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Spatial particle processes with coagulation: Gibbs-measure
approach, gelation and Smoluchowski equation

Luisa Andreis, Wolfgang Kénig, Heide Langhammer, Robert I.A. Patterson

Abstract

We study a spatial Markovian particle system with pairwise coagulation, a spatial version of
the Marcus—Lushnikov process: according to a coagulation 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 particle
configuration at a given fixed time 7" in terms of a reference Poisson point process, whose points
are trajectories that coagulate into one particle by time 1. The non-coagulation between any two
of them induces an exponential 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 distribution 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 kernel 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 (unconditioned).
Furthermore, we use the unique minimiser to construct a solution of the Smoluchowski equation
and give a criterion for the occurrence of a gelation phase transition.

1 Introduction

In this paper, we investigate a Markovian process of spatially distributed particles that coagulate pair-
wise. Our main interest is in asymptotics and phase transitions in the limit of many particles. To inves-
tigate this, we adopt a typical statistical mechanics approach: we describe each particle at time 1" 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
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configuration, where each particle is an atom with mass one. Coagulations of pairs occur indepen-
dently 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 col-
lection of all these parameters forms what is called the coagulation kernel, K : (S x N)? — [0, c0).
The mass of the new particle is the sum of the two old ones, its location is picked randomly accord-
ing to a placement kernel, Y. This leads to a continuous time Markov process whose dynamics are
determined by K and Y.

Basic properties and the process =

The total amount of mass in the system is kept constant, but all the particle sizes are non-decreasing,
and the number of particles decreases by one at each coagulation event. After each coagulation event
the parameters of the exponential 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 [39]. One can write the configuration of the process at time ¢ as a point
measure =;, which registers the statistics of the particles according to their positions and masses.
Hence, =, lies in the set My, (S x N) of all point measures on S x N, and the natural state space
of the process (=;)¢c[o,r] is the set ' of measure valued trajectories [0, 7] — My, (S x N) that
are piecewise constant and are such that in each jump two particles are lost and one (larger) particle
is gained.

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 /V 1 for some probability
measure u, 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 (Et)te[o;p], where T is fixed. Then we study the behaviour
of (%Et)te[o,T] in the limit of large total mass /N in the system, when the coagulation kernel K is
replaced by %K . This is often called the hydrodynamic limit. Here, we would like to understand the
limiting distribution of (%Et)te[gj] and the question of a gelation phase transition, i.e., the emergence
of large particles (i.e., with diverging size depending on V) 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 characteristic 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.
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Our contributions
Our main contributions are the following:

(1) We derive an explicit formula for the distribution of (=Z;)c[o,7) in terms of an interacting Poisson
point process, whose points are the histories (trajectories) of each particle present at time 7T'.

(2) We prove a large-deviation principle for (%Et)te[o,T] 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 non-occurrence of large particles with macroscopic 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
(%Et)tE[O,T] as N — oc.

(4) As another by-product of our large-deviation analysis, we derive that in the subcritical regime,
i.e., when there is no gelation, the process (%Et)te[o,T] converges as N — oo to a solution of
a spatial version of the famous Smoluchowski equation.

Coagulation trajectories

Our ansatz for our goal (1) and for everything that follows is a decomposition of the entire configuration
process on the time interval [0, 7] into the parts of the process (called coagulation trajectories or
history trees) that coagulate by time T" into one of the particles that we see at that time. The main
object of the present paper is the normalised empirical measure, V{7, of all these trajectories. This
object is much more comprehensive and detailed than just the process (Et>te[O,T]- 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 non-coagulation between
the trajectories).

A crucial Poisson process

Indeed, in our first main result, Theorem 2.1, we introduce a Poisson point process whose points are in
the space of coagulation trajectories. Its intensity measure describes the coagulation decisions within
each trajectory and the family of these trajectories are independent and identically distributed. How-
ever, the non-coagulation between them is expressed in terms of a pairwise interaction between each
pair of trajectories. In other words, we represent the distribution of the configuration as an expecta-
tion over many independent coagulation trajectories with an exponential interaction term expressing
the non-coagulations. This gives our representation the structure of a many-body system (better: a
many-trajectory system): a Gibbsian ensemble of many independent trajectories 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 Poisson point process (PPP) on the set of
coagulation trajectories.

Other Poisson-process approaches

This Poisson-process description opens up a multitude of further research directions, in particular a
comprehensive analysis of the entire trajectory configuration on the time-interval [0, 7). It also makes
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the model amenable to an asymptotic analysis like hydro- or thermodynamic limits. Related Poisson
representations have been carried out for a few models in statistical mechanics, like the interacting
Bose gas [1, 16] and the Erd6s—Rényi graph with and without spatial component [7, 6], see also
Section 3.3 for an account on the latter subject. Also in a recent paper [45], the joint distribution of
all the components of the Erdés—Rényi graph has been identified in terms of a Poisson point process
(here a compound one). It is used there to derive moderate-deviations results for three variables (size
of largest component, number of components of a given fixed size and total number of components).

Large-deviation principle

Let us turn now to our goal (2). We use our Poissonian representation for deriving asymptotics of the
empirical process V}@ for diverging system size /N and rescaled coagulation kernel %K with the
help of large-deviations analysis, one of the ubiquitous approaches to Gibbsian systems. In our case
a useful large-deviations principle (LDP) for the reference Poisson process is known, and it has an
explicit rate function. Since the state space of VJ(VT> is huge, we need to employ a conditioning on an
event that generates compactness and continuity properties of certain functionals. This conditioning
basically excludes 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 Vﬁ) and an explicit formula for the rate function of the coagulation process.

Consequences: Euler-Lagrange equation and convergence

This LDP and its rate function now allows for a deeper analysis. We prove that every minimiser of
the rate function (i.e., every possible accumulation point of (V}@)NGN under the conditional measure)
satisfies the Euler—Lagrange equation, and formulate assumptions under 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. Never-
theless, we succeed in formulating assumptions under which we can prove that the probability of the
conditional event converges to one, and we derive tightness of the unconditioned distribution of Vﬁ)
and the convergence V](VT’ towards 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

Remarkably, all the preceding is obtained, for all sufficiently small 7", under the sole condition that the
coagulation kernel K is continuous and satisfies the bound in (2.6), that is,

H = sup (v, Kw) < 0.
v, wEM(SXN): |jv]|1,]|w|1<1

(We will provide the necessary notation to understand the supremum in Section 2.) More precisely,
the results about convergence of Vi’ hold if TTH < 2 2—. The criterion H < o0 is in spirit of upper
bounding the kernel against a product kernel of the form K ((z, m), (z',m’)) = ¢(z, 2")mm’ with
bounded (, where x, x’ are the locations and m, m’ the masses of the two particles, but is much

more general.
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Gelation and non-gelation

Turning to our goal (3), the macroscopic occurrence or non-occurrence of Iarge particles, we also find
that, under the above condition, there is no formation of a gel forall T'H < —QF On the other hand,
if additionally the ‘dual’ condition

inf (v, Kw) >0
V,WEM(SXN): ||v]ji1=||lw|1=1

is satisfied (see (2.27)), then we prove in Theorem 2.8(2), jointly with Proposition 2.10(2), the occur-
rence of a gel for all sufficiently large I". 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 — o0, followed by L. — 00, we see that the mass is strictly less than the total
mass at time 0. In future work, we plan to analyse also the macroscopic 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, V&, but one is also
highly interested in the Marcus—Lushnikov process = itself. While the process (Et)te[o,T] takes values
in the set 'y of trajectories [0, 7] — My, (S x N), the empirical process VY is contained in a
much more comprehenswe and more abstract space. Nevertheless, ( it)te[o 1) is a relatively simple
functional of V¢, which turns out in Lemma 2.5 to be continuous in a sufficient sense, such that a
great deal of our results about V( ) have a consequence for ( ;_Jt)te[g 7)-

LDP for the ML-process

Our first observation is in Corollary 2.6 that, via the well-known contraction principle, (%Et)te[o,:r]
also satisfies an LDP (under the same conditioning as VE\?) 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.

The Smoluchowski equation

Furthermore, and now we are turning to our goal (4) of deriving a partial differential equation for the
limiting objects, by the continuity of the map that maps VN onto ( ut)tg[o 1], We also obtain, under
the mentioned assumptions, the convergence of the latter to a deterministic process, p = (pt)te[O,T]-
From the Euler—Lagrange equation for the minimisers of our rate function for (Vﬁ))NeN, 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 ( Ht)te[o 1], @s itis in many previous investigations
of related processes.
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Advantages and disadvantages

Let us briefly discuss advantages and disadvantages of our ansatz in comparison to earlier ansatzes;
see Section 3.2. Convergence of the coagulation process was previously established, under more
restrictive conditions on the kernel K, using an entirely different route: tightness arguments that give
convergent subsequences whose limits are solutions of the Smoluchowski equation that are combined
with uniqueness arguments to identify the deterministic limit. Previous criteria for convergence of the
Marcus—Lushnikov process require K to be conservative (or approximately conservative in a pretty
narrow sense), i.e., to keep a certain quantity constant in each coagulation event. The most natural ex-
ample of this is a product kernel of the form K ((z,m), (x',m’)) = ¢(x, x")mm/, with ¢ a bounded
function; this kernel is such that the sum of all the rates is preserved by a coagulation event. The good
news is that our sufficient criterion for convergence is not restricted to such kernels, but consists just
of the general upper bound (2.6), which does not require any information about the form of the kernel.
The bad news is that our approach a priori does not work up to the gelation time (the first time at
which large particles with macroscopic total mass arises), but only on a time interval [0, 7] with T
small enough.

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, i.e. 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, i.e., 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,

K:(8xN)?—=1[0,00) and 7T:(SxN)*xB(S)—[0,1], (1.1)

where B(S) denotes the Borel-o-field on S. We assume that K is symmetric and measurable, and
that T is a Markov kernel from (S x N)? into S, i.e., 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, i.e., Y((x,m), (', m'),-) = Y ((a',m’), (x,m), ).

The random mechanism: At each time t € [0,00), for each unordered pair of particles in the
current configuration, located at x and ' € S with masses m and m’, respectively, there is an
exponential random time with parameter K ((x, m), (', 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), (z',m'),-). The exponential random times and the placement locations are independent
over all particle pairs and over all times.

Hence, after each coagulation event, the parameters of all exponential random times involving any
of the two coagulating particles are updated. Since we are starting with only finitely many particles,
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Spatial coagulation processes 7

this excludes explosion and the total number of coagulation events during a time interval [0, 7] 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 [39], with state space ¥ = S X N and mass-preserving function
m((x,m)) =m.)

The above mechanism defines a Markov chain in continuous time

== (Et>t6[0,oo)a where == Z O(Xi(t),Mi()) € My, (S x N), (1.2)
icln(t)]

where (X;(t), M;(t)) € S x N is the location and the mass of the i-th 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, i.e., the set of finite point measures. We will treat elements
¢ € Mp,(S x N) as partially discrete measures and we will write for example ¢(x, m) instead of
o({(x,m)}). We write also Z;( A, m) for the number of particles in A C S with mass m € N attime
t in the configuration.

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

The process = is a Markov process with jumps of type
¢ = ¢ - 6(:c,m) - 6(J:’,m’) + 5(Z,m+m’)7 Qﬁ € MNO (S X N)7 (1.3)
(as long as the right-hand side is nonnegative) that happen with rate
K¢(<£L‘ m), (z',m'), dz) = K((x m), (z',m'), dz)
. | ol m)g(a’,m’), if (z,m) # (', m’), (1.4)
o(z,m)(d(x,m) —1)/2 otherwise,
and we abbreviated
K((z,m), (z',m'),dz) = K((z,m), (z',m)) T((z,m), (z',m’),dz). (1.5)

Since Y ((z,m), (z',m’),-) is a probability measure, the rate K ((x,m), (z',m’)) is equal to the
total mass of the measure K((x, m), (z/, m’), -). Analogously, we put

K¢<(I7 m)? ('rlv m,» = K¢((‘T7 m)7 (IIJ m,)v 8)

Sometimes we call K also a rate, even if this makes strict sense only if K((x, m), (z',m'), ) has a
discrete support. The counting factor in the second line of (1.4) is the number of unordered pairs of
particles of types (z,m) and (2’,m’). In the case that S is uncountable, formally there are uncount-
ably many (z, z') 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, i.e., we fix n(0) € N, M;(0) = 1 forany i € [n(0)],
and some configuration of (X;(0))ic[n(0)- Hence, Zp = Zie[n(o)] d(x,(0),1), and we often identify

with the configuration 3 ;. ., o 9(x,(0)) € M, (S). The trajectories of = lie in the set

= {§ = (&)iefo,00) € D(My, (S x N)): & is concentrated on My, (S x {1})
(1.6)
t — & is piecewise constant and makes steps as in (1 .3)},
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where D(X) denotes the set of cadlag-paths [0,00) — &, i.e., paths that are right-continuous in
[0, 00) and have left limits everywhere in (0, 00) (we give My, (S x N) the weak topology induced
by integrals against continuous bounded test functions). In particular, the initial configuration of any
¢ € T is finite, and the collected mass of all particles at time ¢, which we indicate with [|&]|; =
Y men M&(S x {m}),is a constant in t.

Forany k € My, (S), we write P, and [E;, for probability and expectation with respect to the process
= when started from =y = k. For £ = 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 distribution, IPpoiNM, of the process
under poissonised initial conditions so that

]P)PoiN“ = / POlNu(dk’> ]Pk (1 7)
M, (S)

where Poiy, is the law of a Poisson point process (PPP) on S with intensity measure /Ny for an
arbitrary probability measure 1 on S. Note that the number n(0) of initial particles is not deterministic,
but is Poi y-distributed and the empty configuration appears with probability e > 0. The analogous
statements and proofs for the deterministic initial configuration Py, with ky € My, (S) satisfying
%kﬁz\/ — p for some p € M;(S) are deferred to future work.

Remark 1.1 (Special choices). A natural choice of T 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 m_’fm, and m’j:;n, respectively; this choice keeps the centre of mass fixed on average. ¢

Remark 1.2 (Inhomogeneous Erdés—Rényi graph). An important special case in the non-spatial set-
ting (i.e., S is a singleton) is the product kernel K (m,m’) = Hmm/' for some H € (0, 00). In this
special case, 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. Indeed, this
process can be seen as a simplified version of a coagulation process: instead of a coagulation event
of two particles, only a bond between two atoms in the two connected components is added, see
Section 3.3. There we also explain the case of an inhomogeneous (i.e., spatial) version of this process
and its relation to a spatial coagulation process. O

1.3 Decomposition into coagulation trajectories

In this section, we will describe the distribution of (Et>te[0,T] for afixed 7" > 0 via a decomposition into
subprocesses that coagulate into one particle by time 1", which we will call coagulation trajectories on
the interval [0, T']. This section provides necessary notation.

Observe that the notation in (1.2) only counts particles at a given site with a given size. 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 0 such
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Spatial coagulation processes 9

that we can follow its path through the coagulation process. To this end, we define a Markov process
(P)1e(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, non-empty set A we denote the set of parti-
tions of A by

P(A) = {{Cj}jejz J an index set, UEJOj = AVj:0#C; C A}. (1.8)
J

We define a process (Pt)tE[O,oo) 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 attach to it the site
Xg> € S at which the particle sits. More precisely, we define the labelled coagulation process

Z = (Zi)ietooo),  With Zy = (X, C)cen,, (1.9)
as a Markov process with the mechanism
((Xc, C), (XD, D)) — (XCUD7 cu D) with rate K((Xc, |C|), (XD7 ’Dl), dXCUD>7 (1.10)

where our short-hand notation ((X¢, C), (Xp, D)) + (Xcup, C'U D) includes the fact that for
all C ¢ {C, D} the values (X&, (') 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 = (xi)ieA € S# we denote by P, the distribution of this Markov process starting
from Zy = (X, C)cep, = (w4, {i})ica. We call x the initial atom configuration of the process.

Let us explain the connection between the process Z and Z=. Indeed, given Z, we can define

2(Z) = (Z(2))icpoe)  WithE(Z) = Cz; 3x9 jop- (1.11)
€rt

Assume that we fix & € My, (S) and some vector x = (xl)yil € S that is compatible with k, i.e.

it satisfies k = Zyil dz,- Then,
ProZ ' =Pyo (2(2)) (1.12)
where we use the measure-theoretic notation 10 X ~* for the distribution of a random variable X under

a probability measure . In this way, we actively forget the precise history of each of the particles and
just count them at any time with regard to their locations and sizes.

Now we fix a time 7" € (0, 00). For each particle present at time 7" we want to define a subprocess
that describes the history of the particle. Now, let (Z;):c[o,r) with Z; = (X, C)cep, be the process
defined in (1.9) on the time interval [0, T']. Fix a set C' such that either C' € Py (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

—(1,0) __ (=(C) —(T,C) _
=0 = (5 e, where  EV = 3 dx@ e € Muo(&xN). (1.13)
GGPz: GCC

One can easily check, that as a consequence of the mechanism (1.10) the sum on C € P, satisfying
C C C'is non-empty. =":9) is the (sub-)process that only keeps track of the atoms with labels in C,

ie., EiT‘C) is the numer of particles with a given location and mass at time ¢ that have emerged from
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atoms with labels in C'. In particular, it holds that =, = >"._ 0.5 1)- In the following we mainly
(i}

choose C € Pr (i.e., C is one particle at time 7") and in that case we note that =" is an element
of the set of (one-particle) coagulation trajectories,

'Y ={¢elr: & (S xN) =1}, (1.14)

where
Tr=mop(T),  where mor)(§) = (&)eeor), (1.15)

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

the particle (X, |C]), ending in a single-particle configuration 0 x|y @ttime 7' In Figure 1 we
C

illustrate how the process (=Z;);c[0,7] decomposes into the subprocesses =", C' € Pr.

S

v &y =0 3)

v &) = O(23,5)

:
.
T

Figure 1: An illustration of the decomposition of (=)o, into four subprocesses (géi))te[O,T], 1=
1,...,4, that are distinguished by their colour. The process (Et)te[O,T] is started from 15 atoms at
time 0 and ends up with 4 particles. However, each subprocess (5;”),56[01}, 1=1,...,4,endsina
single-particle configuration by definition. At time ¢, there are 6 particles with masses 3,2, 1,2, 5 and
2.

Now we introduce the main object of this paper: the normalised empirical measure of the coagulation
trajectories of all the particles present at time 1

A .
V) = ~ > Gy € M), (1.16)

CePr

For the definition of V"', we need the process (Zt)te[o,T] and need to work a priori on the extended
probability space with measure P,. However, observe that V}\? does not depend on the labels, even
though its definition uses the labels in order to decompose the process into its subprocesses =",
C' € Pr. More precisely, if we fix & € My, (S) and consider two vectors x = (:vz)yil X =
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Spatial coagulation processes 11

@) with S5, = M 5 =k, then P (VY € ) = Px(V{ € -). Hence, in a small
abuse of notation, we will consider V](VT) under the measure IP;, and mean its distribution under Pk for
some X that is compatible with k. Hence, we can assume that = and Vﬁ) are defined on the same
probability space with measure P,.. In particular, we will speak of its distribution under the Poisson
initial configuration, PpoiN#, and mean the distribution with an initial configuration vector whose length
is Poi y-distributed and has i.i.d. p-distributed entries.

We decided to drop in Vﬁ) the particle-by-particle history and to keep only the point-process informa-
tion about the trajectories, but this is a matter of taste. However, some of our proofs will later need to
work in the more detailed setting.

Let us explain how we can obtain the process (Z;(Z))cjo,7] from VY. Let us denote the projection
T T — My, (S x N) by m,(€) = &, and let us write v, = v o 7; * forv € M(T') and t € [0, 7.

Then
Z 5(x“> IC) Z Z 6(Xg),|5'\)
CGPt CEPT Cep;: CcC (117)
5 2= / o
CEPT

This connection is crucial, since it shows that ( _t)fe[o 7] is a function of V](\?) and allows us to
understand the dynamics of (1= ):c(o,7] by studying Vy.

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).

2 Results

In this section we formulate and comment our four main results: a representation of the empirical mea-
sure of coagulation trajectories in Section 2.1, a large-deviation principle for this empirical measure in
Section 2.2, criteria for the occurrence of the gelation phase transition 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(dz, m) instead of v(d(z,m)) and define |[v]|y = Y,y [ v(dz, m)m.

Considering Poisson point processes we use the following notation. For v € (0, c0) we denote with
Poi, the Poisson distribution on Ny with parameter -y, and for a measure p1 € 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 ) _, d,, of points r; € 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}l), by Poiys we denote a finite collection >, 0=, of point measures
on non-empty point configurations =; € ' such that #{i: Z; € B} is Poisson-distributed with
parameter M (B) for any measurable B C F“).
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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 V](f) of the coagulation trajectories of the particles present at time I". This is in terms of a
Poisson point process (PPP) on FE}) and an exponential pair-interaction term. We fix u € M;(S)
and will be considering the Marcus—Lushnikov process under the poissonised initial condition PpoiN#.

In the following the reference measure M;T])V € M(FS})) will play an important role, which we define
as
M1y (d€) = N e ey, (S € d€), €€ Tf k=6, (2.1)

that is, the restriction of Pp;, to I';?’ 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 P,
to FT” is the zero measure since F“) does not contain the zero point measure trajectory. Furthermore,
the total mass of M'" N is finite, since [P, has mass < 1 on I} and Poi,, has exponential moments
of all orders.

We now introduce a reference PPP Yy = 3~ 0=, on I'} with intensity measure N M"},. We write

expectation with respect to Yy as E, (r) . The PPP of the initial configurations, Yo = > 0z, =
N )
—1

Yy o7y ', is also a PPP with intensity measure N M "}, o 75 .

Let us express the probability of non-coagulation between any two trees for a fixed time interval [0, 7’|
for fixed T' > (. To do this, we need the labelled coagulation process Z. Fix disjoint finite label sets
A, B and vectors x € S4, y € SP. Suppressing the dependence on T in the notation we consider
the process Z = (Z;)icjo,r) under P(x ), where the partition process (F;):cjo,r] takes values in
P(AU B) with initial atom configuration (x,y) € SAYZ. We denote by { A «+» B} the event that (up
to time T') there is no coagulation between A and B, i.e., no coagulation between any pair of particles
(i.e., sets) C', D with C' C Aand D C B. Now, we define

APy (A «» B, (BT, ETP) € -)
dPyx o (2(2))" ' @ Py o (2(2))

R(T)(fagl) = - (57 £/>7 575/ € FT- (22)

In words, e~ B (€€ is the probability that the subprocesses ¢ = =4 and ' = =™ 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, 7. In Lemma 4.1 we prove the
explicit formula

T
RO(E,€) = /0 dt (6, Ke), 6.6 €Ty, 23)

where we write K¢(z,m) = [ >, .y o(da’,m') K((x,m), (z/,m)) for any (z,m) € S x N
and any ¢ € My, (S x N).

In our first main result, we assume nothing else than what we stated around (1.1). We slightly gener-
alise the definition (2.1) by defining for any b € (0, co) the measure

My, v (d€) = NF e P, (2 € dS), €Ty k=&, (2.4)
where the additional parameter b will be used later to tune the total mass \Mgu -

Theorem 2.1 (Poissonian description of the empirical measure). Fix u € My(S) and T > 0 and
N € N and a measurable bounded function f: M(T'\)) — [0, 00). Then, forany b € (0, 00),

Epoiy, (f(Vz(\?)) _ ENM,fT) [efg S i B (E0E5) 0= DIYN0l = S Y o(dk) Kl f(]%,YN)
eN(\M(T) |—1)

bu,N
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Spatial coagulation processes 13

where Yy = . 0=, P01NM$)N

is a PPP with intensity measure N M I;Z)N

The proof of Theorem 2.1 is in Section 4. An easy interpretation of the formula can be given for b = 1.
In that case the distribution of Vi is given via the distribution of 1Y with the additional density
term exp{—3 > iz RS, u])} that takes into account the non- coagulatlon between any pair of
coagulation trajectories. We derive the formula for an arbitrary b € (0, 00) since we need later to
ensure the finiteness of the limit of [ M,y |, when K is replaced by 1 K and the limit N — oo is
taken. The correctional terms on the right-hands side of the formula involve the number of coagulation
trajectories |Yv o| and the sum of the number of atoms in each trajectory [ Y o(dk)|k| = >, |Ziol.

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. We are mainly interested in
laws of large numbers and gelation criteria, but in view of our Gibbsian representation in Theorem 2.1,
this is most naturally approached in terms of a large-deviation principle for the empirical coagulation
trajectory measure, as we will formulate in Theorem 2.3. We consider initial configurations distributed
as Poiy,, for some p1 € M;(S), such that IV is the order of the number of particles at time zero. In
order to see interesting phenomena, we replace now the kernel K by %K. We indicate this by adding
an additional superscript . It is clear that the transition from K to %K is mathematically equivalent
to the transition from the time interval [0, 7] to [0, 7 N]. We choose to keep the time horizon as
[0, 7] and to rescale the rates of coagulation by 1//N, since topologies on processes with fixed time
horizons are handled in a more standard way than with diverging horizons. 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 — o0 based on that formula will naturally involve a
large-deviation principle.

For completeness, let us spell out the definition of a large-deviation principle (LDP): Let ) be a topo-
logical space that is equipped with the Borel-o-algebra. One says that a sequence (i) nen of prob-
ability measures on ) satisfies an LDP with speed N and rate function 7: Y — [0, oo] if, for any
closed, respectively open, set I, G C ),
limsup + log un(F) < —inf/  and lim inf - log py(G) > —inf 1.
N—oo F N—oo G

This concept depends strongly on the topologies used, and we will be working on sets ) = M(X) of
bounded Borel measures on a topological space X', so we emphasise that we will always equip them
with the weak topology, which is induced by test integrals against bounded and continuous functions
X — R. See Section 5.1 for specific remarks for the cases where X is itself a space of measures.

For all limiting assertions in this paper, we will be under the following assumption:

H = sup (v, Kw) < 00, (2.6)
V,WEM(SXN): |lv]|1,|lw]:1<1

where we write Kw(z,m) = [¢>, yw(dz’,m") K((z,m), (z',m’)) for (z,m) € S x N and
w € M(S x N). Note that product kernels of the form K ((x,m), (z/,m')) = p(z, 2" )mm’ satisfy
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(2.6) if ¢ is bounded. The assumption in (2.6), together with the conditioning on A 5 below, will imply
several decisive boundedness and compactness properties in the sequel; see Remark 3.5 below.

In preparation for formulating our main result, we formulate the convergence of the reference measure
M;LT])\, 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, i.e., Q|4(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¥I=!PI™) (2 € )| )). Assume that the kernel K satisfies (2.6). Fix
T

p€ Mi(S)andT € (0,00) and k € My, (S). Replace the coagulation kernel K by ~ K and
write IP’;CN ' for the probability measure. Then the following limiting measure exists in the weak sense:

() = lim NFEIPY(Z € Ty 2.7
() = i NP € ) € M), 27)
In particular, the measure My defined in (2.1) w.r.t. P™Y) converges towards the measure

M" = ePoi, ® Q" € M(T{). (2.8)

In (2.8) we used the well-known measure-theoretic notation

Poi, ® Q™ (d(k,€)) = Poi,(dk) Q" (dE), k€ My, (S),6 e TWst.& =k (29)

The proof of Lemma 2.2 is in Section 5.3. An explicit formula for @;CT) and more information appear
in Lemma 5.5. Informally speaking, @;CT) 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.

As we have already said in Section 1.1, in the present paper we study only the microscopic part
of the process, i.e., those particles that are of finite-order size in /N. We leave the study of other
particles, with size growing in IV, to future work. Note that the space of coagulation trajectories T}
does include trajectories with arbitrarily large sizes. For this reason, we encounter the problem of lack
of compactness in M(T'}), the state space of V}y’, and we are forced to condition on a set that
induces compactness. Fix any 5 > 0 and some function f: N — [0, 00) that grows at infinity faster
than linear, i.e., f(r)/r — oo as r — oo, and satisfes that f(r) > r for all » € N. Define

Ags = {vemrp): [ va 16D < 5}, 2:10)

and note that for any £ € '} it holds that its collected mass ||&;||; € N is constantin t € [0, T
and equal to |&,|, the number of initial atoms of £. Hence, the condition in Ay 3 is an higher-moment
integrability condition on the sizes/masses of the particles at time 7". On the event {V’ € A; 5} we
will be able to derive compactness/continuity of important objects that allow for a smooth proof of the
LDP (see Section 5.1). See Remark 3.4 below for an explanation that, on this event, the configuration
cannot develop a macroscopically large particle by time 1 in the limit N — oo and so the conditioning
is more than a purely technical step. Since f(r) > Lforallr € N, |v| < fforallv € Ay z. We will

later mainly use f(r) = r2.

We are going to introduce the rate function of our LDP. For two finite measures m, p on a Polish space
X, we denote the relative entropy of m with respect to p by

H(m |p) = /Xm(dx) log (21—7;(3:) +p(X) — m(X), (2.11)
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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 in Section 6).

Recall from (2.2) and (2.3) the non-coagulation functional R™ and introduce the operator with kernel
R™,

RO (1)(€) = / RO(EE) W(dE), €T, v e M), 212)

ry
We fix p1 € M1(S) and we define the function I : M(I'})) — [0, co] by

<V, log ﬁi&» + 5, ROW) +1— ||, ifr<MD

( _
L) = |
o0 otherwise,

(2.13)

Notice that M " might not have a finite total mass, but we will show in Lemma 7.2 that, un-
der the assumption in (2.6), |M,,’| < oo for sufficiently small b € (0,00), since M, (d¢) =
M (dg) e bkl As a consequence for any b € (0,00) such that [M,’| < oo, if the density

d’{ 77 exists (which exists if and only (T> exists), we have the alternative representation
M,

n

1
LO(v) = 1= M,/ + Hw|My,') + 5, R0 (1)) + /Vo(dk)lk‘l logb+ (1= b)lv|. (2.14)

(Recall that we write vy = v/ o 5" € M (My, (S)) for the projection of a measure v € M(T'}).)

Here is our main result: an LDP for the collection V(T) of all the components of the coagulation process

with /V particles and kernel ]{[K, restricted to the event that no infinite component appears in the limit.
We will also be working with the measure M/ ["=") for some fixed L € N, the restriction of M " to
the set

F(Tl’)SL = {¢ e T): & is concentrated on S x [L]}, where [L] = {1,...,L}, (2.15)

of particle trajectories with particles of sizes < L. It is an easy consequence from Lemma 5.9 that
|M‘T <)| < oo under the assumption (2.6). In the following we often identify measures v on F}l) that
satisfy v/(I' \ T’ ;) = 0 with measures on I'y)_, .

Theorem 2.3 (LDP for V(T)) Assume that the kernel K is continuous and satisfies the upper bound
in (2.6). Replace the kernel K by +- K. Pick T € (0,00) and pu € M;(S).

(1) Pick f: N — [0, 00) satisfying lim,_, . f( )/r = oo and f(r) > r for any r. Then, for any
B > 0, the distribution of Vi’ under P%) (-|V\ € Ay ) satisfies an LDP on M(T))
with speed N and rate function

P01N

I (v) — ifv e A
M(TP) = [0,00], v " ) = x5 ks (2.16)
00 otherwise,
where x5 = inf e, , I\ (v). The sublevel sets of this rate function are compact.

(2) Forany L € N, the distribution of Vi’ under P, (- |V (T3 \ T3 ) = 0) satisfies an
LDP on M(T) with speed N and rate function

IT=D —inf oy IS0 jfy € M(TG)
MTP) = [0,00], v " MU <) =) o)
00 otherwise,
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where
1
=9 () = H@IME=) + 1= [ME9 4+ S0, R0 (w), v e MT.,). @18)
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.

Corollary 2.4 (Accumulation points). In the situation of Theorem 2.3, the distributions of Vy;’ both
under IP’(Pl(V)iNM( VY € Ajp) and under IP’(PJQH( V(TP \TY) = 0) are tight in N, and
each limit point of this distribution along any subsequence is concentrated on the set of minimisers of

(T) i (T,<L)
1| 4, 5, respectively of 1<),

We are not only interested in the empirical process V&, but also in the Marcus—Lushnikov process
(Z¢)te(o,1) itself. Because of (1.17), this is a function of V" more precisely (%Et)te[oj] = p(V{),
where we define

pi M) = Dr(MEXN), o) = (p)hreor = (

d 219
i, V1) &), on @19

where we write D for the set of cadlag functions on [0, T7].

The continuity of the map p is handled in the following lemma. Details about the topologies are given
in Section 5.1.

Lemma 2.5 (Continuity of v — p(v)). Fixany 8 > 0 and some function f: N — [0, 00) that grows
at infinity faster than linear, i.e., f(r)/r — oo asr — o0. Let (v,)nen be a sequence in Ay 5 that
converges towards some v that has a finite entropy H (v| M, ;/f)) with respect to M éz) for some b > 0.
Then p(v,,) — p(v) asn — oo.

The proof of Lemma 2.5 is in Section 5.4. 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 (%Et)te[o,ﬂ)- In the situation of Theorem 2.3(1), the distribution of

(%Z4)ie(o,1) satisfies an LDP on Dy (M(S x N)) with rate function
p—inf {I"(v) — xp: v € Apg, p(v) = p}.
This immediately follows from the contraction principle, more precisely from Remark (c) on Theorem

42.1in[17).

Let us close this section with a remark on a handy criterion for uniqueness of minimisers for the rate
function 1.

Remark 2.7 (Convexity of I’ by nonnegative definiteness of K). The map v +— (v, " (v)) is a
priori not convex. But under the additional assumption that & be nonnegative definite, it is. Then ]fﬁ
is strictly convex. Recall that

K is nonnegative definite <~ (v,Kv) >0, veMgr(SxN), (2.20)
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where we denote by Mg (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,veon % and a € (0, 1),

(avi + (1 — a)vo, R (v + (1 — a)))
= a(v, R (1)) + (1 — @) (2, R (12)) — (1 — @) {v1 — 12, R (1) — 1n)). (2.21)

Nonnegative definiteness yields a handy criterion of uniqueness of minimisers of 1", but since it is
difficult to check in practical examples, we will not rely on it. O

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 non-existence
of a gelation phase transition. That is, the question about the existence of a deterministic critical time
threshold Ty € (0, 00) such that there are only microscopically sized particles (i.e., particles of
size of finite order, not depending on ) before time T, 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 T, 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 ™).

Let us coin a rigorous definition of the occurrence of gelation. We introduce the notation ||v]|; <, =
Js > omey mov(dz,m) forv € M(S x N), then ||Z7||1, <1 is the total amount of mass in particles

with size < L at time T'. Recall that ¢ + [|=;]1 is constant under Pry; , and || =¢[|1 is equal to

% times a Poiy-distributed random variable, i.e., it converges to one as N — oo almost surely and
in L'-sense. One can call the difference ||+-Zr |1 — || =7 ||1,<z the L-gel of the process at time T.
Then

NG$ = lim limsupES)) [H%ET”LSL}

L—0oo N_oo Poiny

(2.22)

1 _ (N) 1= _I1i=

= 1= Jim limsup B, [H ~verl — | N~T||1,3L]
is the limiting expected non-gel mass, i.e., the mass outside the gel. The map 1" +—> NG%” is non-
increasing with initial value NG = 1. If NG(“) < 1, then we say that there is a gel at time 7', and
we define the gelation time by

T = inf {T € (0,00): NG < 1} € [0, 0] (2.23)
This is the time at which the gelation phase transition occurs, if it is finite. If Tg(gf < 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 — o0, 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 Vﬁ). Indeed,
introduce the measure

e() = / MR EC) € M(S), A € MM (S)), (2.24)
Mg (S)
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and its L-restriction =" (:) = [ A(dk) k(-)1{|k| < L}. Recall that (V) is a measure concen-
trated on My, (S x {1}) and can hence be identified with a measure on My, (S) which allows us to

write ¢ ,,(r), . Recalling the connection between VY and +Z; from (1.17) we can write the non-L-gel
N

of the process at time 1" as
‘C ) ‘ = /( , Vi (d€)[€ol1{|éo] < L} = /pm VN (@d)lérlh < = | §%Erlh<c.  (2:25)
T

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

Introduce
g, = limsup (M(T)({é ey |&| = n})) € (0, 00). (2.26)

n—o0

This quantity controls the finiteness of all the moments of |£,| under the reference measure MLT); the
threshold for all the finiteness of all moments is q(T) = 1.

Here is our main result on the existence and non-existence of gelation. For all our sufficient criteria for

gelation we will assume that the following lower bound for the kernel K holds:

h .= inf (v, Kw) > 0. (2.27)
V,wWEM(SXN): [Jv[|1,[lw]l1=1

Like our main upper bound in (2.6), one main example for a kernel that satisfies (2.27) is
K((z,m), (z',m")) = p(z, 2")mm’ with ¢ bounded away from zero, but (2.27) is much more gen-
eral and admits many kinds of spatial dependencies in K.

Theorem 2.8 (Criteria for non-gelation and for gelation). Fix u € M;(S) and T € (0,00) and
assume that (2.6) holds.

(1) Criterion for non-gelation: Assume that qLT) < 1. Then the following hold.

011 ff) has compact sublevel sets and hence possesses minimisers.
0.2 NGY =1, i.e., there is no gelation at time T .

0.3 Any minimising V'™ satisfies the Euler—Lagrange equation
p(d€) = M) e WO g eTy. (2.28)

0.4 The distributions of V' and c under IP’%QNH are tightin N'.

(Vx o
0.5 LetP be a limit point of IP’S(V)i (Vm -), N € N. Denote by V a random variable with
distribution P. Then |cy,| = 1 “almost surely with respect to P.

(2) Criterion for gelation: Additionally to (2.6) assume that (2.27) holds and that inf [ /‘P > (. Then
the following hold.

0.1 NG < 1, that is, gelation occurs.

0.2 Forany L € N, every minimiser v"=" of (""" defined in (2.18) satisfies the Euler-

Lagrange equation on M (F(TlfS L):

p(d€) = M{P(dg) e MO ey . (2.29)
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The proof of Theorem 2.8 consists of several steps and is spread over the entire Section 7. The main
argument for (1)(b) is in Section 7.3 and for (2)(a) in Section 7.4.

Remark 2.9 (Interpretation of the EL-equation). The EL-equations in (2.28) and (2.29), respectively,
characterise minimisers v of the rate function in terms of a self-referencing equation for the (non-
normalised) distribution v on one-particle trajectories: they are equal to a characteristic reference
distribution ePoi, ® Q™, with a term that weights the sampled trajectory with the probability that
it does not coagulate with another independent sample under the same distribution v. Via (1.17),
this can also be turned into a characteristic equation for all accumulation points of ( ut)te[o 1), S€e
Section 2.4. O

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

Proposition 2.10 (Bounds on 7 that imply (non-)gelation or convergence). Fix i € M;1(S) and
T € (0,00) and assume that (2.6) holds.

(1) Criterion for non-gelation:

(a) ifTH < 82, then qm < 1 and thus the statements from Theorem 2.8(1) apply.

(b) IfTH < 2 T + , then (2.28) has at most one solution, and the distribution of( _t)te[o T
underIP’i;OiNM converges to ([ V™ (d€) &)iejo,r) with v the unique solution to (2.28).

(2) Criterion for gelation: Additionally to (2.6) assume that (2.27) holds. Then

(a) it holds that

nf I0() > 1 - i( e (log(2THeQ))2>7

2.30
VEM(FS})) 2T 7TH + h ( )

that is, the criterion of Theorem 2.8(2) applies for all T' such that the right-hand side is
strictly positive.

(b) It holds that |c(fTL))| < 28T forany L € N and every minimiser v™<") of I{"<") defined
in (2.18).

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 (2.6), Ty > 4. If addition-
ally (2.27) is assumed, then

1 L e (log(2T He?))?
2I''mH h

Té” < inf{T": ) < 1} < oc.

The correct interpretation of the loss of mass phenomenon in terms of a measure v on F(;) is that the
total mass of all the coagulation trajectories decays in the limit N — oo as a function of 7". Indeed
v(d&) registers only those coagulation trajectories that end up in finite-size particles at time 7". All
the other (larger) particles that are present at time I’ do not appear in v anymore, together with their
coagulation trajectories. The reason is that the state space F%> cannot accomodate non-microscopic
trees. In future work, we plan to extend the description of the coagulation trajectories by some enlarged
space that is able to describe also the larger particles and their coagulation trajectories. 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 non-trivial influence on the dynamics
of the entire coagulation process after they appear.
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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 coagulation processes started in 1916 with a formulation and analysis of the — by now
famous — Smoluchowski equation [46]. 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

) = 2 //pt(dm’mm(dx/;m/)K((x,m),(x’,m'),dm*)
m,m’EN: m+m/=m* SJS

(2.31)
— pi(dz™,m™) Kpy(z*, m"), eSS 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 coagu-
lation model. Indeed, in previous probabilistic investigations, proofs of the convergence of the process
(24 )te(0,00) With kernel 1 K often (if not always) follow 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 pro-
cess (%Et)te[o,oo) 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 Smolu-
chowski equation. Nevertheless, this equation is so important that we decided to show that it is satis-
fied by all limit points of the process (%:t)te[o,ﬂ, if 7" is small enough such that we have no gelation.
The novelty here is that we derive it from our main characterization, the Euler—Lagrange equation in

(2.28).

Lemma 2.12 (The ML process converges to a solution to the Smoluchowski equation). Assume that
p € Mi(S) and that K satisfies (2.6) and that TH < i~ Then, under Py, the process
(%Et)te[Q,T] converges to a solution p of the Smoluchowski equation in (2.31).

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 V}\? to the (unique) solution of the Euler-Lagrange equation
(2.28).

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 (2.5) is with respect to a Poissonian reference
measure on point measures Yy of coagulation trajectories on [0, T']. The time marginal at time zero
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is the spatial distribution of the initial particles (atoms) that coagulate during [0, 7] 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 T'. 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
coagulation trajectory) with Gibbsian pair interaction with a PPP as the underlying reference measure.

(N IMRI-D)y

Putting f = 1, we can identify the last exponential term in terms of the first one and

obtain the formula (for b = 1)

1 = 5.
ENM<T1)V [e_i Y iri BT EiE)) f(%YN)]
“,

1 —_ —
-5 RT(E;E;)
E @ [e 2 2ig: i =g
NM, R

Epoin, (f(VN))) = (3.1)

This shows that V}VT) has the distribution of %YN under exponential tranformation with the density
e~z Ziz B (EE) | properly normalised. O

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](f) with rate function as in (2.14), after
replacing K by %K and hence R by %Rm in (2.5). The main point is that %YN satisfies an LDP

. . . (T,N)
under EN]Wl(f‘NN) with rate function H(-|[M "), since M, 5’ converges weakly towards M. The
interaction term in the exponent (the double-sum on ¢ # 7) is approximated by the sum on all i, j and
directly leads to the double-integral of SR with respect to  ® . Now collect all the exponential terms

on the right-hand side of (2.5) to see that they lead directly to the formula for 1" in (2.14). O

Remark 3.3 (Difficulties). The heuristics of Remark 3.2 suggest that If? governs an LDP for
(Vﬁ))NeN under IP’%QN# without any conditioning, but this is not true in general: A couple of prob-
lems arise when attempting 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 tran-
sition that we discuss in Section 2.3. One problem is that the approximation of the sum on @ # j in the
interaction term by the sum on all %, 5 (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 I;LT> (not even for lower semi-continuity) on
the entire set M (I'}) if [ M| = oo, hence existence of minimisers is not certain. In this case, one
would pick b € (0, 1) appropriately in order to make |M; | finite, but then the term [ 1(dE) k],
which is lower-semicontinuous in v, but in general not continuous) has a negative prefactor in ILT)(I/).
A third problem is that we see a priori no argument for the fact that the infimum of I,(LT) over M(F(;))
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¥) wen fails to satisfy an LDP with rate function I(" 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 ]fLT) impossible.
Let us recall that, in the special case of an inhomogeneous Erdés—Rényi graph (see Remark 1.2 and
Section 3.3), it turned out that a non-trivial 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. O

Remark 3.4 (The role of conditioning on Ay ). In Theorem 2.3 we use two strategies to avoid the
problems deriving an LDP for (Vﬁ))NeN described in Remark 3.3. In part (1) of the theorem we
condition on A 3, while in part (2) we condition on only having particles with bounded size. It is simple
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to see that the map v — [ v/(d€) || is continuous and bounded on the set A 5. Furthermore, this
enables us to show that Iff) has compact sublevel sets on it, and the diagonal sum (i.e., the sum on
1 = j) in the exponent can be shown to be small (also using the assumption in (2.6)); see Lemma 5.3.
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 . In (2.14), at least for large T', b needs to be taken small, and then the one-but-last term is
not lower-semicontinuous in v. However, on Ay 3, 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 (v)) (see Lemma 5.2) and the compactness of the level sets of the entropy.

However, on the event {V{’ € A; s}, there can be no loss of mass in the limit N — oo for the
random coagulation process V", since the total mass of atoms present at time 7" in particles larger
than L is bounded for any L € (0, co). Indeed, using the majorizing function f(r) = r? implies that

[ lehatiel > £y < 2.

This means that the conditioning rules out any occurrence of mesoscopic or macroscopic particles with
total mass of order < . In this way, f acts like a majorant that induces tightness. In our arguments
in Section 7, we will use only f(r) = r2 and large 3, since this is easy to handle.

One might think that, instead of conditioning on {V}’ € A 3}, in the proof of the LDP, one can use a
decomposition into this set and its complement and try to show that the probability of the complement
is exponentially small in [N with a very large rate if 5 is large. This argument, if it could be carried
through, would indeed lead to a proof of the LDP without conditioning. 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 1" and therefore it requires an a priori knowledge about the
occurrence of gelation. O

Remark 3.5 (The role of the upper bound in (2.6)). From a technical perspective, the assumption in
(2.6), in combination with the conditioning on .4, 5, implies boundedness, continuity and compactness
for a number of crucial terms and sets that play decisive roles in the proof of the LDP of Theorem 2.3.

With regard to contents, any upper bound for K obviously puts a lower bound for the inter-coagulation
times, i.e., makes the early occurrence of large particles improbable. One might regard (2.6) as a
criterion under which there is a non-trivial non-gelation phase. However, this connection is not easy
to be understood; not even using comparison techniques like pathwise couplings to random-graph
models like in [5].

There is one special case where the value of the quantity in (2.6) stands in a direct connection to
the gelation time, namely for the well-known product kernel K (m,m') = Hmm' in the spaceless
setting. For this process a lot is known about the existence of the gelation phase transition and even
the value of the gelation time, which is equal to 1/H. See for example [7] and Section 3.3 for the
analysis of this model from a large deviations point of view. O

Remark 3.6 (Difficulties in proving (non-)gelation). If V](\f) were to satisfy an LDP under IP’SQNM with
rate function If? as discussed in Remark 3.2, then one would expect that it converges (at least along
subsequences) to a minimiser v of I, which then satisfies the EL-equations in (2.28). In this
setting one might hope that the definition of gelation via (2.22) would be equivalent to mass loss in the
minimiser, thatis, [ v (d¢) |&] < 1.

However, as we already pointed out in Remark 3.3, the truth is much more delicate. Nevertheless,
we succeeded in proving that there is no mass loss in either sense under the assumption qLT) < 1,
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implying no gelation. However, the condition ql(f) < 1is only sufficient, but not necessary; we dropped
the exponential term in (2.28) when estimating in Lemma 7.1. Actually, the criterion qff) < 1 for non-
gelation (and convergence and characterization of limits) is good only for 7" small enough, depending
on the upper bound on the kernel K in (2.6). Unfortunately, even for kernels that are known never
to produce a gel, we are currently not able to derive ql(f) < 1 from our criterion; for example, for
the constant kernel X' = H we can currently deduce only that ql(f) < %HT. This shows that our
non-gelation criterion is only sufficient and may be far from sharp.

On the other hand, under (2.27), we did prove that [ v™(d¢) [£| < 1 for T sufficiently large, how-
ever, we were not able to use this to prove gelation. The reason is that we found no argument to show
that Vﬁ) converges to ™ as N — oo under any measure that satisfies an LDP with rate function
I, Instead, the main point in our proof of gelation for large 7" in Section 7.4 is the fact that I” is
bounded away from zero for large T'. O

3.2 Literature survey

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

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 [46] 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 Brow-
nian particles. The original Smoluchowski equation is the spaceless version of (2.31). 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], and again by Gillespie [24] 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 coagula-
tion kernel K by %K, several later authors prove, in the spaceless setting, the convergence of the
normalised Marcus—Lushnikov process (written %E in our setting) towards the solution of the Smolu-
chowski equation, under various assumptions on the kernel and on the initial condition. Some authors
[38, 23] prove convergence towards a more general version of the Smoluchowski version, the Flory
equation [22], 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 proper-
ties of solutions of the Smoluchowski equation and its variants, under more and more general assump-
tions [8, 19, 15, 21]. In this setting, the phenomenon of gelation was initially interpreted as an explosion
of moments of solutions at a finite time, later as the existence of a time at which the solution loses
mass, i.e., the first moment strictly decreases. The first rigorous treatment of gelation in the stochastic
model comes with Jeon’s work [28] (see also [41] for extensions and generalisations), where several
notions of gelation are considered. One main notion is in terms of some kind of boundedness in N
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(either in probability or in expectation) of the first time at which the total mass of the configuration that
sits in particles larger than 1y is larger than d IV for some d > 0 and for some scale function ¢/. The
choice of ¥ =< 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 vy
and on the sense of boundedness that is required. The notion that we chose refers to ¢y = L and
an additional limit as L — 00, and we take expectation of the total mass, a notion that is not handled
in [28] nor in [41]. Our gelation time defined in (2.23) 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’) =
C'mm/, 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 emer-
gence 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 [28] Jeon proved that a sufficient condition for gelation is that K (m, m’) > e¢(mm/)?forallm, m’' €
N, with some positive € and g > % Later Rezakhanlou [41] proved that kernels satisfying K (m,n) >
m? 4+ n? with ¢ > 1 produce instantaneous gelation, i.e., 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, i.e., kernels that satisfy K (cm,cm’) = ¢?K(m,m’) for all m,m’ € N, are
gelling for v > 1, but as far as we know there is not a proof for this statement.

The first attempt to include space or particle features other than mass is made by Norris [39]. He
introduces what he calles a cluster coagulation model, where each particle is called a cluster and is
attached to some point in some measurable space E. 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. Norris focuses on the deterministic side, proving existence of solutions to the
cluster version of the Smoluchowski equation, in our setting (2.31), and conservation of mass in some
cases, i.e., when K(z,y) < ¢(m(z))p(m(y)) forall z,y € E and ¢ is at most linear. Moreover
Norris calls the kernel K approximately multiplicative if

em(@)m(y) < K(z,y) < M(L+m(@)(1+m(y). 2.y €E,

for some € > 0 and M < oc. In Theorem 2.2 he proves that equation (2.31) 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. This time 7" can be seen as another definition of gelation time. This gives upper
and lower bounds on the gelation time under the above conditions, which can be seen as special
cases of our assumptions (2.6) and (2.27). In Section 4 Norris studies convergence of %E (in our
notation) to the solution of (2.31) before gelation, under the assumption that the space £ is countable.
In one special case, which he calls the (eventually) multiplicative kernel, he proves convergence to the
solution of (the equivalent of) the Flory equation, even beyond gelation. Let us underline that Norris
proves also that the convergence holds at least exponentially fast in /N, which is a first indication
that a large deviation principle might hold in this case. Recently, in [5], the authors extend Norris’
convergence results to convergence towards the solution of a generalised Flory equation, when E is
a o-compact metric space. Like in all mentioned papers, the proof methods work on the generator of
the coagulation process and employ martingale arguments.

The uniqueness of solutions to the Smoluchowski equation is quite a delicate question. Under rela-
tively strong assumptions, uniqueness has been established both before and after gelation [37]. How-
ever, see [38] for a (quite involved) example of a spaceless kernel for which multiple solutions of the
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Smoluchowski equation are possible. It is not clear whether the introduction of spatial positions for the
particles influences uniqueness 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.

Let us mention that there are few other models of coagulation, where the coagulating particles move in
Euclidean space: [31, 26] treat the case where the particles move as independent Brownian motions in
R? and [25] where the Brownian motions are replaced by random walks. The works [12, 48] 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 [43, 47] 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 particular, we would like to draw comparisons between our
Corollary 2.6 and existing results of dynamical LDPs, i.e., LDPsx for the path of the empirical measure
of weakly interacting jump Markov processes over a compact time interval [0, T']. Results of this type
have been proved in the case that the empirical measure takes value in a finite dimensional space,
starting from [42] and then, under increasingly general assumptions, see for example [3, 2] and refer-
ences 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. Alternative approaches
have appeared recently (using fluxes [40], Hamilton-Jacobi equations [30], weak convergence meth-
ods [20]), however they all seem to be restricted to the finite dimensional case at the moment. The
rate function of the dynamical LDP proved in these ways has a specific form: it is the time integral of
an action functional, which involves a minimisation problem and the generator of the Markov process.
It is worth mentioning that such a form of the rate function plays a key role in the understanding of the
model in terms of gradient flows, see [36].

The case of a 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 pairwise 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
dimensional object. For this type of models 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 [27, 10, 44], the difficulty lies in the
lack of a law of large numbers for the perturbed dynamics. In particular, Heydecker in [27] shows that
this ansatz is not always successful, indeed even if the particle system almost surely preserves energy,
the large deviation behaviour involves also paths that do not preserve energy and this happens with a
rate that is not consistent with Léonard’s rate function. In [9, 11] two models of Kac type are studied
and a new rate function is suggested, which assigns a non-trivial 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. Let
us mention that upper and lower bounds do coincide in some infinite dimensional case, as they do
in the finite dimensional one. This has been recently proved by Sun in [44], where Léonard’s ansatz
is extended to a more general setting. Sun focuses on a dynamical LDP for interacting particles with
infinite dimensional empirical measure (including Kac type of model and coagulation fragmentation
ones) on a restricted class of paths. Moreover matching upper and lower bounds for all paths are
proved for coagulation-fragmentation models of Becker-Déring type under certain assumptions on the
rates of interaction.
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How is our Corollary 2.6 linked to the above models? The role of conservation of energy for Kac type
of models is played in our coagulation case by the conservation of the mass. Moreover, we are proving
a conditional LDP, i.e., we prove matching upper and lower bounds only for paths in a certain subset
of the space (the image of the subset A 5 under p). Exactly as predicted in [27, 9] 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.

3.3 Comparison to inhomogeneous Erdos—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 [6]. 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 representation as a
graph process provided that S is a convex subset of a linear space. Consider

K((z,m), («',m")) = k(z,2")ymm',  z,2" € S,m,m’' €N, (3.2)

with some symmetric and bilinear function k: S x & — [0, 00), together with the deterministic
placement kernel

T((z,m), (', m),") = O musms - (3.3)

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 component (the convex
combination of its vertices) is equal to the location of the particle in the coagulation process, for any
component (respectively particle), at any time.

Since k is linear in each of its arguments

| f@(']il S ﬁ Su) =N kwr).  LI'CIN]

i€l el’ i€l iel’

Assuming that I 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 {z;: ¢ € I} and {z;: i € I'}, which
corresponds, in the coagulation model, to the rate of the coagulation between two particles at the
locations ﬁ > ..y x; and |[—1,‘ > e Ti with mass |I| respectively |I’|, that we see on the left-hand
side.

el

The rate function that we derived in [6] 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 improvement to the proof technique from
[6] 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 [6].
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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 u on S, we identify the distribution of the empirical measure V}@ defined in (1.16) for any
fixed T € (0,00) and N € N under the poissonised initial condition Ppy;,, given in (1.7). 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 T". This is done via a decomposition in terms of all the coagulation trajectories,
which we will also call coagulation trees, i.e., 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.

Recall the partition process Z = (Z;);ejo.1) from definition (1.9), i.e., Z; = (X, C)cep,, which
consists of a process of partitions P = (F;),cj0.7] € P(A) for some A C N with a location X € S
for every particle C' € P, at every t € [0,7]. The Markovian dynamics is given in (1.10) and the
initial state is Zy = (x;, {i})ic for some vector x € S*. We denote the state space of Z by Z,
and we indicate with [P, the law of such process. For two disjoint finite sets A, B C C, we denote by
{A +» B} C Z the event that there is no coagulation between any subset of A and any subset of
B up to time 7" in a coagulation process that starts from some superset C'.

Lemma 4.1 (Identification of R™). Forany&, &' € 'y, the density R™ (&, £') in (2.2) exists, and the
formula (2.3) holds.

From formula (2.3) one sees that R’ does not depend on the placement kernel 1" and is symmetric,
since K is. Since forany t € [0, T'] we have that &; and &; are discrete in space, the integrals (&;, K&})
are indeed sums.

Proof. As for the definition (2.2) for R (£,&'), let A and B be disjoint finite sets and fix x =
(zi)iea € S andy = (y;)iep € SP suchthat & = >, 0, and & = Y, 0y, By Pxy) we
denote the distribution of the process Z as above with partition process in P(A U B) and initial con-
figuration (x,y) € SAYE. On the event {A «+» B}, forany t € [0, 7], 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 = (za,2p), Where z4 € Z4, zp € Zp. On the other hand, to any pair z = (z4, zp) with
za € Z4, zp € Zp we can associate a state z € {A <» B}. Then

/ P(X’Y)(A s Ba ZA € dZA, ZB € dZB> =
ZAuB

/ Pu(Z € dz)Py(Z € dzp)p(za, 25) (41)
ZAXZp

where p(z4,25) = Py)(24 +» 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 precisely, given
any two states z4 € Z4, zg € Zp we can iteratively, for: = 1,2, ... construct maximal intervals
I, = [t;_1,1;) such that the corresponding partition processes (Pt(A))te[O,T} and (Pt(B))te[mT] are
both constant on [t;_1,t;). Then, we indicate with {z4 <> zp} the event that for all i and for all
C e PV, D e P” the exponentially distributed times with parameter K ((X¢, |C|), (Xp,|D|))
are larger that t; — t,_1. Since for any 7 we can get the number of sets/particles C' € Pt(ﬁ)l sitting in
(x,m) € S x N via the empirical measure =;, ,(z4)(d(z,m)) as defined in (1.11) (and the same
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for B) we have that
T
ZA,ZB He ti—ti—1)(Zt;_4 (24),KZ¢;_, (2B)) _ exp ( —/ <Et(ZA),KEt(ZB>>dt),
0

which only depends on =(z4), Z(zp). Given that these exponential clocks did not ring, by definition
the exponential clocks running between elements of 7P(A) are independent from the ones running
between elements of P(B). Therefore we have

]P)(x,y)(ZA < dZA, Zp € dZB|ZA > ZB) = ]P’X(Z € dZA)]Py(Z € dZB),

which justifies (4.1). Now going to the distributions of Z(z4), =(2p) under Py and Py, gives the result.
U

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 € S* andy = (y;)ien € S®.
By P(xy) we denote the distribution of the process Z as above with partition process in P(A U B)
and initial configuration (x,y) € SAYE. Then, for any measurable N' C My, (T'}),

Pixy) (A« B, NV’ € N) =
<IP’X®IP’y,e

T)(=(T.4) =(T.B))

NV (Za) + VP (ZB)] € N},

where we recall definition (1.13) and (1.16). (We write the random processes under Py and Py, as Z 4
respectively Z g and used (1.16) for each separately.)

Proof. On the event {A < B}, forany t € [0, 7], 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 = (za, 2B),
where 24 € Z4, 25 € Zp. The measure V' decomposes accordingly into the sum of Vi’ (Z4)
and V' (Zp). This gives us

Py (A« BNV e N) =

/ / dPyy (A +» B, (Za, Z3) € )(ZAsz)ﬂ{NV}Vﬂ € N} Py (dza)Py(dzp).
ZaJZp dPX@Py

Hence, we can insert the density which is equal to e £ E" @A) ETPGR) ang arrive at (4.2). 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 P, to {Z(Z) € T’} by P{ and note that this is
a sub-probability measure.

Lemma 4.3. Fix M € Nandlet P = {C;: j € [m]} € P([M]). Fixx = (x;,)M, € SM and
denote X7 = (z;);ec;. Then, for any measurable N' C My, (T'})

IP)X<PT = P,NV{ PO EN) <®IP’§ZJ),6 5240 gy RTV(E By ]l{ Zm 5[ EN}>
7j=1
where for each j = 1,..., m, we denote the random variables under P, ;) by Z; and put =; =
2(Z)).
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Proof. Note that {Pr = P} implies that {C} «» (J;_, C;} and use Lemma 4.2. lterating this

argument gives formula (4.3), since Y ¢ ce p, oz RV (ETO,E0) = 537 RD(E;, Ey)
O

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) = T (Nv) for some measurable set N' € My, (I'). Denote by L
the set of collections of numbers ¢ = (£,),en € NY. For any point measure v = Y icr 0cr €
My, (T}) there exists an ¢ € L such that £, = #{i € I: |£"| = n}, forany n € N, ie,
v consists of exactly ¢,, (coagulation) trees of of size n, for each n € N (where the size of a tree
¢ € 1“;3) is given as the number of atoms, i.e. by |£y]). In that case we say that the tree sizes of v are
given by £. We can decompose any measurable set " C My, (['¥)) as N = [J,; N (¢) with

N(0) = {v € N: the tree sizes of v are given by /}, forany { € L,

where the sets N(¢), for { € L, are disjoint. In the following we will assume that N' = A/ (¢) for
some ¢ € L. Recall that NV<T) = Y d=(r.c), where the sum extends over C' € Pr, which we will
leave out in the notation. We want study the event {Z d=(r.c) € N} We abbreviate M = Zn )
andm = Y {, and note that on the event {} d=r.c) € N} it holds that M is the total number of
atoms and m is the total number of coagulation trees. Recall that under Ppoiw we want to consider
the empirical measure Vy;’ under P, where the initial condition x = (z;);c; is such that }_,_; 0, is
Poiy,, distributed. More precisely, we choose the length || of the initial vector x as Poi y-distributed
and sample the (x;);c; i.i.d. and with distribution 1. Therefore, we have that

I[POiNH( E (SE(T,C) € N) =
E I()iN(Aj/)\/ H Ml(d(l’b...’l'M/))IPx( E 5E(T,C) EN)
M'=0 sM’

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

Py (Z 5E(T,C) € N) = Z Py (PT = P, Z 5E(T,C) € N),

PeP([M])
P compatible with £

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

Ppoiy, ( Z dzr.cy € N') = Poiy(M)

y Z / é (1()].),6 QZ” it B(E;, y’)ﬂ{zm ($~ EN}>

PeP(M
P compatlble wnth 4

For n € N we denote 1" @ PW(d(x, 7)) = pu®"(dx) @ PX(dZ) (i.e., we conceive P as the
kernel (x, A) — P(A)). Then for any P € P (M) that is compatible with £ we have that

each summand = ¢ <1>> LY ey RO(EE) m >
in 2nd line of (4.4) <®( NPT ) enE s PEII{ 3 02 € N},

(4.5)
where we put P = {C}: j € [m]}. The right-hand side of (4.5) depends only on the cardinalities
n; of the partition sets C;. Given ¢ we can uniquely fix a collection of numbers n,...,n, € N
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such that #{j: n; = n} = (, for each n € N. Hence, we need to find the number of partitions
P = {Cj: 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!

#{P € P(M): P compatible with (} = T = I Tl (4.6)
I, ny! ITL, »!

To see that recall that the multinomial factor % is the number of possibilities of putting the indices
j=1""
from [M] into boxes labelled by j = 1, ..., m, such that box j has exactly ; many indices. Each of
those possibilities gives us an ordered partition of [/] that is compatible with (n]) (in the sense
that its j-th set has n; many elements). Any (non-ordered) partition of [M] that is compat|ble with ¢
corresponds to precisely m! many ordered partitions that are compatible with (n]);":1 Thus, formula

(4.6) holds.

Summarizing the previous steps, we have shown that

1 M
I Trm
m! T[;Z; ny!

<® (4 @ PM), ™7 Taar: s B =01y, _je/\/}>,

Ppoiy, (Y 6=z € N) = Poiy(M)
(4.7)

where we recall that N' = N (¢) and #{j: n; = n} = ¢, for each n € N and that Z; is short for
E(Z;) (see (1.11)), where Z; is the random variable under p*" @ P®.

Now we make the connection with the reference measure M‘ N defined in (2.4). Note that on {£ €
% & = n;} we have

1 mn; n;— —_— —n: b—
o (17 @ NPT ) 0271 AE) = b M (), be (0,00),
where we conceive = as the map defined in (1.11).

Inserting this into (4.7) and using that >, n; = M (and hence [, N"~' = N"~™) we get

IP)PoiNu ( Z 55(0) c N)

m 1 e =
:PoiN(m)<®< 'u®”f ®N"f'_1P<”> e~3 Liat szt BT E 5 714 >, 0=, 6/\/}>
j=1
: —1)m 31— m —E3 (r )E'
= Poiy(m)e®Imp M<(MEEZ,>N)® e 2 Xt g B MY b=, EN}>

— — () |_
= e(b=lm =M N (M, =) ENM<T>

[e*% 25,5 i R(T)(Ej’aj/)]l{ Zj oz, € N}} )

where the =; denote in the second line =(Z;), in the third line the random variables under Mé?N

(even though this is not normalised) and in the fourth line the points of the PPP.

We have arrived at the assertion. O

5 Preparations

In this section we prepare for the proof of our remaining main results by doing the following.
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B We make some technical remarks about topologies and metrics and prove that F(Tl) is closed in
Section 5.1.

B We investigate properties of the non-coagulation operator R’ in Section 5.2.

(T,N,N
k

B We prove the convergence of Q " and introduce the measure Q. in Section 5.3.

B We prove the continuity of the map v — p(v) in Section 5.4.

5.1 Topologies and metrics

For our further developments, 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 metricon S x N
such that (S x N, d) is a complete space.

On the space M (S x N) we consider the weak topology, i.e., 9™ — ¢ as n — oo if (¢, f) —
(¢, f) as n — oo for any continuous and bounded test functional f € Ci(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 [13]. For all ¢, ¢’ € M(S x N),

(¢, ¢") =1inf{e > 0: ¢p(A) < ¢'(A°) +¢,¢'(A) < ¢(A°) +¢, foranymb. A C S x N}, (5.1)

where A° = {x € § x N: d(z,y) < forsomey € 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 Dy = Dy (M) denotes
the space of cadlag functions [0, 7] — M. We endow D with the Skorohod .J; -topology, which is
induced by a certain metric dr such that the space (D7, dr) is separable and complete (see [29],
Thm. A2.2), i.e., itis a Polish space. Convergence in (D, dr) can be characterised via time-changes
on [0, T, which are strictly increasing bijections A: [0, 7] — [0, T'| (which are necessarily continuous
with A(0) = 0 and A\(T") = T') as follows. For £, £™ €@ - .- € Dy it holds that ™ — £ asn — oo
if and only if

sup [A,(t) —t| + sup (&), &) — Oasn — oo, (5.2)

te[0,T] t€[0,T]

for some time-changes A,, on [0, T'].

Recall that the set of one-particle coagulation trajectories is

LY = {& = (&)iepor) € Dr(My, (S x N)): & is concentrated on S x {1},

t — & is piecewise constant and makes steps as in (1.3) and {7(S x N) = 1},

Since D7 (Mp, (S x N)) is separable, the same is true for ('}, d7). In Lemma 5.1 we will show that
(F?, dr) is also closed and hence complete as a closed subset of the complete space D (M, (S X
N)). With other words, it is itself a Polish space.

Recall that the state space of our process V}@ is equal to the set ./\/l(F%)) of positive measures on
', We equip M (') with the weak topology, i.e., v™ — vasn — oo if (™, f) — (v, f) as
n — oo for any continuous and bounded test functional f € C, ().

Now we show that the one-particle coagulation trajectory set F&p defined in (1.6) and (1.14) is closed.
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Lemma 5.1. The set I\ is a closed subset of Dy (My,(S x N)). Consequently, (I',dr) is a
Polish space.

Proof. We abbreviate D7 for Dy (M, (S x N)). Let (£™),,cy be a sequence in T that converges
to ¢ € Dy asn — oo. We will argue that £ € F(Tl). There exist time changes \,,, n € N, such that
(5.2) holds. First, we need to show that &, is concentrated on S x {1} and that {&7(S x N) = 1.
But this is easy. Indeed, since A\, (0) = 0 and A\, (T") = T, we have that & = lim,, ,, & is
concentrated on S x {1} and &7(S x N) = lim,, o, £&7(S x N) = 1.

Now we need to show that £ is piecewise constant and makes only steps as in (1.3). 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 mcreasmgly fast and add up in the limit to a larger jump that is no longer of the
form (1.3). For any§ € Dylett; <ty < ...bethe discontinuity points off and define

5.(6) = f(fj1 — ) AT,

7>1

If € is piecewise constant (which is the case for £ e I') then s, (€) is the infimum over all holding
times off We also define the modulus of continuity for§ € Dy with spacing A > 0 as

w(&, h) = (1111)f max sug (€u, &), (5.3)

where the infimum extends over all partitions of the interval [0, T'] into subintervals I; = [s;, t;) such
that |I;| := t; — s; > h for all i. Note that if £ is piecewise constant, then w(&, k) = 0 for all

h < s.(£).
By Theorem A2.2 in [29] the convergence of £ towards £ implies that

lim supw(§™, h) = 0.
h—0 neN

We want to show that inf,cys.(£) > 0. We argue via contraposition, i.e., we show that
inf,en 5.(£™) = 0 implies that limj_,o sup,,cxy w(§™,h) > 0. Fix any h > 0 and let n be
such that s.(£™) < h. Then any partition (1;); of [0, T satisfying |I;| > h for all ¢ contains an
interval ; that contains a discontinuity point ¢,, of &™ and thus

sup (&, 607) = &7 (S x N) = §7(S x N) = 1.

u,vel;
This implies that limy, ¢ sup,,cy w(£"™, h) > 1 > 0. Hence, we have shown that

inf s,(€™) > 0.

neN

Now, we argue that ¢ is piecewise constant. Fix A > 0 with h < inf,cy s.(£") and note that
sup,, w(§™, h) = 0. Using the characterization of convergence from (5.2) one can show that for any
e € (0,h)one has that w(&, h) < w(E™,h —e) + ¢ = ¢, if nis large enough. Hence w(&, h) = 0,
which implies that & is piecewise constant.

Now, we show that & makes steps as in (1.3). Fix a discontinuity point ¢ of £. Take € > (0 small enough
such that 3¢ < inf,en 5.(£™) A t. We have that §; # &_. and

6= €me = im (€0 — 000
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We choose 7 large enough such that 9(£)", ), €3 )) > 0 and sup, [A,(u) — u| < e. Then

(&3 0)»Exy) > Oimplies that the interval [A,,(t — €), A, (t)) contains at least one discontinuity
point of £, On the other hand we have that \,,(t) — A\, (t — ) < 3¢ < inf,en 5.(£") and this
implies that the interval [\, (t — €), A\,.()) contains at most one discontinuity point of ™. This gives

us that

&= &ime = Jim (€10 = 6le) = 110 (= Oy = Tt )+ 0cnmatos)
for some (z,,, my,), (x),,m,) € S x Nand z, € S. Itis 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 to —5(I,m) — 5(x/,m/) + 5(z,m+m/),
which finishes the proof. O

5.2 The rates of non-coagulation

In this section, we study properties of the operator SR’ defined in (2.12) with kernel equal to the
non-coagulation probability, R™”, defined in (2.2) and identified in (2.3).

Lemma 5.2 (Properties of R™). Assume that K : (S x N)? — [0, 00) is continuous and symmetric,
and fix T' € (0, 00). Then the following holds:

(1) The mapping (&,€") — R (&,¢'), is continuous on TS x TG
(2) The map v — (v, R (v)) is lower semicontinuous with respect to the weak topology.

(3) Assume that K satisfies (2.6), and fix a majorizing function f satisfying f(r)/r — oo as
r — oo and f(r) > r foranyr € N. Thenv — (v, R (v)) is bounded and continuous on
Ay g forany 5 € (0,00).

Proof. We start by showing (1) Recall the Skorohod J;-topology introduced at the beginning of Sub-
section 5.1. Fix ¢’ € T') and let £, ¢ € T'Y be such that £™ — £ and let \,, be time-changes,
such that (5.2) holds. We can assume that || = || foralln. Fori = 1,...,|&| — 1, let ¢} be the
value of the path & on [t;_1, ;). Continuity of K implies that the mappings (x m) — K¢i(x,m)
are continuous. They are also bounded on S x {1,...,|¢|} and hence bounded on the support of
Untﬁ(”) - Hence, sup;¢(o 71 9(&" (t),ft) — 0, as n — oo, implies that

l§61—1 \5o| 1

hm RT)(&)\ ) = hHl Z / t)? / €t7K¢ R(T)<5>£,)‘

(The fact that we can control the continuity of the mappings K&, uniformly for ¢ € [0, T is implied
more generally by the fact that limy,_,o w(&’, h) = 0, recalling (5.3)). Also, using that the jumps are of
the form (1.3) one has that

|R(T)(§(”),f') — R(T)(f;’:f,fl)‘ <37 sup K¢i(x,m) sup |\, (t) —t| > 0asn — oo

i,z,m: m§|£0| tG[O9T]

Altogether we proved that R™({™ &) — R™(&,¢'), as n — oo. Continuity of the mapping
(&,&) — RM(E, &) is then implied by symmetry.
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We continue with a proof for (2). If v, — v as n — oo weakly, then also v, ® v,, = v ® . Using
the continuity of R™ that we established in point (1), Lemma 4.1 and Fatou’s lemma, one easily sees
that then lim inf,, o (v, R (1)) > (v, R (v)), which shows lower semicontinuity.

Let us now show (3). We show only the upper semi-continuity. Because of (2.6), we have for any
¢,& € I'{ the upper bound

T T
RT(E,¢) :/0 dt (&, K&) < H/O de(|&ell 1€t = HTNISoll1 [[Solls = HT[&o €01,

(5.4)
where we used that t — |[|§ ]l = >_,,, &(z, m)m is constant for any § € Y. Fort = 0,
1€o0ll1 = |&o] is the total mass of &.

Hence, we may split, for any L > 0,

v, R (v)) = v(d v(d€Y R™ (g, ¢
( <>>/ (5)/%.9(“ (,€)

|€o|<L

" / v(d€) / V(d€') RO(E, €V 1{[&| > Lor €] > L) 55)
<[ wdg [ wag) RO+ 2Tl [ v Gl

|€o| <L |€GI<L |€&o|>L

where we recall the definition of ¢, from (2.24) and note that |c,,| = [ v(d€) || is bounded by
forall v € Aﬂﬁ. Consider the last term on the right-hand side of (5.5). Note that, for » > L, we can
estimate r < f(r)e with e, = sup,;, 7/ f(r), which vanishes as L — co. Hence,

[ owaglal<en [ v sl < e
|€o|>L

[§o|>L

So, the last term on the right-hand side of (5.5) vanishes, as L. — oo. Consider the first term on the
right-hand side of (5.5). Observe that due to the point (1) 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/ — Jieoj<r V(d€) f\E(’)ISL v(d€) R(€, &)
is continuous with respect to the weak topology. O

Lower semicontinuity of (v, R™ (1)) is part of the proof that the rate function /" defined in (2.14) has
compact sublevel sets under certain assumptions (since H(|Mb(z)) has the property); see Section 7.

Now let us turn to an issue that will arise in the proof of the LDP when we write the sum on R in the
exponent on the right-hand side of (2.5) in terms of %YN. First, let us write

1

> RTNM(E;,E)) = N(£Yy, RO (£Yx)) — ~ Y RM(E;,E), (5.6)
i#] i
where Yy = Y, 0=, is the Poisson process on '}’ with intensity measure N M} (note that

RTN = L R™ if K is replaced by + K, since R is linear in K).

Now, for the proof of the upper bound in the LDP in Section 6 we will need that the last term on
the right-hand side of (5.6) is small. This is provided in the next lemma. We write Yx o = (Yn)o
and (Z;)p = Z;(0) for the projection of Yy respectively =; on the time marginal at time 0. We fix a
majorizing function f: (0,00) — (0, 00) satisfying f(r)/r — oo asr — oo and f(r) > r for any
r.
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Lemma 5.3 (Upper bound for the diagonal term). Fix a point process Yy = ZZ d=, on F“) and
assume the upper bound on K from (2.6). Then, forany L, N € N,

r
R(Z;,Z)) < HTLB + HTN %3, with £, = sup —,
N Z 8 Bt L T>IL) (r)

holds on the event {+Yy € Ay z}.

Hence, the diagonal term is o( V). If a gel would be present, i.e., if |=; o| was of order N for some i,
then it would be =< V.

Proof. We use the estimate (5.4) that holds under (2.6) and the fact that ||| = || for € € T to
get

1 1 1
N ZR(T)(EiaEi) = /r“’ NYN(df) RT(£,€) < HT/NYN(dﬁ) 1%
i r (5.8)

1 1
~vold —Yy(d 2
< HTL /|£ NI lel + HT /|s L als

Now, if { Yy € Ay 3} we have that the first integral is smaller than 3 and for the second integral we
have that

/5 YA feol? < N(/ L yatde) |§0|>2 < N2

o> NV gol>r N
U
5.3 The measure Q"
In this section, we study the limit of Q""" := NF=IPI™(Z € )| .oy as N — ocofork €
T

My, (S), i.e., the restriction of the distribution of the coagulation process to the space F(jf) of one-
particle coagulation trajectories. Recall that the (additional) super-index ‘N’ indicates that we have
replaced the kernel K by NK The limiting measure Qk will play an |mportant role in the description
of the limiting behaviour of the coagulation process. We will identify Q in terms of an explicit formula,
using a kind of chart, i.e., a push-forward measure under some explicit measure on the space [(S X
N)2 x 8 x (0,00)]*=1, that carries all the data needed to understand which transition is happening
in each of the |k| — 1 coagulation steps.

Fix an initial configuration & € My, (S) and a coagulation kernel K as in Section 1.2. Let us identify
the distribution of the coagulation process = = (Z;)sc[o,r] under IP; on 'Y, more precisely, on the
set

Tk_ {5€F(1) fo_k} (5.9)

Recall that coagulation trajectories £ € F .. are only allowed to perform steps as in (1.3). For a pair
of particles at (z,m), (z/,m’) € S x N that coagulates into a particle with location 2z € S, this step
is given by the addition of the signed measure

W(Z) — _5(r,m) — 5($’,m’) —+ 6(z,m+m’)' (5.10)

(z,m),(z',m’)
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For a fixed tuple (vi, U5, 2i)i=1,...|k|-1 With 5, i € S x Nand z; € S, we define
(z5) .
do(-,m) = k(-)0,(m) and ¢; = g + ZWy]_fyg, fori=1,..., |kl —1, (5.11)
=1

and say that ((vs, ¥;, 2i)i=1,..,|k|—1) is compatible with % if
¢; >0, fori=0,... |kl —1. (5.12)

Let X, C [(S x N)? x S]'kH denote the set of such tuples. Furthermore, introduce the set of
admissable time tuples,

|k|—1
Fe = {(51, oy Sk—1) € [O,OO)W_I: Z s < T}
i=1
and define
Wy X X = Df), (wi, v, zivsi)¢:1,...,|k|—1 = &= (&)een,)s
by
i1 i .
k| [Ejzl sj,zjzl sj), fori < |k|,
&= WteL}pi 1, wherel = (5.13)
(S|, reri =k,
where ¢ = (¢;)i=1,.. k-1 is defined in (5.11). In words, if, starting from ¢, fori = 1,...,|k| — 1,

iteratively after a time elapsure of s; time units, two particles at y; = (x;,m;) and y; = (z, m})
coagulate into a particle at (z;, m; + m;), then at each time ¢ € [0, 7’|, the configuration is equal to

&;. Note that &7 is a delta-measure, i.e., after time Z“ﬂl ! s; there is no coagulation possible anymore.

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

Now we describe the distribution of ¢. Recall the definition of K, and K, from around (1.4) and recall
that we conceive K4 as a measure on (S x N)? x S and K as its marginal on (S x N)?; in the
first four arguments K, and K are indeed point measures. With a slight abuse of notation, one can
conceive Ky, | (d(x,m),d(z’,m’), dz) as a Markov kernel, since ¢; = ¢;_1 +Wy(j;, Their product

®‘k‘ "K,,_, is concentrated on Xj.

Lemma 5.4 (The distribution of a one-particle coagulation tree). Fix k € My, (S), k # 0. Then, we
have, for any measurable bounded test function f : 'y} — R,

Ikl 1 k| -1

Ev(f(E)1{Z € T, }) :/ ® K, , ® ® ds> (dO) f(T4(0)) e ?:®) (5.14)
XpX8k =1
where
1 |k[=1
Pr(0) = 5 Z 5 [<¢i—17K¢i—1> — (¢i-1, K(diag)ﬁ, © = (¥i, Ui, Zis $i)i=1,.. k|1, (5.15)
i=1

where we introduced K “*®)(y) = K (y,y) fory € S x N.
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The right-hand side of (5.14) is the image measure under W, of the restriction of the measure
®‘k‘ "(Ky,_, ® ds;) to its support X, X § with density e~ 7%,

Proof. Fixi € {1,...,|k|—1}. During the time interval I;, for any unordered pair {y, 3/} of elements
of S x N, there are ¢;_1(y)di—1(v) it y # v/, respectively 3¢;_1(y)(di—1(y) — 1) ify = o
independent exponential holding times running with parameter K (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

S; —> K¢i—1<yi7 yg)e—siKm,l(yuyé) H efsm_l(y)K(y,y,)d)i_l(y/))
{v,y" YA yi v} yv#y'
X H e*Si%¢i—1(y)K(y7y)(¢i71(y)71) (5.16)

y: {yrA{yiv}
= K¢z‘71 (yi7 y;)e—sm(i)(yi,yg)’

where, for y; # v,

n® (i, ;) Z G (YK (1, y)dia(y) — % > bW K (y,y)
y
= Z Gi1(Y) K (y,y) i1 (y') + Z %@;1(9)}((% y)(@i-1(y) — 1),
{vy'}: y#y' y: {y3A{vivi}

and for y; = v/

W) = Y. WK (y,y)dia( +Z Soi (WK (y,9) (0 (y) — 1),
{y.y'}: y#y
i.e., the same formula.

The probability that the new particle is placed at z; is expressed by multiplying (5.16) with
T ((x;, my), (25, m}), dz;), which turns the first factor into K4, | (v;, y%, dz;).
Because of the Markov property of the coagulation process, the probablllty Pr(Z € df) is equal to

the product over i = 1,...,|k| — 1 of (5.16). Noting that ©1(©) = Zi:l n“(y;, y;), this implies
(5.14). 0

Now we introduce the measure
QECTW)(.) = N‘k‘_l}P’k(E S -)|F(T1> S M(F;)). (5.17)

The next question that we consider is the identification of the limit of (@(TN M as N — oo for fixed
k € 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 5.4 we define a measure Q" on I'}"), by dropping

just the density in (5.14):

k-1 k| -1

) ( ® K, , ® ® dsl> oW (dé) = PO P (6 €TY;E € de),  (5.18)
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where
1

T
sok(§)=§/0 (6 K6) — (g K) | dt, k=& (5.19)

Note that ¢ (V1(0)) = ©r(O) for © € Xj.

Lemma 5.5 (Limit of P, (2 € -)| ). Fixany k € My,(S). k # 0. Then
T

d@(T N,N) 1
o (&) =evO e} (5.20)
If K satisfies (2.6), then the density satisfies
1 2 (1)
0 < pr(é) < 5HT|/7<:| : § ey, (5.21)
and in particular,
p = lim Q™Y (5.22)

weakly and in total variation.

Proof. We apply formula (5.14) to the coagulation model with kernel %K (instead of K'). Hence, the
(|k| — 1)-fold product of the K -terms receives a prefactor N~(*¥=1) which is compensated by the
prefactor N'*I=1in (5.17). Hence, on F%’k we have that

QENM(dE) = ((% K, A ® l@ ds; ) o W, 1(dE) exp ( - %@k(@_l(@))
= exp ( — %@k(ﬁ)) (de).

This shows (5.20).

To show (5.21) we use that (¢, K¢) < H||¢||? for any non-trivial ¢ € My, (S x N) and that
1€0l = ll€lly = |k forall £ € [0, T] and for any & € I, Therefore, we get

T
pr(§) < ;/ (&, K&)dt < 1HT\k\2 (5.23)

The bound (5.21) obviously implies convergence in total variation as well as weak convergence. [

In particular, we can identify the true IV -dependence of the reference measure le:)N defined in (2.8),
when replacing the kernel K by %K:

Corollary 5.6. Fix i € My(S) andb € (0,00) and N € N and replace K by %K (adding a
superscript ™). Then
1
My, 3 (d€) = My, (d€) e v #eo®), (5.24)

Now we can rewrite the representation in Theorem 2.3 for K replaced by %K in such a way that the
intensity measure of the reference PPP does not depend on IV (up to the prefactor NV): we just carry
out a change of measure from N M\ to N'Mj;” in the Poissonian expectation.
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Corollary 5.7. Replace the kernel K by ~ X (which is denoted via the superscript (N). Then, for any
b € (0, 00) such that | M, m] < o0 and for any bounded and continuous test function f : M(T') —
R,

Y, _ =, 1 —_ =
B, (FV) = By | ()™ b Bl exp { - L S Rz, =)

iji i
F(&Yy)e f«pgo(ﬁ)YN(dg)} NV |-1).

Note that the assumption |M;,”| < oo holds for all sufficiently small b under the assumption (2.6),
according to Lemma 7.2.

Lemma 5.8. We define o: My, (S x N) — [0, 00) recursively via 0 (6(zm)) = 1 for any (z,m) €

S x N and
U(¢) = / K¢ x m) (ZL’ m) dZ) (¢ 5 (z,m) — 5(x’,m’) =+ 5(z,m+m’))7
(z,m),(z’,m’)
where the sum is taken over the support of ¢. Then, the measure @}? has total mass equal to
. T\k\fl
( v (Th) = =1 o (o), where ¢o(dx, m) = k(dx)d;(m). (5.25)

Proof. Recall definition (5.18) and the fact that ¥ : X x & — ['})), is a bijection. Then

(T) F%)k < lg I{¢Z ) (%k) ( g dsi) (Sk)

Note that

|k[—1 k|1 Tlkl-1

<§) dsi> (31) = /[O,T]m-l(d(sl’ o Si) ]1{ ; 5 < T} = =1

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 ((ys, ¥;, 2i)i=1,...|¢/—1 the finite sequence

() ~
=6 SO, i = Lol -1
j=1

where we recall the definition of W( ) ) given in (5.10). We denote by X, the set of all tuples
(i, Y5, 2i)i=1,..|¢|—1 that are compatlble i.e.that ¢; > Oforalli =1,...,|¢| — 1. Observe that

Xy = U {020} X Xomb,-5,45 iy
(y:y/,z)€Esupp(¢)? xS
where forany y = (x,m) € S x N we abbreviated m(y) = m. This implies that

lgl—1

) :<®K¢H)(%¢): Z /K¢ x,m), (x',m'), dz)

(z,m),(z’,m’)
lp|—1
< ® K¢i—1 ) (xﬁb_é(a:,m) _5(1’,777.’) +6(z,m+m/) ) ’
=2
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which is the claimed recursion and implies the result.

O

Lemma 5.9 (Bounds on the total mass of Q™). Assume that the kernel K satisfies (2.6) with constant
H. Then, for any k € My, (S), k # 0, we have that

TH |k|—1
(TH) ‘\kP("“‘*”. (5.26)

(T)(F(l) ) <
BT (k-1

Proof. We use Lemma 5.8 and show via induction over |¢| that
_ 2 -1
o() < HY g7, (5.27)

For |¢| = 1, both sides of (5.27) are equal to 1. Fix any ¢ € M(S x N) with |¢| > 2. We use
the recursion from Lemma 5.8, the induction hypothesis and the fact that for any 5 = ¢ — 5(z7m) —
O(zrm’y + O(zmtm’) We have that 16| = |¢| — 1 and |||y = ||¢]|1. Also recall from (2.6) that the
definition of H implies that (¢, K ¢) < H||$||?. Then

a(¢) < HOZ2l[{172 N~ Ky ((2,m), (2, m))

(z,m),(z’,m’)

< HY=2||g| 2042, K ) < HIIY| o) 204170

This implies (5.26).
O

Remark 5.10 (Examples of explicit expressions for Q?(F%}k)). In some specific cases the recur-

sive definition of Q?(F%},{) in (5.25) can be solved and the quantity can be expressed explicitly
for every k € My,(S) \ {0}. Notable cases are the non-spatial kernels of multiplicative and of

additive type. When K ((z,m), (z/,m’)) = mm/, then Q;"(T'}),) = %MP(""'*U. When

K((z,m),(«/,m')) = m+m/, then Q" (I'},) = Q:—“j\k\' O

5.4 Proof of Lemma 2.5

In this section, we prove Lemma 2.5, i.e., the continuity of the map v +— p(v) defined in (2.19). First
we show the continuity of every marginal:

Lemma 5.11 (Continuity of v — py(v)). Fix any § > 0 and some function f: N — [0, 00) that
grows at infinity faster than linear, i.e., f(r)/r — oo asr — 0o. Let (v,)nen be a sequence in Ay
that converges towards some v that has a density with respect to M zf:) for some b > 0. Then, for any
t € (0,7, pr(vn) — pi(v) asn — oc.

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 — 0o. Note that, forany L € N,

pe(va)(A) = / va(d€) &(A)1{J6o] < L} + / va(dE) £(A)1{J6s| > L}.
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The last term vanishes uniformly in A and n as L — oo, since
/vn(dé) &(A)I{|&| > L} < /vn(dé) &/ 1{[&| > L} = /vn(dé) |Sol1{|&0| > L}

(5.28)
<e / va(d€) F(1€0)) < 1,

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

Concerning the first term, we now show that the map £ — & (A)1{|&| < L} is continuous in
each ¢ that satisfies {;(0A) = 0 and does not jump in ¢. Let £ be such a point, and pick a se-
quence (£™),cn that converges to £. Then |£)”| — |&| as n — oco. If [§| > L, then we have
lim,, o0 & (A |EY| < LY — 0 = &(A)1{|&] < L}. Otherwise, for any sufficiently large n
(recall that |£,| € Nfor any s) we have &™ (A)1{|&7| < L} = £V (A) — &(A) = &(A){]&] <
L} because & — &; weakly (since £ is continuous in t) since &;(9A) = 0.

Finally we need to show that the set of considered £ exhausts all €, i.e., that v({£: &(0A) > 0}) =0
and v({&: € jumps att}) = 0. The first holds since &;(0A) is Ny-valued and hence v({£: &(0A) >
0}) < [v(d€) &(0A) = pi(v)(DA) = 0. The second holds since v has a density with respect to
M;Z) and the latter has a density with respect to the distribution of the Marcus—Lushnikov process,
which does not jump with positive probability at time ¢. O

Now we prove the continuity of the map v +— p(v) defined in (2.19).

Proof of Lemma 2.5. We are going to show that lim,, o Supyejo 71 (pe(vn), pe(v)) = 0, where
0 is the Lévy-Prohorov metric on M (S x N) defined in (5.1). This implies convergence of p(v,)
towards 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 I;~ = [t;_1, ;] of length < ¢ and use the triangle inequality to estimate

sup 0(py(vn), pe(v)) < max [0(py, (vn), pr, (V)

te[0,T] v 5.29)
+ sup (o). pn () + sup (i (), o ()],

ter® ter®

The first of the three terms on the right vanishes as n — oo, according to Lemma 5.11. We estimate
now the second. More generally, we give an upper bound for

sup D(pt(yn)v ps(yn)) (5-30)
s,t€[0,T]: |s—t|<e

Let s,t € [0, 7] be such that s < t and |s — t| < €. According to the definition of the Lévy-Prohorov
metric, if we can find some 77 > 0 such that

pr(vn)(A) < ps(n) (A7) + 1 and  ps(vn)(A) < pi(vn) (A7) + 1

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

pr(vn)(A) < pi(vn)(A”) < ps(vn) (A7) +/Vn(d§)|£t(A") — &(A")]

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

/ va(dE)[€,(A7) — £,(AM)] < 2 / Va(dE) Ty (),
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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 . m+m/) — O(z,m) — O(y,m) for some z,y, 2 € S and m, m’ € N.

Now, for any interval I C [0,7] and L € N, we define

T () = /(dg)h( OWlel <L}, veMITY). 531)

Splitting the integrals into the cases |£y| < L and || > L and proceeding as in (5.28), we get for
any e,n > 0,

sup  (pe(vn), ps(v)) <2 sup Jla(v) + 206
s,te[0,T7]: |s—t|<e 5,t€[0,T]: |s—t|<e

= 2J(L) (l/n) + 265];,

where (s, t,,) are picked as a maximising pair in [0, 7']% with |s,, — t,,| < e.

Now, along subsequences, we may assume that (s, t,,) — (s,t) € [0, T]? such that|s—t| < e. For
agiven 0 > 0 and all sufficiently large n in this subsequence, we have [s,,, t,,] C [s—d,t+0]N][0,T].
Furthermore, observe that £ — Jis_s 116)n(0,7](€) is upper semi-continuous. Indeed, if &, — & in 'y,
each jump of &, converges to a jump of £ and since each element is right-continuous, we have that
J[s—65,t-+81M[0,T] (&) < J[s—68,t+6]N[0,T] (€). Hence we have, by [17, Thm. D.12],

lim sup j(L) ) < ‘7[59L—)6,t+6}r1[0,T}(V)' (5.32)

n—o0

We show now that the right-hand side is not larger than C',(¢ + 20) for some C, > 0 that does not
depend on s nor on t. For doing this, we note that

H(v|M™) 4+ et
M‘T>(A)<e*1 — V(A) < (v bu)

., AC A 5.33
bu = 1 log M{"(A) 18 (5.33)

Indeed, note that = — x log z + 1 — x is nonnegative and convex in (0, c0) and therefore

d d dv
H(V|Mg§>)z/< " log o+ 1 )1AdM;;>

dMél? dMél? dM(T)
" v(A) v(4) v(4)
= Mé/(A)( 7o) 08 — 7 1- @ >
M, (A) 7 My, (A) M,,’(A)

> v(A)logv(A) +v(A)(—1—log Mlﬁ? (A))
> —et - u(4)(—1 — log M{D(4)),

where the second inequality is obtained thanks to Jensen’s inequality, the third because of le? (A) >

0 and the last one thanks to the fact that z:log z > —e™". We see that, when M, ’(A) < ¢!, the
bracket on the last line is positive and we obtain (5.33).

Now note that the right-hand side of (5.32) may be bounded as

L
T s ersrom ) <O v{E: Tamserairom (&) = 4, &l < LY). (5.34)
7=1

Before bounding the right-hand side, we are going to argue now that

M (€ Jismsaranom)(€) = 4, 1ol < L}) < Cr(e +20) (5.35)
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forallj € {1,..., L} and some E*L > () that does not depend on s nor on ¢. Recall that Méz) (d¢) =
>~ Poi, ® QM (d€) bl and the formula for Q™ from (5.18). For £ € T let k = & and let
(Yi, ¥i» Zis Si)i1,.. k-1 € X X Ty be such that & = Wi ((ys, i, 2i» 5i)i=1,...|k|—1)- Abbreviate ] =
[s — d,t + 6] N[0, 7] and note that the value of .J;(£) only depends on the inter-coagulation times
(8i)i=1,...|k|-1 € Sk, which are i.i.d. with distribution given by the Lebesgue measure (see (5.18)).
More precisely, we can recover the jump times of { viat; = s; + ...+ s;,fori = 1,...,|k| — 1, and
have that J; (&) = #{i: t; € I}. Then,

|k —1

/ ) ds; W{#t{i: t; € I} > j}

Sk j=1
|k[—1

/ o Q) dts {#{iz ti € I} > j}U{ty < ta < ... <t}
[0,T]klI=1 .=

k| -1

- 1T — 1))
(] /[®dt Wt el 20h =2 =1 o

where the last term is smaller than |7]7(27)/*=1 /(|k| — 1)!, if |I| is small, which we can assume
without loss of generality. The terms of Q™ (d¢) that depend on (y;, ¥;, 2i)i=1,... k-1 € X can be
estimated as in Lemma 5.9. Altogether we get that

L 2(n—1)
My ({€: Tu-sasarion(€) 2 . 6ol < L}) < (e +20) ) 0" (HT)"™ oy

n=1

(5.36)

Via (5.33) and the assumption that H(V|Ml§;>) < 00, this implies that also the right-hand side of
(5.32) is not larger than C'f, (¢ + 26) for some C', > 0 that does not depend on s nor on t.

Summarizing, we have shown that, forany L € Nand ¢, > 0,

limsup  sup  (pu(vn), ps(v)) < 205 (e + 8) + 2By,

n—oo  s,tel0,T): |s—t|<e

We first pick L large enough such that €, is small enough. Since the left-hand side does not depend
on &, we may make 0 J. 0 on the right-hand side. In an analogous way, we derive the same bound for
SUDy se(0,7]: |s—t|<= 0(Pe(V), ps(V)). This implies via (5.29) our assertion. O

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

Corollary 5.12 (p(v) is a (uniformly) continuous path). Fix any 3 > 0 and some function f: N —
[0, 00) that grows at infinity faster than linear, i.e., f(r)/r — oo asr — oo. Then, ifv € M(T'})
is such that H (v|M,) < oo, then [0,T] 5 t — p,(v) € M(S x N) is uniformly continuous.

6 Proof of Theorem 2.3: the LDP for V](\?

In this section, we prove our second main result, the LDP for Vm of Theorem 2.3. Since we will rely
on the representation of Theorem 2.1 in terms of the PPP Y}y with intensity measure N M, ", we
first need an LDP for Y, which we provide in Section 6.1. The proof of our LDP is carried through in

Section 6.
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6.1 LDP for the PPP Yy

We state and prove an LDP for the random variable Y 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 the
relative entropy from (2.11).

Lemma 6.1 (LDP for Y under PPP(/Nm)). Assume that X is a Polish space, and 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} withC € R are compact.

Proof. The abstract version of Cramér’s theorem gives immediately an LDP for %YN. Indeed, note
that we have in distribution that Yy = Z; 4+ --- 4+ Zy, where Z1, ..., Zy are independent PPPs
with intensity measure m. Then %YN, 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
Z1, which reads

M (X)>v— sup <<1/, f)— logE[e<f7Zl>]>
feCo(X)

= swp (v f) = (e = 1,m)),
f€Co(X)
where we used a well-known formula for exponential Poisson moments, and Cy(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 M (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 Gartner—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 M (X') \ M(X') is constantly equal to +oo, which we leave to the reader.

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 3—; and obtain that the rate function is >
H(v|m), and the opposite inequality is seen by

H(vim) = H(y]ef dm) + (v, f) — (/' m) + m(X) > (v, f) — (/ — 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 M 1 4 with a large M and a measurable set A
that satisfies m(A) = 0 < v(A). See [18, Lemma 3.2.13] for details.

The sets {9 : H(v | m) < C'} are weakly compact in L' (m) by uniform integrability since we can
write H (v | m) = [ (£ log §% — 4% 4 1) dm. From this we see that the sets {v: H (v | m) < C}
are compact in M (X) with respect to its (functional analytic) weak topology and therefore also in
the topology generated by testing against bounded measurable functions [14, Thrm 4.7.25] , which

certainly include all continuous bounded functions.

O

6.2 Proof of Theorem 2.3

Now let us derive the large-deviations principle for the distribution of V}\?) with poissonised initial
distribution under conditioning on V\;” € A; 5 for any 3 € (0, 00), where we recall that we fixed a
majorizing function f such that f(r) > r forany r and f(r)/r — oo as r — oo. Recall that we add
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an additional superindex ?¥) to indicate that /& is replaced by %K. We recall that we are under the
assumption on K in (2.6) and consider the distribution of VJ(VT) under the poissonised initial measure,
PSY  with some 1 € M (S). We write Vyy instead of V.

Poiy,
We pick b € (0, 00) so small that [ Mj’| < oo, according to Lemma 7.2.

First we point out that the rate function in (2.16) has compact level sets. Indeed, as is seen from (2.14),
I{"(v) is a sum of terms each of which is a lower semi-continuous function of v on Ay 5. Indeed,
the quadratic term is lower semi-continuous by Lemma 5.2(2), the maps v — [ vo(dk) k| = |cy,]
and v — |v/| are continuous on Ay 5 as is seen using the arguments from the proof of Lemma 5.2(3).
Finally, by Lemma 6.1, the entropy H (| M) has even compact sublevel sets (in M (T'{’) and hence
in Ay 3).

Now we turn to the proofs of the upper and lower bounds. We start from Theorem 2.1 with K replaced
Y %K, more precisely, from Corollary 5.7. This gives, for any measurable set £ C Ff_p”,
L LS RM(E,,E) .— L
(6.1)
where

1
op(v) = —§<1/, RDOW)) + |v|(b—1) — |cy,| logb + |M,§Z> — 1. (6.2)

Observe that the last two terms in the expectation on the right-hand side are e®N) as N — oo,
uniformly on { Yy € Ay g} by Lemmas 5.3 and 5.5. Furthermore, ¢, is bounded and continuous on
Ay 5 in the weak topology, according to the above remarks on the compactness of level sets of I/ST).
Futhermore, note that Ay s is closed, due to the continuity of £ — |€0| and nonnegativity of f, using

Fatou’s lemma.
Now the LDP for %YN under PNM(T) from Lemma 6.1, together with Varadhan’s lemma (Lemma 4.3.6
bu

in [17]) implies, for any closed set F' C M(T"}")) (implying that also F' N A 4 is closed), that

hmsupﬁlogP (Vv € FNAfp) < —inf{H(v |M(T’) o(v):ve FNAsgt. (6.3)

Poin,
N—oo

Observe from (2.14) that H (v ]M(T)) dp(v) = IV (v) forany v € M(T'}). In particular, recalling
that x5 = inf,ca; , 1, (V),

_ 1

limsup —logPL  (Vn € Agp) < —xs- (6.4)
N—o0 N .

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

holds for (6.3) for " replaced by some open set G C M (T"’). This will then imply the corresponding

lower bound in (6.4), which finishes the proof.

In this point, there is a technical problem, since the set A g is not open in M(T'$). An obvious idea
is to go to the set

Ages = {ve map): [ w9 f(ab < 5}, 65

However, Ay -5 is still not an open set, since the map v — [ v/(d€) f(|&|) is not continuous (the
map £ — f(|&]) 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, i.e., that it is concentrated on I'y)_ | = {€ € I'}): & € My, (S x [L])Vt €
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[0, T]}. Then we will condition on this event and make a change of measure from the PPP Yy with

intensity measure N' M, to the intensity measure N M;"=", the restriction of N My, to Ty ;.

In the following we often identify measures v on I}, that satisfy v(I';) \ T3’ ) = 0 with measures

on 'y’ . We introduce the restriction operator IT,: M(I'})) — M(T'}), which maps v to the
measure IT; () = (=9, defined by /<) (+) = v(-NT} ). Note that the mapping I1, is continuous
with respect to weak convergence. One easily sees, by definition of PPP, that the distribution of Yy
under E,, (n, conditioned on { Y (I'y’ \ '} ) = 0}, is equal to its distribution under E

b

This implies that
P (VN eGn Afyg) > P (VN cGn .Af7<5)

POiNH — POin,

(T,<L)-
NMbu

1
> X E, o [P € 6N Ao} [P (TP \T,) = 0
x Poiy o (Y (T \ Tpc,) = 0) (6.6)

1
= By [NV Yy €61 g )]

x Poi o0 (Y (T \ T ) = 0).

Note that

.1 :
-0 = thalo%f N log Poi

wari (W (T \ T ) = 0) 6.7)

Ny (T

increases to zero as L. — oo. Indeed, this void probability is equal to e~ T.<L’ and the

rate in the vanishes as L. — o0.

Recall that Y}y in the expectation on the right-hand side of (6.6) is a PPP with intensity measure
My»=" and hence Yy = Y,~"’ almost surely. Hence, we can rewrite the condition in the indica-
tor on the right-hand side of (6.6) as {+~ Yy € II;'(G N Aj<s)}. Now, II;'(G) is open, since
I1;, is continuous and G is open. Further, IT; ' (A} _3) is equal to the set of all v € M(T')
that satisfy [ v(d¢)f(|&])1{|&] < L} < B, which is an open set in M(I'\")), since the map
& f(|&])1{|&| < 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 [17]) and the
LDP for 1Y from Lemma 6.1 with m = M, =", to obtain that

1
lim ian logPL)  (Vy € GN Agp)

Poi
N—oo Np

> —inf {H(l/ | Mé;‘:’sm) —p(v): v e II;HG N Af7<5)} 7 (6.8)

> _inf {H(MSL> | My =) = gp(v=7): v e G Af,<,8} —0r,

n

where for the last equality we used that H (v | My, =) = oo if »(I'y \ 'y ) > 0, and hence it
suffices to take the infimum over all v that satisfy v = v (=) It is easy to see that

lim inf inf {H(V<SL) | Méi’sm) — (V=) v e @GN Af7<ﬂ}

L—o0
< inf {H(l/ | M,;Z))—gzﬁb(y): Ve GﬂAf,qa} = inf{H(V | Mélf))—gbb(y): Ve GmAfﬂ}
(6.9)

where the last step follows from a simple approximation step (approach v satisfying [ v(d€) f(|¢]) =
by (1 —e)vwithe | 0).
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This shows that the complementary lower bound in (6.3) holds for ' replaced by an open set (&, and
finishes the proof of Theorem 2.3.

The preceding proof of Theorem 2.3(1) can easily be adapted to the proof of the (2)-part. Actually,
the proof of the lower bound in case (1) gave already many details of the proof of the lower bound in
Case (2). The proof of the upper bound in Case (1) needs more than the proof of the upper bound
in Case (2). Finally, the compactness of the sublevel sets of the rate function in (2.18) is clear, since
| M"=1] s finite (hence, one can take b = 1; compare to (7.1)), and v +— (v, R (v)) is lower
semicontinuous. This ends the proof of Theorem 2.3.

7 Analysis of /"), (non-)gelation, and the Smoluchowski equa-
tion

In this section, we analyse the minimiser(s) of the rate function I;LT) appearing in Theorem 2.3 (defined
in (2.13)) and prove Theorem 2.8. In particular, in Section 7.1 we derive bounds on moments of the
reference measure M and lower bounds on /(" and give criteria for the existence of minimisers
of ILT). In Section 7.2 we derive the Euler—Lagrange equations for these minimisers and use them
to prove some estimates for its moments. Then Section 7.3 is devoted to the proof of non-gelation 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 Proposition 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 1 € M;(S) and T' € (0, 00) fixed and assume only
that the kernel K is nonnegative and measurable in its four arguments. Recall the reference measure
M" from (2.8). We recall from (2.13) and (2.14) that, for v € M (I'}’) that is absolutely continuous
with respect to M (™ (otherwise, I (v) = o),

dv 1
1) = (vlog ——z5 ) + S RO W) +1 = v

M

(7.1)
1
= H@M) + 1= (MG + (L= B)lv] + [ ol K] logh + 5 R (0),

T)

.| < oc. (A sufficient criterion

where the second line assumes that b € (0, o0) is so small that |Ml§
for this is given in Lemma 7.2 below.)

We mentioned already below (2.11) that the map v +— H(V|Mb(5)) is lower semicontinuous and
convex and has compact sublevel sets for any b € (0, co) small enough such that ]lez)\ < 00. We
proved this in Lemma 6.1. Furthermore, according to Lemma 5.2, also the map v — (v, R™(v)) is
lower semicontinuous. However, since b might be less than one, the lower semicontinuity of ILT) is not
a priori clear, since this would require the continuity of v — [ 145(dk) |k|. We are able to show this
only on suitable subsets (e.g., on A 3) or after restriction to a cut-off version that makes |k| bounded
(in general it is not true).

If K is positive definite, then Lemma 5.2 implies the strict convexity of /(" and hence the uniqueness
of the minimiser, since the domain of [l(f) is convex. However, we are not going to use this assumption
in this section, therefore we might have several minimisers.
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7.1 Bounds on M;f’ and on I;LT)

Now we can state conditions under which /(" has a minimiser. Recall ¢|”’ from (2.26) and that the
sublevel sets of H(:|M) are compact for any finite measure M (see the proof in Section 6.1). The
following will be used (under the assumption in (2.6)) for all sufficiently small 7.

Lemma 7.1 (Moments of M under ¢” < 1). Fix T € (0,00). If ¢ < 1, then
J MD(AE) [&]* < oo forany o € [0, 00). Furthermore, the sublevel sets of I\ are then compact,
i.e., IV has at least one minimiser on M(L').

Proof. Just note that

/ MOE) 6ol = 3 MO ({e: o] = n}) e = 3 (g0) 4 e,

neN 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 /" is equal to the sum of H (-[M[")

(which has compact sublevel sets) and 1 — | M| 4 (v, R (v)), which is lower semi-continuous in

v by Lemma 5.2. Hence I;T) has compact sublevel sets as well and possesses therefore a minimiser.
O

It follows an elementary and useful bound on the moments of M,;/?

Lemma 7.2 (Moments of M’ under (2.6)). Assume that (2.6) holds and fix any T, b € (0, 00). Then

foranyn € Ny

1-b
2rTH

Consequently, ifb < 1/HeT', then [ My’ (d€) |€o|* < oo forany o € [0, 00). Further, if THe® <
1, then qLT) < 1.

My, ({€ € T3 & =n}) <

bu

(VT He?)"n™? (7.2)

Proof. With the help of the estimate (5.26) for Q;’ (I'}"),) derived in Lemma 5.9 under assumption
(2.6) and also using that Q" (T'¢};) = 0, we obtain that for any n € Ny

MO €T [&] =n}) = / Poi, (dk)e!~*HHQ( (T, 1{ k| = n}
1 0" (TH)! 1 2(—1)

n! (n—1)! (7:3)
=t WTH) ,, ett
=_—— ' < bTHe*)"n 2.
TH e " Soerm PTHe )

where we applied the Stirling bound n! > n™e~"v/2mn. Hence, (7.2) holds. For any a € [0, 00) we
get that

(T) «@ o bTH 2n—1 el_b - n, a—2
My, (d€) |&]* < Z < 5 D (THE) '™ < o0
n=0 n=0

if YT'He? < 1, since the geometric series with that parameter converges. Choosing b = 1 we get that
q < T He? which implies the last claim. O
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The following lower bound will be used in Section 7.4 for proving gelation for large I"; more precisely
for all 7" such that I(" is bounded away from zero on M (I'}).

Lemma 7.3 (Lower bound on ). Under the assumptions in (2.6) and (2.27),

. 1 /e (log(2T He?))?
o) 2 1__<7TH+ h )

inf 7.4
VE./\I/lIEF(Tl)) . 2T 74

In particular, the infimum is positive for all sufficiently large T" and tends to one as'’ — oc.

Proof. For T € (0, 00), pick some b € (0,1) such that ¥T'He* < 1. Then from Lemma 7.2 with
a = 0 we have (dropping the factor n=2 in the sum)
e3be

M| < . 7.
Mol S S o < (7:5)

We derive from the second line of (7.1) and the non-negativity of the relative entropy, that for any
v € M(T), the following holds

1
ILT)(I/) > H(V|Méz)) +1-— |Mz§Z)| + Dlogb + 5(1/, R (v))
1
> 1= (M| + Dlogh+ S, R(1),

where we abbreviated D = [ 1(dk) |k| = |c,,|. With the help of (2.27), we obtain

(v, R (v /&/%/df&% /w/%/dwmww
—@/w/ (@6) [ v(dg") ol 5] = W7D

(7.7)
The polynomial D — D log b+1hT D? assumes its minimal value at D = _}ILOTgb with value — (13%)2.
Hence,
e3be? (log b)?
inf IP@w)>1- — be (0. =1.).
et " v) 2 or (L — bTHe?) 20T € (0. 7r2)
Picking b = 1/(2T He?), we get
1 1—(2THe?)~1 log (2T He2))2
inf I<T)(1/)>1——(e +(Og( <)) )
I/GM(F,S})) 2T TH h
212
S L( e _ (log(2T He?)) )
2T'\mH h
O

7.2 Euler-Lagrange equations

In this section we characterise minimisers of I;f) via the variational equalities, which we also call
Euler-Lagrange equations. This will also lead to a proof of Proposition 2.10(2).
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Lemma 7.4. Forany T € (0, 0c), any minimiser v of I" on the set M(I'})) satisfies the Euler—
Lagrange equation
T T
v (d€) = MP(de)e O e e, (7.8)

N )
Furthermore, for any L. € N, any minimiser v™<* of I{"<") defined in (2.18) on the set M(T';)_ )

satisfies the Euler-Lagrange equation

v (dE) = MT=D(dg)e™ MO e ey (7.9)

Proof. We drop the superscript (") and the index x from the notation.

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

1) - / / M(AE)M(AE)R(E, &) 2615 (€)0(E) + 25 (€) 15(E)
B)eloge — eM(B).
Since this is < M (B)eloge + O(s) for e | 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 v.(d§) =
M (d€)(p(&)+e7(€)) (with e € R) for a large class of measurable and bounded functions v: T} —
R.Wefixd > 0and L € Nand assume thaty =0on {{: |§9] > L, p(§) < 0}.Thenp+ey >0
for all ¢ € R with sufficiently small |¢|. By minimality in € = 0, we have

LM (g + e9). R(M (g + 7))

d
O = d_gl(ys) 5

T d% (<M(so +e7),log(p + 7)) +
~(M(p+en, 1))

= (M~,log @) + (M~, 1) + (M~,R(v)) — (M, 1)

= <Mfy, log ¢ + %(u)>

(7.10)
Since this holds for any bounded measurable function y with supp(y) C {£: |§o| < Lor (&) > 6},
we obtain that

0 =logp(§) + R(v)(E), M -almost surely,
first only on the set {£: [£y] < Lor p(§) > d}, and hence on

U{&: 16l < Ly uJHE: 0(€) > 6} =T5 u{p >0},

LeN §>0
which is equal to ') M -almost surely.
This implies the claim in (7.8). The proof of (7.9) is analogous. O
Lemma 7.5 (Bounds on v/™)). Assume that '™ is a minimiser of I"> on M(L'}) or a minimiser of

I7=0 on M(I'})_ ) for some L € N.

1 Under the assumption in (2.6), and if T < 1/e*H,
™(d 2o @ 7.11
/V ( g) |€0| = 27T(1 _ eQTH) ( )
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2 Under the assumptions in (2.6) and (2.27), forany T > 0,

/ V() 16| < max {% log (2T He?), 7.12)

1
2rHT |
Proof. Again, we write v instead of /" and M instead of M| and R instead of R'"

We start with (1). From the EL-equations in (7.8), we see that [ v/(d€) |§]* < [ M (d€) |&|?. Since
M=" < M, we only need to prove the statement for . We assume only (2.6). Under the assump-
tion (2.6), applying Lemma 7.2 for « = 2 and b = 1 finishes the proof of (7.11), recalling (7.5).

We continue with (2). We handle simultaneously the minimisers of /{"'="), for L. € N, and [’ and
denote them by =" for both L € N and L = oco. We abbreviate D= = [v(=2(d€)|&] =
Ik MED(d€)e R =@ | ¢ (using (7.8), respectively (7.9).) If DE < = log(2T'He?), then we

. _ <L
are done. If the converse is true, then T He2e~ThD="

< 3. We begin by noting that
R=")(§) = Thl&|D="

holds under the assumption in (2.27) and is derived using the same steps as in (7.7) (without the
additional integration over v(d¢)). This already implies that

DED < / M(d€) e~ THEIPED g, )

This upper bound can be further estimated from above. Indeed, using the same arguments as in (7.3)
we obtain that

(e 9]

1 — (SL)\n 1 _ (<L)
D(SL) < “(TH 2 —ThD — 1 1—TH ThD
_ZWHTZTL e ) onmT 8 ( ©e )
n=1 . (7.13)
1 THe?e ThD'= < 1
T 2rHT 1 — THe2e~ThDEY = 2 T
_ (<L) n
where we used that, due to T He?e™ TP < 3 < 1, we can apply the formula Zn Lign =

—log(1 — g) that holds for ¢ € [0, 1). Then, we used the estimate —log(1 — ) < %, forz < 1
and after that we used the monotonicity of x — 1*-. Hence, we proved (7.12). O

Proof of Proposition 2.10(2). Assertion (a) is shown in Lemma 7.3 and assertion (b) is from Lemma
7.5. O

We see also from (7.11) that, for any minimiser ™ of I, we have that v'" € Ay s for f(r) = 12,

all T € (0,1/e*H) and any sufficiently large 3. Here is another benefit from (7.11):

Lemma 7.6 (Uniqueness of solutions to EL-equations). Assume that K satisfies (2.6). For any T' €

(0, Hle2 T +7r) there is at most one solution v to (7.8).

Proof. Assume that v and v are two solutions to the EL equation in (7.8). Using the estimate |[e™* —

e V| <|r—ylmin{e ", e ¥} < |z —y|le® +e7¥) forx,y € R, we obtain that

[wv=rlagial =| [ a9 6] (70O e n0@00))
< [ M0 ol R = 7)(E)| (o1 XV,
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Now we use (2.6) to get
RO (v =) <R (Jv = 7|)(§) < HT/Iv—ﬁl(dé 1ol 14ol-

From now on we assume that e>7"H < 1. Then, we can combine that last two estimates, use the EL
equations again, and afterwards (7.11) and obtain

[v=l@eial < B [ v -710@ &l ( [vagar + [7@0aP)

e2

(1l —e2TH)

< 2HT/ v = 7[(d€) 6ol 5

If T is so small that T H < 1and <41 < 1, this implies that [ [ — 7|(d€) |&| = 0, which

(1—e?TH)
implies that = 7. The condition on z = HT reads 0 < x < 1/e* and x < eQ(IW—H) Hence, the
latter inequality holds for T'H € (0, e% 71 )- This implies the assertion. O

7.3 Subcritical phase: convergence and non-gelation

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 € M;(S). Note that Lemma 7.1 already covers Theorem 2.8(1)(a)
about the compact sublevel sets of I}P and the existence of minimisers, and Lemma 7.4 implies
Assertion (c) about the validity of the Euler—Lagrange equations for minimisers.

The outline of this section is as follows. The tightness assertion about V'’ under Ppj; - in Theo-

rem 2.8(1)(d) is proved in Lemma 7.8, and the tightness of Cy(1), as well as Theorem 2.8(1)(e) is
N,0

proved in Corollary 7.9. Finally, the asssertion about non-gelation in Theorem 2.8(1)(b) is proved in
Corollary 7.10. 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 { V)’ € Ay s}. However, we want to prove tightness for the unconditioned distribution
of Vﬁ’. Note that we are free to choose f(r) = r2. For that particular choice can argue that the
probability of the event {Vy;’ & A; 5} vanishes (see Lemma 7.7), for large 3. Further, we can show
that the minimisers of I}P are also minimisers of the -dependent rate function from (2.16), if 3 is
large enough. Finally, we will use this to argue that the unconditioned distribution of V](VT) converges to

a distribution that is concentrated on minimisers of [;f).
Lemma7.7. LetT > 0 and j1 € M,(S) be such that q;” < 1. Then

C

sup PV (V](VT) ¢ Af,g) < 5

Poi
NeN Nu

where C' = [ M("(d€) [§o]* < oo.

g€ (0,00), (7.14)

Proof. By Markov inequality, itis enough to show that the expectation of [ Vi (dk) |k|* under Epg;

is bounded in V. Abbreviate Py = P, r). Applying Corollary 5.7 with b = 1 and choosing f as the
"

constant function v — 1, gives us

1=En [efﬁ i it R(Eiij)e*% J g0 (6) YN(df)] eN(|M;(LT)\*1).
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Notice that, since ¢/’ < 1, we have that [M["| < oo and the expression above is well-defined for
b = 1. Then, we apply Corollary 5.7 a second time with b = 1 to the function v — [ 15(dk)|k|* and
combine the formulas to get

E® VO (dk) |kI? En [f +Yno(dk) [k[? e Xy izs AEE e [ 6o ©) YN(dQ}
Poipny, [/ N,o( ) ’ ’ ] - Ey [e—ﬁ i it R(Ei’Eﬂ')e_%f‘pso(E) YN(dE)}

_ En [In(Ya)gn (V)]
En [gN(YN)} '

(7.15)
where, forv = Y, &, € My, (I'}), we defined

fn(v) = / %VQ(dk)) k%, gn(v) = 03N Li: iz B o= [ peo () v(dE)

Observe that fy and —gy are increasing on MNO(F(%)) 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 (7.15) by

B [ (¥i0)] = Ex | [ $¥wald) ] = [ M09 6, 7.16)

where we used Campbell’s formula (see Proposition 2.7 in [32]). Note that the right-hand side is finite
under the assumption ql(f) < 1 due to Lemma 7.1. Hence, we have a established a bound that is
uniform in N € N. This finishes the proof. O

Itis standard (see Corollary 2.4) that, given the LDP of Theorem 2.3, accumulation points of (VJ(VT))NGN
exist and are concentrated on the set of minimisers of the rate function. However, this holds a priori
only under conditioning on V € A; 5. However, we now derive that under g\’ < 1this holds under

the unconditioned measure P!} as well.
Nup

Lemma 7.8 (Law of large numbers). FixT" > 0 and assume that q|,” < 1. Let Py, denote the distri-
bution of V\;’ under IP’SZ;NM. Then the sequence of measures (Py,,) yen is tight (and thus relatively

compact) and each limit point IP is concentrated on the set of minimisers of 1 ;LT), ie.,
supp(P) C Dy := {v € M(I'})): I{"(v) = inf I}, (7.17)

Proof. Recall that we are working with f(r) = r2. Abbreviate the distribution of V};’ under ]P)ggw(- |
VN € Ays) by Py, 5. According to Theorem 2.3, (Py,, 5) nen satisfies an LDP on A 5 with good
rate function I") given by I§') (v) = I{"(v) — xs for v € Ay, . According to Lemma 7.1, because of
q(" <1, 1" possesses at least one minimiser on M (I'},’). For sufficiently large /3, every minimiser
v of I\ lies in Ay 5, since it satisfies the EL-equation in (7.8) and satisfies therefore the estimate
in (7.11) for the second moment, which does not depend on v. Hence, {13, = 0} = D for all

sufficiently large (3.

As a consequence of Corollary 2.4, (]P’VN’B)NGN is tight, and any accumulation point P35 is concen-
trated on {Ig;l = 0}, thatis, on Dy. We now show that (Py, 5)ven and (Py,, ) yen have the same
limiting behaviour, that is, they are tight and every accumulation point is concentrated on D). Indeed,
for any open neighbourhood U of D, we have

C
IEDVN(UC) < PVN(UC N Af:ﬁ) + IEDVN (A(},ﬁ) < PVN,B(UC> + Ev
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according to Lemma 7.7, where C'/ 3 can be taken arbitrarily small, uniformly in V. Using the above,
we see that Py, (U°) vanishes as N — oo. Hence, any accumulation point P of (P, ) yen is
concentrated on U and hence on D. O

Corollary 7.9 (Law of large numbers of the total mass). Fix T' > 0 and assume that qLT) < 1. Let
Py, denote the distribution of Vi’ under Py; -~ and recall that (Py,) nen is tight by Lemma 7.8,
Take a subsequence, also denoted (Py,, ) yen, with limit point P and let V' be a random variable with
distribution P. Recalling the definition of c,, from (2.24) and that |c,,| = c,,(S), forv € M(TY),
we have that

|cv§VTg\ — |ey, | in distribution, as N — 0o (7.18)

Further, we have that \CV(T>| — 1 in probability, as N — oo. Hence |cy,| = 1 P-almost surely.
N,0

Proof. We start with proving (7.18). In the proof of Lemma 7.8 we have seen that [P is concentrated
on Dy C Ay g, for 3 large enough. Since the map v — |4, | is continuous on Ay 3, the claim follows
by Lemma 7.8 and the continuous mapping theorem.

It remains to argue the last statement. Recall that Nc (T) is equal to the number of atoms n(O)

of the coagulation process, which is Poiy-distributed under IP’pO1 . By the law of large numbers
c,,cr) — 1 in probability. We combine this with the result (7.18), which implies that P(||cy,| — 1| >
N,0

e) < liminfy oo Phyiy, (||C(V](VT))O| — 1] > €) = 0 forany € > 0. Hence, |cy,| = 1 P-almost

surely. O
Recall the definition of NG;&‘) from (2.22) and observe that via (2.25) we have that

NG$ = lim limsup ES)) ) Hdgm H

L—oo N_oo Poiy (V](VT) Jo

Corollary 7.10 (No gelation if ¢ < 1). FixT € (0, 00) and u € M (S) and assume thatq” < 1.
Then NG = 1.

Proof. Since |c§§)>] < chgg\ holds for any L, N € N, it is already clear that NG’ < 1.
N,0 >
Now, we argue that NG’ > 1. Fix any limit point P of (P, ) ven- Then

Jm B nf By v ) 2 Jim Evldi™ll = Evllev,l] =1

where we used monotone convergence in L for the first equality, Corollary 7.9 for the second one. [
This finishes the proof of Theorem 2.8(1).

Proof of Proposition 2.10(1) . By Lemma 7.2 we know that TH < 1/e? implies q‘T) < 1, which

gives us assertion (a). If TH < 612 g then the EL equation (7.8) has a unique solution ™ ac-

cording to Lemma 7.6, which gives the first assertion of (b). Then, by Lemma 7.8 every limit point P

of Py, (VN € ) is a probability measure concentrated on {™}, i.e. the only possible limit is

P = §,(r). Consequently, Pt (VY € ) = 6, as N — o0o. Now Lemma 2.5 and (1.17)

Poiny,

imply the last statement of (b). O
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7.4 Supercritical phase: loss of mass and gelation

In this section we assume that the upper bound on the kernel K in (2.6) holds as well as the lower
bound (2.27), and show that gelation occurs under the assumption that x := ianeM(F(l)) ILT)(V) >
T

0. That is, for the process Vj\? we can observe mass loss in the sense that NG%‘) < 1; see (2.22),
which is the assertion (a) in Theorem 2.8(2). Assertion (b) is implied by Lemma 7.4.

Fix o € M;y(S). Pick any b € (0,1], such that the total mass of M, is finite. Re-

call the equality about the . — oo limit from (6.9) and note that this also holds if the infi-

mum is taken over v € M(I'}). This implies that L can be picked so large that k50 =

inf veMr). ) (H(v|My,;=") = ¢u(v)) > &, where we recall the definition of ¢, from (6.2) and
) _

the fact that H(V\M(T ) — d(v) = IV (v).

Note that |c(<<§)N)| + |c(>(§; (with obvious notation for the second quantity) is equal to + times a

P01N-d|str|buted variable under Eboiy,- Hence, for any ¢ € (0,1), on the event {|c(>L)] > e},
N

the expectation of |c¢!57 ¥ \ is not larger than 1 — ¢ + o(1). Hence, it suffices to show that, for some
€ (0,1),
hm sup EPmN Dc;ﬁ(i; ‘]1{|c(>L)| < 5}} = 0. (7.19)

Indeed, we will show that thls expectation decays even exponentially fast. To show this, we apply
Corollary 5.7 to obtain

(V) (<L) — 5>, RT(Z,,2,)1,—NDy o(0=DIYN 0
EPmN“[ V(T)|]l{|c (T)| < 5}] NM(T) [e IN it )b

X e_f@ﬁo YN(dﬁ D(<L)]1{D(>L) < €}i| “\/I(T)l 1)

where we introduced the abbreviation D" = < [ Yy o(dk) [k|1{|k| < L} and analogously de-
fined D\;" and Dy = D" + D".

We now decompose the PPPinto Yy = Y™ +Y7”, where Y\=" and Y, are the restrictions to
F%LL andto I'%: \FT < 1.» respectively. Note that they are independent PPPs with intensity measures
NM(Z =1 and NM(Z “1) | respectively.

We drop, in the first term in the exponent, the sum involving all Z;'s with |Z; | > L, and obtain that
the right-hand side of the last display is not larger than
Ny Y o= [ 00 (6) VAT (o) Dﬁm]

ENMZEZ <L) [e 7.20)

(>L) (>L)
X E bR I DG < e},

NMb(T’>L)
o

NO(e)

where ¢y, is defined in (6.2). It is clear that the last line is < e , since we can assume b < 1

without loss of generality. Define
I’E;S\ém(dy) _ (2\](\%@) L New(v) o= [ #gy (&) V(51 (d€) p M(T <L)( 1 Y]%SL) edrv), (7.21)

. 1y(ED) (<o)
Zy" = Eyyren [eN¢b(NYN e @ T (7.22)

Then (7.20) is not larger than eNO©) ZEDESY (D). Now, in the same was as in the proof of the
LDP from Theorem 2.3(2), we can derive the LDP for %Yf” under ]P’ﬁ”, using Lemma 6.1 and
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Varadhan’s lemm). From this, we first get that Z(<L) < o N&EPFo(1) < o=Nr/3 for gl sufficiently

large N. Furthermore, analogously to Corollary 2.4, the sequence of distributions of %VY]@SL) under

PS) has accumulation points, and each one lies in the set of minimisers of I("=P. Lemma 7.4
says that all these accumulation points ""<%) satisfy the Euler—Lagrange equation in (2.29), and
Lemma 7.5(2) says that they all satisfy [ "< (dk) |k| < Cr for some constant C that depends
only on 7" and the constants H from (2.6) and h from (2.27). D'=" being a continuous function of
V}VT) has accumulations points too under Pﬁ” and their expectations are bounded by C'r as well.

Hence, we have shown that, for all sufficiently large IV,

E.) UCV(T)|]1{|C(>L>| < g}] (7.20)

Poiny,

<e O(E)ZE\%L)EE\;L)(D%L)) S eN[O(a)—n/B}(CT + 0(1))'

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

Efthy, |50 <1 -+ o(1) + B, [léin 1l | < <}

(7.23)
=1—c+o(1).

This implies that NG(zi‘) < 1 and shows that gelation holds. This finishes the proof of Theorem 2.8(2).

7.5 The Smoluchowski equation

Now we prove Lemma 2.12. We pick a limit point ™ of (V) yen under IP;QNH. Note that, according
to Proposition 2.10(1)(b) and Theorem 2.8(1)(c), ™ is uniquely determined as a solution to the Euler—
Lagrange equation. We consider p;"’ (V) = [1v™(d€) &, for t € [0, T, where we wrote p'™ for
the map p defined in (2.19). First let us argue that p;”’(v'™) does not depend on T, as long as
t <T < 47577 Indeed, by (1.17), we have, forany N € N,

pi (VYY) = %: pPVE),  0<t<Ti<T< %% i o
e

(7.24)

We want to pass to the limit N — oo and use the continuities of the maps v — p”(v) and
v — p™ () on their respective domains (and the fact that also the marginal map v + p\"(v)
is continuous), we obtain that p{” (™) = p\™ (¥™). To justify the continuity, recall that the EL-
equation (2.28) for ™ imply that Jr®(dE) [&]? < [ M (dE) |€ol, which is finite by Lemma 7.2
and our assumption TH < %™ Hence, v'" € Ay for f(r) = r*and some 3 € (0,00). The
EL-equations imply that H (v (T)\M;P) is finite. Thus, Lemma 2.5 applies and p'™’ is continuous in

v Since T < T, the latter statements are also true for vV, the (unique) limit point of V () under

IP’;(V)LV and hence p™ is also continuous in ™. Now, equation (7.24) implies that pm(u”)) =

p‘Tl)(MTl)) for any ¢ < T1 < T This shows that p;"” (1) = [ 1™ (d€) & does not depend on
T,aslongast < T < + %" Therefore, we write from now p; = p;"”’ (1) (in a small abuse of
notation).
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Our task is to show that, for any m* € N and any bounded continuous test function g: S — R,

d

g [ pelde”,m)g(a) = _/ﬂt(dw*,m*)Kﬂt(é’f*jm*)g(ﬂf*)
S

> /s/s/ﬂdxﬁn)pﬂdx@m’>K<<x,m>,<x',m'>,dx*>g<x*>, m* €N

m—+m’=m*

(7.25)

The base of this is the fact that ™ satisfies the EL-equation in (2.28). We need to rewrite that equation
a bit. Recall that we introduced Q| in (5.18) as

D(E) = PR(Z € dE, |Zp| = 1) e,

where we rephrased the event that = lies in '\’ as the event {|=7| = 1} and recall that the density
1 was defined in (5.19) as

wr(€) = /0 (&) dt, where @ (¢) :% [(qb, Ko¢) — (o, K(‘“"g’)}, ¢ € My, (S x N).

From (2.12) and (2.3) and Fubini’s theorem, we see that

T T
W) = [as( [ ) Ke) = [ ds ke,
0 r{ 0
Hence, we derive from (2.28) that
pi = eEpoi, [Et 1{|Ex| = 1} efo [PE)—{ps k)] dS] . telo,T). (7.26)

Recall that p; does not depend on 7', as long as ¢ < T'. Hence the right-hand side of (7.26) does not
depend on 7', and we may put 7" equal to t. We define the function

M(S xN) 3 drs f(4) = / p(da”,m*) 1{|g] = 1}g(a"),

then

/pt(dw*,m*)g(w*) = eEpoi, [f(Et) elol®E)—(pe KZ)lds| ¢ < [0 T, (7.27)
S

We are going to identify the t-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 1) 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 execution 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

S [ e m)g(e) = e, [((GHED + HE)@ED)~ (o K21)
S

% olo®(E)—(ps, KE)] ds |

(7.28)
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One easily checks that f(=Z;)®(=;) = 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*):

Bros, [ (1) (E0)ehE 0o K]

— Z /5/S/Spt(dx’m)pt(dxl,m/)K(@’m)v(xl,m/),dx*)g(x*)’ (7.29)

m-+m/=m*

and the second one dealing with the loss of particles of type (dx*, m*)

CBr, [1(E0(pr KE ) ¥ 0208] — [ gy Ko, m)gla'). (730
S

The second one is an immediate consequence of the fact that,

F(E) (o K1) = / o()Z(da”, ) I{[Z] = 1}(E0 K pr)

Then, equation (7.30) follows from (7.27) by interchanging the integration of £* and the expectation
IE’Poiu-

It remains to show equation (7.29). From Section 1.2 we see that the generator of the Marcus—
Lushnikov process may be written as

G(f)(¢) = /K¢, z,m), (x',m'), dz)
{(Im) (z/,m/)}

[f (¢ = O@m) — O am) + Ozamamr)) — f(qb)}, ¢ € My, (S x N).
(7.31)
where we sum over the possible (unordered) pairs (x,m), (', m') € supp(¢). Observe that
Ksf(¢) =0,since Ky =0if |¢| =1,and f(¢) =0, if |¢| # 1, and hence

CHIOEIDS /K¢ o), (&), 05°) (6 — 8y — Bty + D)
{(zm),(z";m
In fact (G f)(¢) is only non-trivial if ¢ = (3 m) + Oz my) for some z, 2" € S and m, m’ € N with
m +m’ = m* and in that case

(Gf)(9) —[SK¢((x,m),(m’,m’),dx*)g(w*) —/SK((x,m),(:c’,m’),dx*)g(x*), (7.32)

where the second equality can be checked by distinguishing the two cases in the definition (1.4) of K.
For any m € N we will use the short-hand notation ¢ = ¢. ) to denote that ¢ € {0(z.m): = € S}.
We have that

Bros, [(GF)(Er) hIFEI- (o K]
— Z eEPoiM [H{Et = 5(.’m) + 5("m/)}(Gf)( )efo —(ps,KZ,)]ds

(m,m/):
m—+m/=m*

DOI 10.20347/WIAS.PREPRINT.3086 Berlin 2024



Spatial coagulation processes 59

With the help of Lemma 4.2 we now show that

B, [{Z) = 3 + O HGF)(E) e HEI Kl

N / / / ((:1:, m), (z',m’), dx*)eEPoiu [Et(dxy m) eJo [2(Zs)—(ps KEs)] dS] (7.33)
SJSJIS
eIEPoi |:Et(dl’/, m/) efot [P(Es)—(ps,KEs)] ds]

Note that the left-hand side is equal to

1 - =) oo [@(Es)~(ps,KEs)] ds
) / pem) (dx) x[ﬂ{:t:5<-,m>+5<-,mf>}(Gf><:t) elo[#(=s) <PS’K~S>”} (7.34)

(m +m')!
where we abbreviated = = =( 7). The last expectation can be written as
Sy E []1{,4 e BYIES = 6. HI{EL = 61}
T r (7.35)
< (G)(E:) o=t
where we used the short-hand notation = = Z"4 = (Z;(Z4)cpo,r) and recall that Z4 denotes

the subprocess of Z that only deals with particles/sets C' with C' C A (and analogously for B). Recall

that this decomposition is possible under the event { A <» B} and also implies that = = =) + =),

Under the event {={" = 0. ), Z{”’ = &)} We can use formula (7.32) and rewrite the right-hand

side to get
(GfEM + 2P / / / =M (dz, m) 2P (dz’, m') K((x, m), (z',m’), dx*)g(w*)
Also, by basic calculations one gets that
/t PEW +EP)ds = /t P(=ZM)ds + /t O(ZP)ds + RV (EW =P,
0 0 0

For any fixed pair A, B, with AUB = [m + m/],
4.2 and get that the expectation in (7.35) is equal to

E, ) ®@ E, s []1{_““) = 4. 7m)}]1{~—'(B) — 5 m/)}(Gf)(_(A) 4 E@)

= mand |B| = m/, we can now apply Lemma

S @E) = oy, K2V)] ds [y [@(E")) - <ps,KE£B>>}ds]
:///K((l‘am%(x’,m'%dfv*)g(x*)
SJSJSS
E ) [Et(dx,m)ﬂ{aim— }efo[q’ EM)—(ps ,KEEA)HdS]
B [507 (A, 0 I{EL) = Gy} o0 k1],

where we have written X = (x;);c4, X = (;);cp Note that

i' / P () B [Et(dx,m)]l = = 5.y } el 2ED) <ps,Kz§A>>1ds}
m:

= eEPOIH [Et(dx, m) {'—' — (7m) }efO [¢’(Es)_<p57KES>]dS — pt(dx7 m)

where the right-hand side does not depend on A anymore. The same holds for the terms derived from

the set B. Since the number of sets A, B with AUB = [m + m/], |A| = m and |B| = m/ is equal

(m+m/)!
to mlm/l

all factorials cancel and we get equation (7.33). This finishes the proof.
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