poiy

(6.4) |
_ Nep(Lyamq ] L e 3 RD(E1,E) o [ 050 (6) & Yy (dE)
_ENM}()Z)[C biN N]l{NYNEE}CZN € S0\ /NN ,
where
1
6.5) 9p(v) = =50, RO )] + V(b = 1) = lewy| logh + M) | — 1.
Note that we also used here that
1 N1 1 1
6.6 — S RTE;, 8 :—<—Y ,?R(T)(—Y >>—— RT(E;, E)).
(6.6) 2N,.§,. (@i, B)) = (v N 2N{Z (8i, Ei)

Now we observe that the last two terms in the expectation on the right-hand side of (6.4)
are e”™, as N — oo, uniformly on {%YN € Ay g} by Lemmas A.3 and 5.2. Furthermore,
it is not hard to see that ¢, is bounded and continuous on A g w.r.t. the weak topology:
We show in the Appendix in Lemma A.2(ii) that v - (v, R7)(v)) is continuous on Ay .
The continuity of v — [v| and v — |c,,| follows similarly, and both maps are bounded by B.
Furthermore, note that A 7, g is closed, due to the continuity of & > |£p| and nonnegativity of
f, using Fatou’s lemma.

Now the LDP for % Yn under P ) from Lemma A.4, together with Varadhan’s lemma

b
(Lemma 4.3.6 in [19]), implies, for any closed set F C M(F(Tl)) (implying that also FN Ay g
is closed), that

1
lim sup v logPR) (W e FnAyp)

(67) N oo Poiy,
< —inf{H(v|My,)) — ¢p(v): v e F N Apg).

Observe from (A.12) that H(v|My)) — ¢p(v) = IS (v) for any v € M(T'{"). In particular,

recalling that xg =inf,c 4, , 1w,

1
(6.8) limsup - log Py (W € Arp) < —xp.

POiN
N—o0 "

In order to finish the proof of Theorem 2.3, we need to argue that also the complementary

lower bound holds for (6.7) for F replaced by some open set G C /\/l(F(T1 )). This will then
imply the corresponding lower bound in (6.8), which finishes the proof.

In this point, there is a technical problem, since the set Ay g is not open in ./\/l(f‘(T1 )). An
obvious idea is to go to the set

69) Apep={ve mr®): [vars (e <),
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However, A, -4 is still not an open set, since the map v — [ v(d§) f (|&]) is not continuous
(the map & — f(|&o]) not bounded). We solve this by applying some restriction argument.
Indeed, for a large cutting parameter L € N, we insert an indicator on the event that the PPP
Y has no particles that are larger than L, that is, that it is concentrated on

1 1
(6.10) Iy, ={& e & e My, (S x [L]) Vi €[0, T1}.
Then we will condition on this event and make a change of measure from the PPP Yy with
intensity measure N Mlg ) to the intensity measure NM, (<L) " the restriction of N MbT) to
M
T,<L:

In the following we often identify measures v on F(Tl) that satisfy v(F(Tl) \ I“(Tl)S 1) =0 with

measures on I‘(Tl)S 1.~ We introduce the restriction operator Iy : M(F(l)) M(F(l)) which

maps v to the measure IT7 (v) = V=), defined by V=D (1) = v(- N F(l) ~1)- Note that the

mapping [1 is continuous with respect to weak convergence. One easﬂy sees, by definition

of PPP, that the distribution of Yy under E NTYGE conditioned on {Yy (F(l) \ F(l) L) =0}, is
b

equal to its distribution under E , (r.<1). This implies that
bu

Py (V) e GNAyg)

Poiy,

129 (V(T) eGNAf_p)

P01 Nu

1 1
> eo(N)ENM(T) |:eN¢b(NYN)]l{NYN eGnN -Af,<ﬂ“YN(F(Tl) \ F(T],)SL) = 0:|

b

(6.11) . CORNE=¢))

X POINMLT) (Yn(T77\ FT,EL) =0)

1 1
_ eo(N)ENMI()Z;SL) |:eN¢h(NYN)I]_{ NYN eGnN .Af,<,8 }:|
. 1 1

x POINM,(LT) (Yn (F(T) \ F;,)SL) =0).
Note that
6.12) —51 =liminf— logPoi (Y (M \ T,) = 0)

- L= liminf oy tog Poiy i (v (Tr A\ 7<) =

. ) . el N D@\ )
increases to zero as L — 00. Indeed, this void probability is equal to e b r.=L7, and

the rate vanishes as L — oo.
Recall that Yy in the expectation on the right-hand side of (6.11) is a PPP with intensity

T.<L
measure M,Eu =D

tion in the indicator on the right-hand side of (6.11) as {%YN € HZI (GNAys )} Now,
Hzl (G) is open, since I1y, is continuous and G is open. Further, Hzl (Af,~p) is equal to the
set of all v € M(F(Tl)) that satisfy [ v(d&)f(|&])1{|é| < L} < B, which is an open set in

M(T (Tl)), since the map & — f(|&o])1{|&o| < L} is dominated by a continuous and bounded
function.
Hence, we can apply now the lower-bound part of Varadhan’s lemma (Lemma 4.3.4 in

[19]) and the LDP for ~ Yn from Lemma A.4 with m = M IET =D (o obtain that

, and hence Yy = in,SL) almost surely. Hence, we can rewrite the condi-

1
liminf - log Phoiy, (VN €GN A p)

N—o0

(6.13) > —inf{H (v|M},=") — gp(v): v e (G N Ay p)} — 61
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> —inf{H(v(SL)IMIEZ;’SL)) — (V=) veGNAs_p) - 61,

where for the last equality we used that H(v|MISZ’§L)) =o0 if v(F(Tl) \ F%)EL) > 0, and

hence it suffices to take the infimum over all v that satisfy v = v(=L)_ It is easy to see that
liminfinf{ H (V=D | M =D) — ¢, (v =) v e G N Ay p)
L—00 ® ’

(6.14) <inf{H(v|M},)) — ¢p(1): ve GNAs p)

=inf{H(v|Ml(,£)) —pp(v):veGNAsg),

where the last step follows from a simple approximation step (approach v satisfying
JSv(dé) f(l&]) = B by (1 —e)v with e | 0).

This shows that the complementary lower bound in (6.7) holds for F replaced by an open
set G and finishes the proof of Theorem 2.3.

7. Analysis of I,(LT), (non)gelation, and the Smoluchowski equation. In this section
we analyse the minimiser(s) of the rate function / ,ET) appearing in Theorem 2.3 (defined in
(2.9)) and prove Theorem 2.8. In particular, in Section 7.1 we derive bounds on moments of
the reference measure M ,(LT) and lower bounds on [ ,(LT) and give criteria for the existence of
minimisers of / ,(LT). In Section 7.2 we derive the Euler—Lagrange equations for these minimis-
ers and use them to prove some estimates for its moments. Then Section 7.3 is devoted to the
proof of nongelation at small times (finishing the proof of Theorem 2.8, 1) and Section 7.4
to the proof of loss of mass (i.e., existence of gelation) at a late time (finishing the proof of
Theorem 2.8, 2). On the way we also prove Proposition 2.10, 2 in Section 7.2 and Proposi-
tion 2.10, 1 at the end of Section 7.3; furthermore, we derive the Smoluchowski equation in
Section 7.5.

For the remainder of this section, we keep u € M(S) and T € (0, oo) fixed and assume
only that the kernel K is nonnegative and measurable in its four arguments. Recall the refer-
ence measure M ,(LT) from (2.5). We recall from (2.9) that, for v /\/l(F(T1 )) that is absolutely

continuous with respect to M ,(LT) (otherwise, 1, ,ST)(V) = 00),

dv 1
1Dy = <v, log—>+ —(, RD W) +1—v|
: amSl 3! !
(7.1) = H(v|My,)) + 1= [My,)| + (1 = b)|v| —I—/vo(dk)lkllogb

+ %(v, RD (),

where for the second line we used the alternative characterisation from (A.12) and assumed
that b € (0, 00) is so small that |M 15;7/:)| < 00. (A sufficient criterion for this is given in
Lemma A.5.)

If K is positive definite, then Remark 2.7 implies the strict convexity of [ /(LT) and hence the

uniqueness of the minimiser, since the domain of /, p(b ) is convex. However, we are not going
to use this assumption in this section; therefore, we might have several minimisers.

7.1. Bounds on M ,ST) and on I lST). Now we can state conditions under which / ,ST) has a

minimiser. Recall q,(LT) from (2.18) and that the sublevel sets of H (-|M) are compact for any
finite measure M (see the proof in Section A.3).
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LEMMA 7.1 (Moments of M,ST) under q,(LT) <1). Fix T € (0,00). Ifq(T) < 1, then
fM(T)(d§)|§0|“ < oo for any a € [0, 00). Furthermore, the sublevel sets of 1,5 ) are then

compact, that is, 1’ h ) has at least one minimiser on M(F(l))

PROOF. Just note that

[ M @)l = 3 M ({5 1] =n))n”

neN

Z (T) n+o(n) a

neN

and a comparison to the geometric series gives the result.

Now we may use the second line of (7.1) for b = 1 and see that I,(LT) is equal to the sum
of H(-|M,(LT)) (which has compact sublevel sets) and 1 — IM,(LT)| + %(v, R (v)), which is
lower semicontinuous in v by Lemma A.2. Hence, /, ;(LT) has compact sublevel sets as well and
possesses, therefore, a minimiser. [

The following lower bound will be used in Section 7.4 for proving gelation for large T,
more precisely, for all T such that /, l(LT) is bounded away from zero on M(F(Tl)).

LEMMA 7.2 (Lower bound on 1)), Under the assumptions in (1.2) and (1.3),

(1og(2THe2))2)

1 e
7.2 inf 1<T) >1— (
(7.2) in ) > T p

veM(T)

In particular, the infimum is positive for all sufficiently large T and tends to one as T — o0.

PrOOF. For T € (0, 00), pick some b € (0,1) such that bTHe? < 1. Then from
Lemma A.5 with « = 0, we have (dropping the factor n~2 in the sum)

e3he?
1— bTHez)

(7.3) M (T>|_2 (

We derive from the second line of (7.1) and the nonnegativity of the relative entropy that, for
any v € M(F(Tl)), the following holds:

1D w) = HIM) +1— M| + Dlogh + (v "D (v))
(74)
>1—|M;T)|+Dlogb+ S0 R D)),

where we abbreviated D = [ vo(dk)|k| = |cy,|. With the help of (1.3), we obtain
T
(v, RO (1)) = /0 dr / b(dE) / v(d€')(E, KE))
T
(1.5) = [ ar [ v [yl

T
=h/0 dt/v(dg)/v(dg/)|go||g(g| — hT D2
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The polynomial D — Dlogb + %hTD2 assumes its minimal value at D = — }llc;,;b with value
—%. Hence,
nt, N0z 1- S e (o).
vem(@) 2n(1 —bT He?) 2hT THe

Picking b = 1/(2T He?), we get

inf  IMw)y>1-—

1 (el—@THez)' N (1og(2THe2))2>

ey " 2T nH h
1/ e (1og(2THe2))2>
>l — —(— 4= "7 ),

= 2T (nH+ h O

7.2. Euler-Lagrange equations. In this section we characterise minimisers of I,ST) via
the variational equalities, which we also call Euler—Lagrange equations. This will also lead
to a proof of Proposition 2.10, 2.

LEMMA 7.3. Forany T € (0, 00), any minimiser v(T) of I,ST) on the set M (F(Tl)) satisfies
the Euler—Lagrange equation

_or(M) (D)
(7.6) v (dg) =MD (dg)e™ O g erih

PROOF. We drop the superscript () and the index j from the notation.

Let v be a minimiser of /. Since /(v) is finite, v has a nonnegative density ¢ with re-
spect to M. We show that ¢ is positive M-almost surely. Indeed, if there is a measurable
set B C /\/l(F(T1 )) with positive M-measure such that ¢ =0 on B, then we are going to see
that v, (d§) = M (d&)(¢(§) + e1p(§)) has a strictly smaller /-value, in contradiction to the
minimality of v. Indeed, observe that

1 o - -
100 —10) =3 / / M(de)M(E)RE B [2615 )0 ®) + 215 (E)15(F)]

+ M (B)eloge —eM(B).

Since this is < M(B)eloge + O(e) for ¢ | 0, it is negative for sufficiently small ¢ > 0.
Hence, ¢ is positive M -almost surely.

Now we calculate the directional derivative of I in v(d§) = M (d§)¢ (&) in direction of
Ve(d€) = M(d&)(p(§) 4+ ey (§)) (with ¢ € R) for a large class of measurable and bounded
functions y: F(Tl) — R. We fix 6 > 0 and L € N and assume that y =0 on {£: |&| >
L,p(&) <6}. Then ¢ 4+ ey > 0 for all € € R with sufficiently small |¢|. By minimality in
& =0, we have

d
0= £I(V8)|8=O

d |
= £<<M(90 +ey),logle +ey))+ §<M((p +ey), R(M (g +ey)))

(1.7)
~ (Mg +en.1))

=0
= (My,logg) + (My,1) +(My, R(v))— (My, 1)
=(My,logp +RW)).



1300 ANDREIS, KONIG, LANGHAMMER AND PATTERSON

Since this holds for any bounded measurable function y with supp(y) C {§: |&o| <
L or (&) > 6}, we obtain that

0=logp() +R(v)(E), M-almost surely,

first only on the set {£: |&o| < L or ¢(&) > 4}, and hence on
1
Ut &l < L}uUlg: o) > 8} =T Ulp >0},
LeN §>0
which is equal to F(Tl ) M-almost surely.
This implies the claim in (7.6). U

PROOF OF PROPOSITION 2.10, 2.. This is a consequence of Lemma 7.2. [

We have prove some additional properties of the minimiser of /, ,(LT), in the following lemma
we list some bounds on its moments.

LEMMA 7.4 (Bounds on v\7)).  Assume that vT) is a minimiser of I,ST) on M(F(Tl)):

(1) Under the assumption in (1.2) and if T < 1/ e?H,
2

(1) 2 ©
(1.8) [Pl < 5 o

(ii) Under the assumptions in (1.2) and (1.3), for any T > 0,

1
(7.9) fv(T)(dé)léol Smax{ﬁlog(ZTHez)’ 2,,HT}'

PROOF. Again, we write v instead of v) and M instead of M, ,(LT) and R instead of R,

We start with (i). From the EL-equations in (7.6), we see that [ v(d&)|&o 12 < [ M(d§) |€o 2.
We assume only (1.2). Under the assumption (1.2), applying Lemma A.5 fore =2 and b =1
finishes the proof of (7.8), recalling (7.3).

We continue with (ii). We abbreviate D = [v(d£)|&| = [ M (dE)e M E)|g| (using
(7.6)).If D < ﬁ log(2THez), then we are done. If the converse is true, then T He?e TP <

%. We begin by noting that
RW)(E) = Thl|é|D

holds under the assumption in (1.3) and is derived using the same steps as in (7.5) (without
the additional integration over v(d&)). This already implies that

D< f M(dg)e THEID gy

This upper bound can be further estimated from above. Indeed, using the same arguments as
in (A.11), we obtain that

] o0

2rHT Z
n=1

D< (T He?eThDY"

S | =

1
(7.10) =— log(1 — THe?*e™T"P)
2rHT

- 1 T He2e ThD - 1
“27rHT 1 —THe?e~ThD = 2qx HT’
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2 —ThD 1 n

where we used that, due to T He“e Z < 1, we can apply the formula )02, nq =
—log(1 — g) that holds for ¢ € [0, 1). Then we used the estimate —log(l — x) < ——, for
x < 1 and after that we used the monotonicity of x — —=—. Hence, we proved (7.9). [l

We see also from (7.8) that, for any minimiser v of I 1) , we have that v(7) e A 1.8
for f(r)=r2,all T € (0, 1/e*H), and any sufficiently large ,8 Here is another benefit from
(7.8).

LEMMA 7.5 (Uniqueness of solutions to EL-equations). Assume that K satisfies (1.2).

Forany T € (0, He2 1 JHT) there is at most one solution v to (7.6).

PROOF. Assume that v and V are two solutions to the EL equation in (7.6). Using the
estimate |e™ —e Y| < |x — y|min{e ™", eV} < |x — y|(e™* +¢e7Y) for x, y € R, we obtain
that

[ =vi@olenl = | [ MD@oleol(e "0 — e 00

< [ MD @) &R @ - HE)|E OO 4eOO),
Now we use (1.2) to get
IRD W - &) <RD (v —P)) (&) < HT/ lv — V(&) [Eo |||

From now on, we assume that e27'H < 1. Then we can combine that last two estimates, use
the EL equations again, afterward (7.8), and obtain

[w-vi@oiel <ar [1v- v|(d§)|§o|(/ v(dE) £l +fﬁ(ds)|so|2)
2

- e
SZHT/IV—VI(dS)ISOI—zn(I Ty

If T is so small that 2T H < 1 and % < 1, this implies that [ |v — V|(d&)|&| =0

which implies that v = ¥. The condition on x = HT reads 0 < x < 1/e? and x < ez(lﬂTn)

Hence, the latter inequality holds for 7 H € (0, - 2T + ). This implies the assertion. [

7.3. Subcritical phase: Convergence and nongelation. In this section, we provide the
proofs of Theorem 2.8, 1 and Proposition 2.10, 1. Throughout the section, we fix T > 0
and u € M1(S). Note that Lemma 7.1 already covers Theorem 2.8, 1(i) about the compact
sublevel sets of I ,(LT) and the existence of minimisers, and Lemma 7.3 implies assertion (iii)
about the validity of the Euler—Lagrange equations for minimisers.

The outline of this section is as follows. The tightness assertion about V](VT) under IP’I()]ZI) in

Theorem 2.8, 1(iv) is proved in Lemma 7.7, and the tightness of €1y as well as Theorem 2 8,
N,0
1(v) is proved in Corollary 7.8. Finally, the asssertion about nongelation in Theorem 2.8,

1(ii) is proved in Corollary 7.9. The proof of Proposition 2.10, 1 is finished at the end of this
section.

Let us start by explaining the strategy for proving the tightness result. Usually, tightness is
directly implied by the LDP, as we stated in Corollary 2.4. The problem is that, in our LDP
from Theorem 2.3, we conditioned on {VI(\,T) € Ay p}. However, we want to prove tightness

for the unconditioned distribution of V,(VT). Note that we are free to choose f(r) = r2. For
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that particular choice, we can argue that the probability of the event {V,(VT) ¢ Ay g} vanishes

(see Lemma 7.6), for large B. Further, we can show that the minimisers of I,(LT) are also
minimisers of the S-dependent rate function from (2.10), if B is large enough. Finally, we

will use this to argue that the unconditioned distribution of VI(VT) converges to a distribution
that is concentrated on minimisers of / ,(LT).

LEMMA 7.6. Let T > 0 and u € M{(S) be such that q,(LT) < 1. Then
C
(7.11) sup Pyl (V) ¢ Agp) = —, Be(0,00),
NeN ,3
where C = [ M\ (d8)|&)? < oo.

PROOF. By Markov inequality it is enough to show that the expectation of [ VI(VT,()) (dk)|k|?
under E}g]:)/i)w is bounded in N. Abbreviate Py =P, , ). Applying Theorem 2.1 with kernel
W

%, the density change from Corollary 6.1 and choosing f as the constant function v — 1,
gives us

1= EN[e—ﬁ Diji it Rm(ai,aﬂe—% f‘ﬂso(f)YN(dS)]eN(\Mﬁ(LT)|—1).
Notice that, since q,fLT) < 1, we have that |M,(LT)| < 0o. Then we apply Theorem 2.1 and

Corollary 6.1 a second time to the function v > [ vo(dk)|k|? and combine the formulas to
get

5| [ @]

! 263 Liji s R (BB g [ 05 ) Yn (d6)
E ~ Yy o(dk)|k|7e 2N &ijri#] De~w /%
1) _ Enl/ Yook ]

EN[e—ﬁ Yij i RDELE) o= [ 05 (YN (),

_ En[fn(YN)gn(Yn)]
Enlgn(Yn)]

where, forv =7, € MNO(F(TU), we defined

1
fn) = f Nvo(dk)|k|2, gy (v) = e~ 2 Dijrizi RDEE) o= [ 05 )v(de)

Observe that fy and —gy are increasing on /\/INO(I‘(T1 )) under the addition of points. Thus,
we can apply the Harris—FKG inequality (see Theorem 20.4 in [32]) to bound the right-hand
side of (7.12) by

1
a1y sl =] [ Srvo@o] = [ MDaoler,

where we used Campbell’s formula (see Proposition 2.7 in [32]). Note that the right-hand

side is finite under the assumption quT) < 1 due to Lemma 7.1. Hence, we have a established

a bound that is uniform in N € N. This finishes the proof. [J

It is standard (see Corollary 2.4) that, given the LDP of Theorem 2.3, accumulation points
of (V,(VT)) NeN exist and are concentrated on the set of minimisers of the rate function. How-
ever, this holds a priori only under conditioning on VI(VT) € Ay g. However, we now derive
that under q,(LT) < 1 this holds under the unconditioned measure P{;lgi)w as well.
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LEMMA 7.7 (Law of large numbers). Fix T > 0, and assume that ql(LT) < 1. Let Py, de-
(N)
P

Poipy,
(and thus relatively compact), and each llmit point P is concentrated on the set of minimisers

ofI,ET), that is,
(7.14) supp(P) C Do := {v € M(T{"): I (v) =inf 17},

note the distribution of VZ(VT) under . Then the sequence of measures (IPyy ) Nen is tight

PROOF. Recall that we are working with f(r) = r2. Abbreviate the distribution of V(T)

pv)

Poi Npu

under (- |V](VT) € Ay g) by Py, g. According to Theorem 2.3, (Py,, g)nen satisfies an

) . . T T
LDP on Ay g with good rate function Iélz given by I(’/i(v) = I,(L )(u) — xp forve Aspg.

(T) I(T)

According to Lemma 7.1, because of g, * < 1, possesses at least one minimiser on

M(F(T)). For sufficiently large g, every minimiser v of I,(LT) lies in Ay, g, since it satisfies
the EL-equation in (7.6) and satisfies, therefore, the estimate in (7.8) for the second moment,
which does not depend on v. Hence, {/ f(,le = 0} = Dy for all sufficiently large 8.

As a consequence of Corollary 2.4, (IPy,, g)nen is tight, and any accumulation point Pg
is concentrated on {/ (le 0}, that is, on Dg. We now show that (Py, g)nen and (Py,) yen
have the same limiting behaviour, that is, they are tight and every accumulation point is
concentrated on Dy. Indeed, for any open neighbourhood U of Dy, we have

C
Pyy (Uc) = ]PVN(UC N Afsﬂ) + Pyy (“43‘,;3) = ]P’VN,ﬁ(UC) + E’

according to Lemma 7.6, where C/B can be taken arbitrarily small, uniformly in N. Using
the above, we see that Py, (U€) vanishes as N — oo. Hence, any accumulation point [P of
(Pyy)nen is concentrated on U and hence on Dy. [

COROLLARY 7.8 (Law of large numbers of the total mass) Fix T > 0, and assume that

(T)

qu ~ < 1. Let Py, denote the distribution of VN under P , and recall that (Py, ) nen is

P01N
tight by Lemma 7.7. Take a subsequence, also denoted (Py,, ) nen, with limit point P, and let
V be a random variable with distribution P. Recalling the definition of c¢,, from (2.16) and

that |cyy| = ¢,,(S), for v e M(F(Tl)), we have that

(7.15) |CV(T)| — |ey, | in distribution, as N — o0
N,0

Further, we have that |CV(T)| — 1 in probability, as N — oo. Hence, |cy,| = 1 P-almost
N0

surely.

PROOF. We start with proving (7.15). In the proof of Lemma 7.7, we have seen that P is
concentrated on Dy C Ay g, for B large enough. Since the map v i |c,,| is continuous on
A, g, the claim follows by Lemma 7.7 and the continuous mapping theorem.

It remains to argue the last statement. Recall that N CVI(VT()) is equal to the number of atoms

n(0) of the coagulation process, which is Poiy-distributed under Pl(f(\:l) i . By the law of large

numbers, cv(r) — 1 in probability. We combine this with the result (7.15), which implies

that P(||cy,| — 1] > €) < 11m1an_,ooIP’1(301)N (Ile | = 11> €) =0 for any & > 0. Hence,

|cy,| = 1 P-almost surely. [
Recall the definition of NG(“ ) from (2.14), and observe that via (2.17) we have that

(u) (N) (SL)
NG, hm limsupE .
e e P P01NLH (Vz(vT))OH
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COROLLARY 7.9 (No gelation if q,ST) <1). FixT €(0,00) and n € M(S), and assume
that q;(LT) < 1. Then NG(TM) =1

PROOF. Since |CV(T) | < |cv<r) | holds for any L, N € N, it is already clear that NG(“ ) <1.
N,0
Now we argue that NG(T“ ) > 1. Fix any limit point P of (Py, ) yen. Then

L)
Lll)moolllvmmevN [|cv o |] > hm EVHCV 1=Ey[leyl] =1,
where we used monotone convergence in L for the first equality, Corollary 7.8 for the second
one. [J

This finishes the proof of part 1 of Theorem 2.8.

PROOF OF PROPOSITION 2.10, 1. By Lemma A.5 we know that TH < 1/e? implies

q,(LT) < 1, which gives us assertion (i). If TH < eLZH-Ln’ then the EL equation (7.6) has a

unique solution v() according to Lemma 7.5, which gives the first assertion of (ii). Then, by

Lemma 7.7, every limit point P of Pﬁ,ﬁ? (V(T) € -) is a probability measure concentrated on

{v(M}; that is, the only possible limit is IP’ = §,(r . Consequently, 1(3}(\)/1)]\/ (V(T) €)=,

as N — oo. Now Lemma 2.5 and (1.19) imply the last statement of (ii). [

7.4. Supercritical phase: Loss of mass and gelation. In this section we assume that the
upper bound on the kernel K in (1.2) holds as well as the lower bound (1.3) and show that

gelation occurs under the assumption that k := infUE M) 1 ,(LT)(v) > 0. That is, for the pro-
T

cess V](VT) we can observe mass loss in the sense that NG(T“ ) < 1; see (2.14), which is the
assertion in Theorem 2.8, 2.

Fix i € M1 (S). Pick any b € (0, 1] such that the total mass of M’ (defined in (A.9)) is fi-
nite. As in the proof of the lower bound in Theorem 2.3, we make use of a cut-off argument for
a fixed L and of the results from Section A.5. Therefore, we refer to the proof of Theorem 2.3
and to Section A.5 for notation and definitions. Recall the equality about the L — oo limit
from (6.14), and note that this also holds if the infimum is taken over v € M(F(l)) This im-

plies that L can be picked so large that x (S5 = infveM(F(T{)S )(H(VIM(T =By — gp(v)) = 5
where we recall the definition of ¢, from (6.5) and the fact that H(v|M, (T)) — p(v) =

I(T) ).
(=L) (>L)

Note that |c W, N)I + |c oD | (where the first term is defined after (2.16) and the second
N 0

one is its obV1ous analogue) is equal to 5 times a Poiy-distributed variable under EPOIN

Hence, for any ¢ € (0, 1), on the event {|CV(TL>)| > ¢}, the expectation of |CV_(T))| is not larger
N,0 N,0
than 1 — ¢ 4+ o(1). Hence, it suffices to show that, for some ¢ € (0, 1),

(7.16) timsup By, [leyir[1fleyir)| < )] =o0.
—00

Poiy

Indeed, we will show that this expectation decays even exponentially fast. To show this, we
apply Theorem 2.1 and Corollary 6.1 to obtain

N L L
Egn; H ;<<T>)‘1{‘C(>(T>)| 8}]

Poiy,
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_ L Mg, 7.
— an iz RV (Ei Ej) =N Dy o (b=1)|Yn ol
_ENMI();TL)[e b €

(T)
x e~ [ o @ NIV pED (REL) o eNAM,/I=D)

where we introduced the abbreviation D;VSL) = % [ Yn.o(dk)|k|L{|k| < L}, respectively,
defining D1(V>L) and Dy = DI(VSL) + DI(V>L).

We now decompose the PPP into Yy = YI%EL) +7Y ]£,>L), where Y 1(\,§L) and Y 1(\,>L) are the

restrictions of Yy to F(Tl)S ; (defined in (6.10)) and to F(Tl '\ F(Tl)S 1» respectively. Note that

they are independent PPPs with intensity measures N M ZSZ’SL) and NM, l(,PTL’>L), respectively.

We drop, in the first term in the exponent, the sum involving all &;’s with |Z; ¢| > L, and
obtain that the right-hand side of the last display is not larger than

Lyl _ 1y(=h) L
ENM;EZ’S“[eN%(NYN o= e ORI @) p (D))
(7.17)

X B . (T>L) [b_NDE\?L)e(bil)lyli’?é)l]l{D1(V>L) < 8}],

where ¢y, is defined in (6.5). It is clear that the last line is < eV 0@ since we can assume
b < 1 without loss of generality. Define

(<L S(<L)\—1 — (=L)
(.18) PGP @) = (ZFP) N S @ p

1

(=L)
< —Y edv y
ﬁJ”<N N )

e [ e (é)ﬁyp(f”(d@]_

= 1
119 ZFP =8, MiT=0 [eNor (W YN

Then (7.17) is not larger than eNO(g)fl(va)Egva)(Dl(\?L)). Now, in the same as was in the
LDP from Theorem A.7, we can derive the LDP for % Y](\,SL) under @EVSL), using Lemma A .4
and Varadhan’s lemma). From this we first get that ’Z\](VSL) < e_N("(SL)J”’(I)) < e N¢/3 for
all sufficiently large N. Furthermore, analogously to Corollary A.8, the sequence of dis-
tributions of %Y](\,EL) under @E\?L) has accumulation points, and each one lies in the set

of minimisers of IlST’SL). Lemma A.9 says that all these accumulation points v(7>=L) sat-
isfy the Euler—Lagrange equation in (A.17), and Corollary A.10(ii) says that they all satisfy
i vT-=L)(dk)|k| < Cr for some constant Cr that depends only on 7' and the constants H

from (1.2) and A from (1.3). D=L being a continuous function of V](\,T), has accumulations
points too under @%L), and their expectations are bounded by Cr as well.
Hence, we have shown that, for all sufficiently large N,

N L L
Ef)Oi)]"/’*[|c\(j(VT))MHC;T(VT()))‘ = 8}] <(7.17)

NO(e) Z(=L)T(=L) ( 1 (ZL)
<eNOOZFYEY (DY)

< eNOEO=Bl(Cr 4+ o(1)).

Now we pick ¢ > 0 so small that the exponent on the right-hand side is strictly negative. This
implies, for any sufficiently large N, that

(N) (=L) (N) (=L) (>L)
EPOiNuUch(VT) J=1—ze+o(l) +EPOiNM[|CV[(VT) |1”CV?VT()) | <e}]

(7.20)
=1—¢e+o(l).

This implies that NG(T“ ) < 1 and shows that gelation holds. This finishes the proof of Theo-
rem 2.8, 2.
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7.5. The Smoluchowski equation. Now we prove Lemma 2.12. We pick a limit point
v of (Vl(v ) )NeN under }P’Pm . Note that, according to Proposition 2.10, 1(ii) v g

uniquely determined as a solutlon to the Euler-Lagrange equation. We consider ,ot(T) vy =
f v (de )S, for t € [0, T, where we wrote p'T’ for the map p deﬁned in (2.11). First, let us
argue that ,0, )(v(T)) does not depend on 7', as longas t < T < F_Zn—+1 Indeed, by (1.19)
we have, for any N € N,

11 =

1

(T1) (v,(T1) ) (T) (5(T)

7.21 p: (Y =—E/=p, (V') 0<t<T1<T
(7.21) c W) N T W) 1= <H627T+1

We want to pass to the limit N — oo and use the continuities of the maps v — p)(v)
and v — pT)(v) on their respective domains (and the fact that also the marginal map v —

( )(v) is continuous), we obtain that ,0, )(U(T)) = ,o(T')(v(Tl)) To justify the continuity,
recall that the EL-equation (2.19) for v implies that fv(T) (d$)|$0|2 < [ M{Pdg) g2,

which is finite by Lemma A.5 and our assumption TH < —21+—n Hence, v € A r.p for

fr)y= r? and some B € (0, 00). The EL-equations imply that H(U(T)lM,(LT)) is finite. Thus,
Lemma 2.5 applies, and p‘7 is continuous in v(7). Since T} < T, the latter statements are
also true for v{7V), the (unique) limit point of V(Tl) under IP’%) v,.» and hence T is also

continuous in v™). Now equation (7.21) implies that ,ot )(v(T)) = (Tl)(v(Tl)) for any ¢ <

T; < T. This shows that p,(T)(v(T)) = v (dg)& does not depend on T, aslongast < T <

- e% - Therefore, we write from now p, = oD (D) (in a small abuse of notation).

Our task is to show that, for any m* € N and any bounded continuous test function g: & —

R,
i [ orart m)ee)
x*, m*)g(x
QO Pt 8
=~ [ ol m?) K (7, m)g (")
S
(7.22) |
+§mmZ€:N. /S/S/S,ot(dx,m)p;(dx/,m/)K((x,m),(x/,m/),dx*)g(x*),
m-+m'=m*
m* e N.

The base of this is the fact that v(7) satisfies the EL-equation in (2.19). We need to rewrite
that equation a bit. Recall that we introduced Q,(CT) in (5.10) as

Q7 () = Py(E e dé, |E| = 1)e®,

where we rephrased the event that E lies in F(Tl) as the event {|E7| = 1} and recall that the
density ¢ was defined in (5.11) as

T 1 )
o (€) = /0 ®(E)dr,  where ®(¢) =>[(¢, K¢) — (¢, K DF]], ¢ € Myy(S x N).
From (2.8) and (2.2) and Fubini’s theorem, we see that
RO W) = [ as( [, v er ke )= [ " dslog. K&,
0 rid s 0 ’
Hence, we derive from (2.19) that

(7.23) pr = eEpoi, [E,1{|87| = 1} [PEI~(eeKEN] 4 ¢ [0, 7).
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Recall that p; does not depend on T, as long as t < T'. Hence, the right-hand side of (7.23)
does not depend on T, and we may put T equal to . We define the function

MES N3¢ £@) = [ plax.m)1{lo] = 1} (),
then
(7.24) / pr(dx*, m*) g (x*) = eEpoi, [ £ (E)ehPEI~(0eKENdG] - e 0, T,
S

We are going to identify the ¢-derivative of both sides. The expectation on the right-hand
side is with respect to a Markov chain in continuous time with only finitely many possible
Markovian steps, together with an additional execution of a certain expectation (namely, the
one with respect to ') at every elapsure of one of the holding times, and this does not depend
on the time. Hence, the right-hand side is differentiable with respect to ¢, as follows from
general theory of Markov chains in continuous time on a discrete space, plus the said exe-
cution of another expectation that does not depend on time. Furthermore, the derivate may
be identified in terms of the generator G of the Marcus—Lushnikov process, using a kind of
product differentiation rule, as

d

7.25) T /S pr(dx*, m*)g(x*) = eEpoi, [(G)(Er) + f(EN(P(Er) — (o1, K Er)))

x el0lP(E)=(pr KEds.

One easily checks that f(E,)®(E;) =0.
To derive the Smoluchowski equation, we will prove the following two equations, the first
one dealing with the gain of particles of type (dx*, m™):

eEpoiM[(Gf)(Et)efé[d’(a?)’(ps’KEf”ds]

(7.26) _1 - A ) o
P [ [ e my (@’ m K (e m. (). ) e),
m+m’'=m*

and the second one dealing with the loss of particles of type (dx*, m*)
(7.27) eBpoi, [ £ (E){pr, K B;)ell®E)— (oo KENds] /Sp, (dx*, m*)K p; (x*, m*) g (x*).
The second one is an immediate consequence of the fact that

FElpr KE) = [ (") Bi(ar" m*) {121 = 1}(Er. Kp)

Then, equation (7.27) follows from (7.24) by interchanging the integration of x* and the
expectation Epg; e

It remains to show equation (7.26). From Section 1.2 we see that the generator of the
Marcus—Lushnikov process may be written as

GHG= Y / K, ((x,m), (', m'), dz)
(7.28) {Geom), (",mN}* S

X [f(¢ - 8(x,m) - 8(x/,m/) + 8(z,m+m/)) - f(¢)]a ¢ € MNO (8 X N),
where we sum over the possible (unordered) pairs (x, m), (x’, m") € supp(¢). Observe that

Ky f(¢) =0, since Ky =0, if |[¢| =1, and f(¢) =0, if [¢| # 1, and hence

(GH (@) = Z /:Squ((x» m), (x/7 m,), dx*)f(¢ - a(x,m) - a(x/,m/) + 5(x*,m+m/))-
{(x,m),(x",m")}
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In fact, (Gf)(¢) is only nontrivial if ¢ = 8 ) + 8¢/, m’) for some x,x" € S and m, m’ e N
with m +m’ = m™, and in that case

(7.29) (Gf)(¢) =/SK¢((x,m), (x',m’), dx*)g(x*) =/SK((x,m),(x/,m’),dx*)g(x*),

where the second equality can be checked by distinguishing the two cases in the definition
(1.7) of K.
For now, we only spell out the condition induced by the fixed m*, which gives that

eEPmM[(Gf)(gt)efé[d>(ss>—<ps,1<Esnds]

1 * s = )— =
— /PL@m (dX)EX[(Gf)(Et)GJO[(D(“x) (Ps,KustS]

m*!
1 #
730 = f n®" (dx)
m=.
1 4 H.)— = .
x5 S Ex[U{A «» BNGS)(E,)el®E) (o KENds]

A,B: AUB=[m*]:
A,B#D
where the factor 1/2 cancels out the double counting in the double sum over A, B. Recall
that E is a function of the labelled coagulation process Z (recalling (1.12)). Further, recall
that the event {A « B} means that during [0, ¢] no coagulations take place between any
particle pair C, C' where C C A and C’ C B. Under this event we can decompose the process
as 2 = 2@ 4+ 2@ where we used the short-hand notation £4) = 24 which is the
empirical measure belonging to the subprocess of Z that only deals with particles C with
C C A (and analogously for B). By basic calculations one gets that

t t t
(7.31) /@("<A)+”(B))ds=/ q>(E§A>)ds+/ d(EP))ds + RV (EW, ®),
0 0 0

For a fixed pair of nonempty sets A, B with AUB = [m*], we abbreviate m = |A| and m’ =

|B|. According to (7.29), we know that (Gf)(E,(A) + E,(B)) is only nontrivial if |E§A)| =1

,(B)l =1, and in that case we can also (somewhat artificially) write

GH(E™ +ED)

- / / f g (@, m) B (dx, m K (v, m), (¢ m), de*) g (x).

Now we get the following by first inserting equation (7.31), then applying Lemma 4.2, and
finally using (7.32):

and |E

(7.32)

Ex[]l{A o B}(Gf)(at)eféw(as)—(/)s,/(Es)]ds]

= Ex[1{A « BY(G/f) (B + g()ekE"-E™)

x ehOEM)— (o KB ds o {1 0(257)— (o KBS ds

= IEX(A) ®Ex(3) []l{ Sy (B)| }(Gf)(E;A) + EEB))

 elol®EM) (o, KEM) ]dsefé[cb(a.ﬁm)—(px,KE.@)]ds]

s s

x By [EW (dx, m)1{|EW| = 1]efs1 @@~ KE)1ds)
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=B ~(B)
xExw)[..‘, (dx/ )1 {|JB)| }efé[<1>(~s )= lps KEPds]

where we have written x(4) = (Xi)ieA, x(B) = (xi)iep. Now, still for fixed sets A, B (with
m = |A|,m" = |B|), we can split the term | [L@m* (dx) from our previous representation (7.30)
into [ u®"(dxW) [ u®™' (dx®)). The last thing we need is that

1

=(A)y _ =M 4
o [ AN B [E e, my{[2] = el G-k

= eEpoi, [E; (dx, m)1{|EM | = 1)flPE~ {0 KENE] —  (dx, m),

where the right-hand side does not depend on A anymore, but only on its cardinality m. The
same holds for the terms derived from the set B. Hence, in (7.30) we can interchange the
summation over nonempty sets A, B Wlth AOB [m*] by a summation over m, m’ € N with
m +m' =m*, adding a correction term ,, This finally gives us (7.26).

APPENDIX: MISCELLANEOUS TECHNICALITIES

A.1. Topologies and metrics. We need to make some comments on the topologies used.
We need to do this on various levels. Recall that we assumed S to be a Polish space. Let d be
a metric on & x N such that (S x N, d) is a complete space.

On the space M(S x N), we consider the weak topology, that is, ¢ — ¢ as n — oo if
(@™, f) — (¢, f) as n — oo for any continuous and bounded test functional f € Cp(S x
N). Note that M (S x N) is Polish. Weak convergence on M (S x N) is induced by the Lévy—
Prohorov metric 9, which is defined as follows; see [14]. For all ¢, ¢’ € M(S x N),

0(¢.¢') = infle > 0: ¢(A) < ¢'(A%) +£.9/(A) < P(A°) +¢

(A.1)
for any mb. A C S x N},

where A ={x € S x N: d(x, y) < ¢ for some y € A} denotes the open e-neighbourhood of
ACS xN.

Eventually, we want to consider paths of measures. Denote by M either M(S x N) or
My, (S x N) (the space of point measure on S x N) and equip it with the metric 9. Then
D7 = D7 (M) denotes the space of cadlag functions [0, T] — M. We endow Dr with the
Skorohod Ji-topology, which is induced by a certain metric dr such that the space (D7, dr)
is separable and complete (see [30], Theorem. A2.2); that is, it is a Polish space. Convergence
in (D7, dr) can be characterised via time-changes on [0, T'], which are strictly increasing
bijections A: [0, T] — [0, T'] (which are necessarily continuous with A(0) =0 and A(T) =
T) as follows. For &, (D €@ ... e Dy, it holds that £ — & as n — oo if and only if

(A.2) sup | Ay, (t)—t|—|— sup D(.SEA (t),g,)—>0 as n — oo
tel0,T]

for some time-changes A, on [0, T].
Recall that the set of history trees is

F(Tl) =1{& = (§&)ref0,77 € Dr (M, (S x N)): & is concentrated on S x {1},
t — & is piecewise constant and makes steps as in (1.6) and £7(S x N) = 1}.

Since D7 (M, (S x N)) is separable, the same is true for (F(Tl), d7). In Lemma A.1 we will

show that (F(T1 ), dr) is also closed and hence complete as a closed subset of the complete
space D7 (M, (S x N)). With other words, it is itself a Polish space.
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Recall that the state space of our process V,(VT) is equal to the set ./\/l(F(T1 )) of positive
measures on F(Tl). We equip M(F(Tl)) with the weak topology, that is, V™ — v as n — oo if
(™, £y — (v, f) as n — oo for any continuous and bounded test functional f Cb(l"(Tl)).

Now we show that the history tree set F(Tl) defined in (1.9) and (1.15) is closed.

LEMMA A.l1. The set F(Tl ) is a closed subset of Dy (M, (S x N)). Consequently,
(F(Tl), dr) is a Polish space.

PROOF. We abbreviate D for D7 (M, (S x N)). Let (& (M), e be a sequence in F(Tl )

that converges to £ € D as n — oo. We will argue that & € F(Tl). There exist time changes
A, 1 € N, such that (A.2) holds. First, we need to show that &g is concentrated on S x {1} and
that £&7(S x N) = 1. But this is easy. Indeed, since A, (0) =0 and X,,(T) = T, we have that
&0 = lim;,_, gé") is concentrated on S x {1} and &7 (S x N) = lim,,_, é}")(S x N)=1.

Now we need to show that £ is piecewise constant and makes only steps as in (1.6). For this
we need a uniform lower bound for the holding times of €™, n € N. Otherwise, one might
have a succession of jumps that happen increasingly fast and add up in the limit to a larger
jump that is no longer of the form (1.6). For any & € D7, let7; <7, < --- be the discontinuity
points of §, and define

NOE inf @j41 = 1) AT.

If é is piecewise constant (which is the case for é € F(Tl)), then s, (§ ) is the infimum over all

holding times of €. We also define the modulus of continuity for & € D7 with spacing & > 0
as

(A.3) w(€, h) = inf max sup 2(&. &),
Ui 1 yvel;
where the infimum extends over all partitions of the~interval [0, T'] into subintervals I; =
[s;, t;) such that L1i| :=t; —s; > hforalli. Note that if £ is piecewise constant, then w(&, h) =
0 for all & < 5,(§).
By Theorem A2.2 in [30], the convergence of £ toward & implies that

lim sup w(é(”), h) =0.

h—)OneN
We want to show that inf,c s, (€™) > 0. We argue via contraposition, that is, we show that
inf,cny 54 (™) = 0 implies that limy,_, o sup, .y w(€™, k) > 0. Fix any & > 0, and let n be
such that s,(§") < h. Then any partition (/;); of [0, T'] satistying |I;| > & for all i contains
an interval /; that contains a discontinuity point 7, of § ) and thus

sup 0(6M, M) = M (S xN) — (S xN) = 1.

u,velj
This implies that limy,_, o sup,, <y w(E™ k) > 1> 0. Hence, we have shown that

inf 5, (£™) > 0.
neN

Now we argue that & is piecewise constant. Fix 4 > 0 with & < inf,, N 54 (§ ™)), and note
that sup,, w(§ ™ h)y=0. Using the characterization of convergence from (A.2), one can show
that for any ¢ € (0, ) one has that w(§, h) < w(é(”), h —¢) +¢e =g, if n is large enough.
Hence, w(&, h) = 0, which implies that £ is piecewise constant.
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Now we show that & makes steps as in (1.6). Fix a discontinuity point ¢ of &£. Take ¢ > 0
small enough such that 3e < inf,, cx s« (™) A t. We have that & #*&_.and

& — 61— = lim (g(,:lzt) - S)E:zt—s))‘

We choose n large enough such that 0(§)Enzt iy ék(”z[)) > 0 and sup,, |, (u) — u| < &. Then

0(& (:zt— &)’ & k(:gt)) > 0 implies that the interval [A, (f —¢), A, (¢)) contains at least one disconti-

nuity point of £ . On the other hand, we have that A, (f) — A, (t — &) < 3¢ < inf,en 54 (€™)
and this implies that the interval [A, (t — &), A, (t)) contains at most one discontinuity point
of €™ This gives us that

& —&_¢= lim (g)E:%t) - %—)E:zt—s)) = nli)IIOlo(—S(xn,m”) - S(XICL’m;L) + S(Zn’mn"'m;z))

n—oo

for some (x,,, my), (x,,m)) €S x Nand z, € S. It is not hard to argue that the left-hand side
does not depend on ¢ and that the convergence of the measures on the right-hand side implies
the convergence of the atoms, and hence the right-hand side is equal t0 —8(x, ) — §(x/.m’) +
8(z.m+m’y» Which finishes the proof. []

A.2. The rates of noncoagulation: Properties. In this section we study properties of
the operator 937 defined in (2.8) with kernel equal to the noncoagulation probability, R‘T),
given in (2.2).

LEMMA A.2 (Properties of R, Assume that K : (S x N)2 = [0, 00) is continuous
and symmetric, and fix T € (0, 00). Then the following hold:

(1) The mapping (¢,&") — R(T)(S &'), is continuous on F(l) X F(l)
(i) The map v — (v, RT) (1)) is lower semicontinuous with respect to the weak topology.
(iii) Assume that K satisfies (1.2), and fix a majorizing function f satisfying f(r)/r — oo
asr — oo and f(r) >r forany r e N. Then v — (v, R (1)) is bounded and continuous
on Ay g for any B € (0, 00).

PROOF. We start by showing (i), Recall the Skorohod J;-topology introduced at the be-
ginning of Section A.1. Fix &’ € F(l), and let £ & € F(l) be such that €™ — &, and let
A be time-changes such that (A.2) holds. We can assume that |&, ”)| = |&| for all n. Fori =

|§0| —1, let ¢ be the value of the path " on [;_1, ;). Continuity of K implies that the
mappings (x,m)—~ K ¢ (x, m) are continuous. They are also bounded on S x {1, ..., |&]}

and hence bounded on the support of (J, léx - Hence, SuPte[o,T]b(éx(:L),St) — 0, as
n — 00, implies that

&1 —1 |&g1—1
lim R(T)(g(")é = lim Z/ 5A(n2t)’ /) Z/t (&. Kej)de = R (£, &).

n—oo

(The fact that we can control the continuity of the mappings K&, uniformly for ¢ € [0, T]
is implied more generally by the fact that lim,_.o w(§’, h) = 0, recalling (A.3)). Also, using
that the jumps are of the form (1.6), one has that

|R(T)(€(n)’ S/) _ R(T) (%—(n)’ 5/)|
<3T sup K¢l (x,m) sup ]A (t)—t|—>0 asn— oo.

i,x,m: m=|&| t€l0,

Altogether, we proved that R (™ £y - RT) (g, £'), as n — oo. Continuity of the map-
ping (£, &) — R (&, &) is then implied by symmetry.
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We continue with a proof for (ii). If v,, — v as n — oo weakly, then also v, @ v, > V® V.
Using the continuity of R that we established in point (i), Lemma 4.1, and Fatou’s lemma,
one easily sees that then liminf,,_, oo (Vy,, R (v,)) > (v, RT) (1)), which shows lower semi-
continuity.

Let us now show (iii). We show only the upper semicontinuity. Because of (1.2), we have
forany &,& € F(Tl) the upper bound

T T
RD (e, &) = / dile,, K&!)
(A.4) 0

T
< H/O drli& &, = HT gl 8], = HT %!/,

where we used that 1 = |[|& |l = >_, ,, & (x,m)m is constant for any & € F(Tl). Fort =0,
€011 = |&0] 1s the total mass of &.
Hence, we may split, for any L > 0,

prOwl= [ v [ v(eE)RDE8)

1éol<L &l<L

(A5) + / »(d) / v(dg")RD (£, £')1{ |60 > L or [&)| > L)

<[ vee) [ v@E)RDEE) 21Tl [ v@s)el,
|§ol<L lEyl<L [§ol>L

where we recall the definition of ¢, from (2.16) and note that |c,,| = [ v(d§)|&o| is bounded

by B for all v € Ay g. Consider the last term on the right-hand side of (A.5). Note that, for

r > L, we can estimate r < f(r)er with &, = sup,.; r/f(r), which vanishes as L — oo.

Hence,

/ v(d§)|&ol §8L/ v(d§) f (I€ol) < Be.
|ol>L [Eo|>L

So the last term on the right-hand side of (A.5) vanishes, as L — oco. Consider the first
term on the right-hand side of (A.5). Observe that, due to the point (i), the function (¢, §) >
R(&,&)1{|&| < L}1{|&)| < L} is dominated by a bounded and continuous function. Together
with the fact that v — v ® v is continuous in the weak topology, this implies that v
f| go<1 V(&) fl E<L v(dE")R(&, €') is continuous with respect to the weak topology. [

Now, for the proof of the upper bound in the LDP in Section 6, we need the following
lemma that provides an upper bound for the self-interaction cost of a collection of history
trees, which we call the diagonal term. Let us fix a majorizing function f: (0, co) — (0, c0)
satisfying f(r)/r — oo as r — oo and f(r) > r for any r € N as well as a constant 8 €
(0, 00).

LEMMA A.3 (Upper bound for the diagonal term). Fix a point process Yy =} _; 6z, on
F(Tl), and assume the upper bound on K from (1.2). Then for any L, N € N,

(A.6) —ZR(HZ, 8,) <HTLB+ HTNpB?*s?, withe, =sup —— f( X
r>L r

i

holds on the event {%YN e Aypl.
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Note that the lemma implies that the diagonal term is o(N) on the specified event.

PROOF. We use the estimate (A.4) that holds under (1.2) and the fact that ||&y]|1 = |&]
for§ e F(Tl) to get

1 1
= Dz, =)= — ()
N%:R (ul,u»—/F Yn(dE)RYV(E, §)

O N
1
(A7) <HT / v (@)l
1 1
<HTL —Yn(dE)|Eo| + HT — Yy (dE)|&0l%.
lgol<L N l&o|>L N

Now, if {%Y ~n € Ay g}, we have that the first integral is smaller than §, and for the second
integral, we have that

5 2 . e
/|$0|>L v I E)lgol” = N(/|so|>L NYN(df;‘)|§O|> < Np2e2. -

A.3. LDP for the PPP Yy. We state and prove an LDP for the random variable Yy
introduced in Theorem 2.1. We feel that this result is not new, but we did not find a reference;
hence, we give an outline of a proof. Recall that for two finite measures m, p on a Polish
space X the relative entropy of m with respect to p is denoted by

d
(A8) H(m|p) = f m(dx) log 22 (x) + p(X) — m(X),
X dp

if m < p,and H (m|p) = oo otherwise. Note that H (-| p) is convex and nonnegative with the
only zero p. Furthermore, all its sublevel sets {m: H(m|p) < C} for C € R are compact in
the weak topology (a short proof of which is given below).

LEMMA A.4 (LDP for Yy under PPP(Nm)). Assume that X is a Polish space, pick a
finite and positive measure m on X, and assume that Yy is a Poisson point process with
intensity measure Nm. Then (% YN)Nen satisfies an LDP on M(X) with rate function v —
H(v|m). All the level sets {v: H(v|m) < C} with C € R are compact.

PROOF. The abstract version of Cramér’s theorem gives immediately an LDP for %Y N-
Indeed, note that we have in distribution that Yy = Z; + --- + Zy, where Z;, ..., Zy are
independent PPPs with intensity measure m. Then %Y N, as the average of i.i.d. random
objects, satisfies the LDP with rate function equal to the Legendre transform of the logarithm
of the moment generating function of Z;, which reads

M X)sv sup ((v, f) —logE[e!Z1])
f€Co(X)

= sup ((v.f)—(e/ —1.m)).
feCo(X)
where we used a well-known formula for exponential Poisson moments, and Co(X) is the
closure in the uniform norm of the set of all continuous, compactly supported functions
f: X — R, the dual of which is set M4 (X) of all signed measures on X. Now that we
have formulated our problem in a Banach space setting, it is special case of the Girtner—Ellis
theorem. In order to finish the proof of the LDP that we need (i.e., to restrict from M (X)) to
M (X)), we need to check that the restriction of the above rate function to ML (X) \ M(X)
is constantly equal to 400, which we leave to the reader.
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Now we identify the rate function as H (v|m) by standard means. Indeed, if v < m, then
we may insert (continuous bounded approximations of) f = log g—r‘r’l and obtain that the rate
function is > H (v|m), and the opposite inequality is seen by

H([m) = H(vle! dm) + (v, f) — e/, m) + m(X) = (v, f) — e/ — 1, m),

since the entropy is nonnegative. In the case that v is not absolutely continuous with respect
to m, we take f as a continuous and bounded approximation of M1 4 with a large M and a
measurable set A that satisfies m(A) = 0 < v(A); see [20], Lemma 3.2.13 for details.

The sets {g—;: H(vm) < C} are Weakly compact in L'(m) by uniform integrability
since we can write H(vjm) = [ (3; log = — g—; + 1) dm. From this we see that the sets
{v: H(v|m) < C} are compact in M (X) W1th respect to its (functional analytic) weak topol-
ogy and, therefore, also in the topology generated by testing against bounded measurable
functions (see [16], Theorem 4.7.25), which certainly include all continuous bounded func-

tions. [J

A.4. Alternate characterisation of the LDP rate function. We introduce here another
representation of the rate function I,(LT) appearing in our LDP in Theorem 2.3. This will
involve the well-known notion of a relative entropy, which allows us to deduce crucial prop-

erties of I;(LT) like the compactness of the sublevel sets. Since the measure M, l(LT), defined in
(2.5), does not always have finite total mass, we need to slightly extend its definition. Take
any finite measure v € M(S), then we define

(A.9) M =ePoi, Q" € M(T').

Now we are able to work with M 15;7;) for any b € (0, c0). Notice that M, ,ST) might not have a

finite total mass, but we show in the next lemma that, under the assumption in (1.2), |M, bT)I <

oo for sufficiently small b € (0, c0).

LEMMA A.5 (Moments of My’ under (1.2)). ~Assume that (1.2) holds, and fix any T b €
(0, 00). Then for any n € Ny,

1-b
2nTH
Consequently, if b < 1/He*T, then fMé;)(dS)léolo’ < 00 for any a € [0, 00). Further, if
THe? < 1, then q&T) < 1.

(A.10) My ({e €T gl =n)) < (bT He?)'n 2.

PROOF. With the help of the estimate (5.17) for Q(T) (F(l) ) derived in Lemma 5.4 under

assumption (1.2) and also using that Q(T) (1) o) =

0, we obtain that for any n € Ny
My ({e €Ty &) =n)) = e/PoiM(dk)el_bb‘k|Q,(<T)(F(T{)IC)JL{|k| =n)

—1
b (TH!

@10 n! (n—1)!
1-b n 1-b
= T et o € (pr ey
TH (n)? 27T H

where we applied the Stirling bound n! > n"e™+/2mn. Hence, (A.10) holds. For any o €
[0, 00), we get that
lfb 0 n - o0
(T) CTH)" 511 n a2
/Mbﬂ ()80l = = X%) wE " =3 2 (bTHe*)"'n*? < 00




SPATIAL COAGULATION PROCESSES 1315

if bT He? < 1, since the geometric series with that parameter converges. Choosing b = 1, we
get that q,(LT) < T He?, which implies the last claim. [

Now we are ready to give an alternative formulation of the rate function / lST)(-). Recall
the definition of relative entropy from (A.8). Recall from (2.2) the noncoagulation functional
R and recall the operator with kernel R‘") from (2.8); furthermore, fix ;1 € M(S), and

recall the definition of I, @, M(l"(l)) — [0, oo] from (2.9).
As mentioned above, even if M T might not have a finite total mass, we know from
Lemma A.5 that, under the assumption in (1.2), |M bT)l < oo for sufficiently small b € (0, c0),

since M bT)(dE) =M, ) (d& Yel=bpléol As a consequence, the following corollary holds.

COROLLARY A.6. For any b € (0, 00) such that |MbT)| < 00, if the denszty (T) exists

(which exists if and only (T) exists), we have the alternative representation
bu
1
() ()
100y =1 My, |+ HEIM,)) + 0. RO 0)
(A.12)
+ / vo(dk)|k|logb + (1 —b)|v].

(Recall that we write vo = v o 7 le MM, (S)) for the projection of a measure v €
M@

Now we see that the rate function I,ST) has compact level sets. Indeed, as is seen from

(A.12), I,ET)(V) is a sum of terms, each of which is a lower semicontinuous function of v
on the set Ay g, defined in (2.7). Indeed, the quadratic term is lower semicontinuous by
Lemma A.2(ii); the maps v — [vo(dk)|k| = |c,,| and v > |v] are continuous on Ay g, as
is seen using the arguments from the proof of Lemma A.2(iii). Finally, by Lemma A.4 the

entropy H(-|M, (r )) has even compact sublevel sets (in M(F(l)) and hence in Ay g).

A.5. LDP conditioned on bounded particle sizes. In this section we present a variant
of the LDP of Theorem 2.3 with conditioning on having only particles of sizes < L rather
than conditioning on A g. This (more precisely, a variant) is used in Section 7.4 when we
prove sufficient gelation criteria.

Let us define the measure M, ,(LT’EL) for some fixed L € N, as the restriction of M, ,ST) to the
set
(A.13) F(TILL =l¢e€ I‘(Tl): &r is concentrated on § x [L]}, where [L]={1,..., L},
of particle trajectories with particles of sizes < L. It is an easy consequence from Lemma 5.4
that |M . L)| < oo under the assumption (1.2). In the following we often identify measures
v on F(T) that satisfy v(F(Tl) \ F(TI’LL) = 0 with measures on F(TILL

THEOREM A.7 (LDP for V under Ppo;, (VY (D{) \ T} ;) = 0)). Assume that the
kernel K is continuous and satisfies the upper bound in (1.2). Replace the kernel K by

iK Pick T € (0,00) and u € M(S). For any L € N, the distribution of V](\,T) under
Ppoi,, (- IV(T)(F(TU \ F(Tl,)fL) = 0) satisfies an LDP on M(F(Tl)) with speed N and rate function

=0 — inf 1= e M(ry))),

(A14) MTP) 510,00, v MTy)p)
00 otherwise,
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where

1 1
A15) LT=D ) = HEIM=E) +1 = [MT=D]+ o, 8D w). ve M(TY)).
The sublevel sets of this rate function are compact.

The proof of Theorem A.7 is a straightforward extension of the proof of Theorem 2.3.
Actually, the proof of the lower bound in Theorem 2.3 gives already many details of the
proof of the lower bound in Theorem A.7. The proof of the upper bound in Theorem 2.3
needs more than the proof of the upper bound in Theorem A.7. Finally, the compactness of

the sublevel sets of the rate function in (A.15) is clear, since |M ,(LT’SL)| is finite (hence, one
can take b = 1; compare to (7.1)) and v > (v, R (1)) is lower semicontinuous.
Equivalently, we have the following lemmas and corollaries.

COROLLARY A.8 (Accumulation points). In the situation of Theorem A.7, the distribu-

tion ofV(T) under Pg(\)’l) (- IV(T)(F(I) \ F(T])<L) =0) is tight in N, and each limit point of this

distribution along any subsequence is concentrated on the set of minimisers of 1, (T.=<L),

LEMMA A9. Forany T € (O oo) and any L € N, any minimiser v(T-=L) of I,(LT’SL)
defined in (A.15) on the set ./\/l(FT < 1) satisfies the Euler-Lagrange equation

—j(D) (D) 1
(A16) v dg) = MT=D(ag)e 0O ger
The proof of the above lemma is analogous to that of Lemma 7.3.

COROLLARY A.10 (Bounds on v\T)).  Assume that v\T) is a minimiser of I,(LT’SL) on
M(F(T{)SL)for some L € N:

(i) Under the assumption in (1.2) and if T < 1/e*H,

2
f VD@l < 5

(i1) Under the assumptions in (1.2) and (1.3), for any T > 0,

1
/V(T)(d§)|§0| < max{ﬁlog@THez), HT }

Since M ,(LT’SL) <M ,(LT), the above corollary is a direct consequence of Lemma 7.4.

COROLLARY A.11 (Minimizers of I T L)) Assume that the kernel K is continuous and
satisfies (1.2) and (1.3). Then the followmg hold.:

(i) Forany L € N, every minimiser v(T-=L) ofI(T =L)

tion on /\/I(I’(T1 <L)

satisfies the Euler—Lagrange equa-

(A.17) v(d§) = M(T)(dg)e—m(w(é)’ £e F(Tl,)gL

(1) It holds that |c (T))| < ZlogT for any L € N and every minimiser vT-=L) of I&T’SL).
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