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

Based on this, we first give a large-deviation principle for the joint distri-
bution of the particle histories (conditioning on an upper bound for particle
sizes), in the limit as the number N of initial atoms diverges and the ker-
nel scales as %K . We characterise the minimiser(s) of the rate function, we
give criteria for its uniqueness and prove a law of large numbers (uncondi-
tioned). Furthermore, we use the unique minimiser to construct a solution
of the Smoluchowski equation and give a criterion for the occurrence of a
gelation phase transition.
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1. Introduction. In this paper, we investigate a Markovian process of spatially dis-
tributed particles that coagulate pairwise. Our main interest is in asymptotics and phase
transitions in the limit of many particles. To investigate this, we adopt a typical statistical
mechanics approach: we describe each particle at time 7' as a trajectory in space-time that
lead to the formation of such particle (via the multiple coagulation events) and we write the
joint distribution of all the particles as a many-body system with a pair-interaction. Starting
from this, we apply the tools from large deviation theory to study the limits and we use the
results to derive other properties of the process. This section serves as an introduction to the
work. In particular, in Section 1.1 we summarise the goals of this paper. In Section 1.2 we
introduce the model, a spatial Markovian coagulation process. Then we turn in Section 1.3
to an explanation of our approach which lies in a decomposition of the process into distinct
parts, each leading to one of the single particles that can be observed at a fixed time.

1.1. Summary of our results.

The model. 'We consider a spatial version of the Marcus—Lushnikov model for coagulating
particles. Each particle has a mass (an integer) and a location (a point in a Polish space S).
We start with a monodispersed configuration, where each particle is an atom with mass one.
Coagulations of pairs occur independently over the pairs after exponential random holding
times, whose parameters depend only on the locations and masses of the two particles and are
assumed symmetric in the two particles. The collection of all these parameters forms what
is called the coagulation kernel, K : (S x N)? — [0,00). The mass of the new particle is the
sum of the two old ones, its location is picked randomly according to a placement kernel, Y.

This leads to a continuous time Markov process whose dynamics are determined by K and
T.

Basic properties and the process =. The total amount of mass in the system is kept con-
stant, 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 exponen-
tial random times are updated to accommodate the pairwise interaction between the newly
formed particle and all other ones. This process is a special case of what is called a cluster
coagulation process in [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, Z; lies in the set My, (S x N) of all point measures on S x N, and
the natural state space of the process (Et)te[O,T] is the set I'r of measure valued trajecto-
ries [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.
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Initial condition. 1In 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 inten-
sity measure N u 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 (Z¢),c[o,7], 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 hydro-
dynamic limit. Here, we would like to understand the limiting distribution of (%Et)te[O,T]
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 char-
acteristic equations like the Smoluchowski and the Flory equation for finding answers (see the
literature survey in Section 3.2), our approach is fundamentally different: it follows patterns
that are known from statistical physics, large-deviations analysis and variational calculus.

Our contributions. Our main contributions are the following:

(1) We derive an explicit formula for the distribution of (Z¢),c(o,7] in terms of an interacting
Poisson point process, whose points are the histories (trajectories) of each particle present
at time 7'

(2) We prove a large-deviation principle for (%Et)te[O,T] in the limit N — oo of a large total
mass < NN 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[oﬂ as N — oo.

(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 7" into
one of the particles that we see at that time. The main object of the present paper is the
normalised empirical measure, V\;’, of all these trajectories. This object is much more com-
prehensive and detailed than just the process (Z¢)¢c[o,77- All the randomness of the process
(holding times and placement decisions) is attached to these one-particle trajectories (co-
agulation 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 inten-
sity measure describes the coagulation decisions within each trajectory and the family of
these trajectories are independent and identically distributed. However, the non-coagulation
between them is expressed in terms of a pairwise interaction between each pair of trajecto-
ries. In other words, we represent the distribution of the configuration as an expectation over
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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 multi-
tude of further research directions, in particular a comprehensive analysis of the entire tra-
jectory configuration on the time-interval [0,7]. It also makes 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 Sec-
tion 3.3 for an account on the latter subject. Also in a recent paper [45], the joint distribution
of all the components of the Erd6s—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 repre-
sentation for deriving asymptotics of the empirical process Vy;’ 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 V}’ is huge, we need to employ a conditioning on an event that generates
compactness and continuity properties of certain functionals. This conditioning basically ex-
cludes the occurrence of large particles, which rules out the possibility to observe the gelation
phase transition right away. In this conditional setting, we obtain in our second main result,
Theorem 2.3, a full LDP for V{;” and an explicit formula for the rate function of the coagu-
lation process.

Consequences: Euler—Lagrange equation and convergence. This LDP and its rate func-
tion now allows for a deeper analysis. We prove that every minimiser of the rate function
(i.e., every possible accumulation point of (V) nen under the conditional measure) satis-
fies 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 ob-
viously wishes to remove the conditioning, but, unfortunately, it cannot be removed on an
exponential scale. Nevertheless, 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 V§;” and the convergence Vy;’ 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.
VWEM(SXN): [[v]|,[lw][1 <1
(We will provide the necessary notation to understand the supremum in Section 2.) More pre-

cisely, the results about convergence of Vy’ hold if TH < e% T4 The criterion H < cois in
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spirit of upper bounding the kernel against a product kernel of the form K ((z,m), (z',m’)) =
o(z, 2" Ymm' with bounded ¢, where x, z" are the locations and m,m’ the masses of the two
particles, but is much more general.

Gelation and non-gelation. Turning to our goal (3), the macroscopic occurrence or non-
occurrence of large particles, we also find that, under the above condition, there is no forma-
tion of a gel forall TH < e% T4 - On the other hand, if additionally the ‘dual’ condition

inf (v, Kw) >0
v, weEM(SXN): ||v]1=|lw|:1=1

is satisfied (see (2.27)), then we prove in Theorem 2.8(2), jointly with Proposition 2.10(2),
the occurrence of a gel for all sufficiently large T'. We define gelation via the existence of
large particles (with a diverging size that can be on any scale) that build a macroscopic part
of the configuration (the gel), but do not specify the scale of the size of the large particles.
The existence of such particles is identified by the fact that, when considering the total mass
of atoms sitting in all the particles at time T of sizes < L, after letting N — oo, followed
by L — oo, we see that the mass is strictly less than the total mass at time 0. In future work,
we plan to analyse also the 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 em-
pirical trajectory measure, V},’, but one is also highly interested in the Marcus—Lushnikov
process = itself. While the process (=¢)ic[o,7] takes values in the set I'r of trajectories
[0,7] = My, (S x N), the empirical process VY’ is contained in a much more compre-
hensive and more abstract space. Nevertheless, (3 Z¢)¢c[o,7] is a relatively simple functional
of VI, 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 (%Et)te[o,T]-

LDP for the ML-process. Our first observation is in Corollary 2.6 that, via the well-
known contraction principle, (%Et)te[o,ﬂ also satisfies an LDP (under the same conditioning
as V') 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 Vy’ onto (%Et)te[o,ﬂ, we also obtain, under the mentioned assumptions, the
convergence of the latter to a deterministic process, p = (pt)¢c[o,7]- From the Euler-Lagrange
equation for the minimisers of our rate function for (V) yen, we derive in Lemma 2.12 that
p is a solution to a natural spatial version of the famous Smoluchowski equation on [0, 7. 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 (%Et)te[o,T], as it is in many previous
investigations of related processes.

Advantages and disadvantages. Let us briefly discuss advantages and disadvantages of
our ansatz in comparison to earlier ansatzes; see Section 3.2. Convergence of the coagulation
process was previously established, under more restrictive conditions on the kernel K, us-
ing an entirely different route: tightness arguments that give convergent subsequences whose
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limits are solutions of the Smoluchowski equation that are combined with uniqueness argu-
ments 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 example of this is a product kernel of the form K ((xz,m), (z',m’)) = p(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 re-
stricted 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 7" 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 (z,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,

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

where B(S) denotes the Borel-o-field on S. We assume that K is symmetric and measurable,
and that Y is a Markov kernel from (S x N)? into S, i.e., measurable in the argument (S x N)?
and a probability measure in the last argument. We also assume that T is symmetric in the
first two arguments, i.e., T ((z,m), (z',m’),:) =Y ((a',m’), (x,m),-).

The random mechanism: Az each time t € [0, 00), for each unordered pair of particles in
the current configuration, located at x and x' € S with masses m and m/, respectively, there
is an exponential random time with parameter K ((z,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 in-
volving any of the two coagulating particles are updated. Since we are starting with only
finitely many particles, this excludes explosion and the total number of coagulation events
during a time interval [0,77] 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((z,m)) =m.)

The above mechanism defines a Markov chain in continuous time

(1.2) E= (Et)te[o,oo)a where B = Z d(x, ()M, () € M, (S x N),
i€[n(t)]
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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 N, i.e., the set of finite point measures. We will
treat elements ¢ € My, (S x N) as partially discrete measures and we will write for example
¢(x,m) instead of ¢({(x,m)}). We write also Z;(A, m) for the number of particlesin A C S
with mass m € N at time ¢ in the configuration.

The process (1(t));e[0,00) i NON-increasing in ¢; 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

(1.3) ¢ d— 5($,m) - 5(£’,m/) + 5(z,m+m’), ¢ € My, (8 x N)7
(as long as the right-hand side is nonnegative) that happen with rate

Ky ((z,m),(a',m'),dz) =K ((z,m), (z',m’),dz)

(1.4 o ) ol m)p(a’,m'), if (z,m) # (¢, m’),
d(x,m)(p(x,m)—1)/2 otherwise,

and we abbreviated
(1.5) K((z,m),(z',m'),dz) = K ((z,m), (z',m")) T((z,m), («',m’),dz).

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

K¢((x,m), (xlvm/)) = K¢((x,m), (m,a m/)78)'

Sometimes we call K also a rate, even if this makes strict sense only if K((z,m), (2/,m’),-)
has a discrete support. The counting factor in the second line of (1.4) is the number of un-
ordered pairs of particles of types (z,m) and (z',m’). In the case that S is uncountable,
formally there are uncountably 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 for any
i € [n(0)], and some configuration of (X;(0))e[n(0)- Hence, Zo = >_;c(,(0) 9(x.(0),1)> and
we often identify with the configuration 3, ¢, o) 9(x.(0)) € M, (S). The trajectories of =
lie in the set

= {§ = (&1)te[0,00) € D(M, (S x N)) : & is concentrated on My, (S x {1})
(1.6)
t — & is piecewise constant and makes steps as in (1.3)},

where D(X) denotes the set of cadlag-paths [0,00) — X, i.e., paths that are right-continuous
in [0,00) and have left limits everywhere in (0, c0) (we give My, (S x N) the weak topol-
ogy induced by integrals against continuous bounded test functions). In particular, the initial
configuration of any ¢ € I is finite, and the collected mass of all particles at time ¢, which we
indicate with [|§||1 = >, cnm&(S x {m}), is a constant in ¢.

For any k € My, (S), we write P, and E;, for probability and expectation with respect
to the process = when started from =y = k. For k = 0 we define Py 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, Pps;,, , of the process under poissonised initial conditions so that

(1.7) Ppoiy, = / Poi,,(dk) Py
MNO (3)

where Poi, is the law of a Poisson point process (PPP) on S with intensity measure N 1 for
an arbitrary probability measure i on S. Note that the number 72(0) of initial particles is not
deterministic, but is Poiy-distributed and the empty configuration appears with probability
e~V > 0. The analogous statements and proofs for the deterministic initial configuration Py,
with ky € My, (S) satisfying %k N — u 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 § 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 z or x’ with probability ey and s respectively; this choice

keeps the centre of mass fixed on average. O

REMARK 1.2 (Inhomogeneous Erd6s—Rényi graph). An important special case in the
non-spatial setting (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 Erd6s—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 (Z¢),¢(o,r) for a fixed T' > 0 via a decomposition into subprocesses that coag-
ulate into one particle by time 7', which we will call coagulation trajectories on the interval
[0, 7. 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 O such that we can follow its path through the coagulation
process. To this end, we define a Markov process (F;)ic[0,oc) 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 partitions of A by

(1.8) P(A) = {{cj}je,: J an index set, Ujejcj — AV 040 C A}.

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

(1.9) Z = (Zt)tG[O,oo)7 with Z; = (X[, C)cep,,



SPATIAL COAGULATION PROCESSES 9

as a Markov process with the mechanism
(1.10)
(Xe,C),(Xp, D)) — (Xcup, C U D) with rate K((X¢, |C|), (Xp,|D|),dXcup),

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 &»C) are unchanged in the transition. In contrast to Z, 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 = (z;);c4 € S? we denote by P, the distribution of this
Markov process starting from Zy = (X, C)cep, = (24,{i})ica. We call x the initial atom
configuration of the process.

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

(1.11) E(Z) = (E(Z))te)0,00) with Zy(Z) = ) Ox |l
CeP,

Assume that we fix k € My, (S) and some vector x = (z;) lk:ll € 84 that is compatible with
k,i.e. it satisfies k = Zlk:'l 0z, Then,

(1.12) ProZ= ' =Pyo (2(2)) "

where we use the measure-theoretic notation ;o X ~! for the distribution of a random variable
X under a probability measure p. 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 sub-
process that describes the history of the particle. Now, let (Z)ye[o,7) With Z; = (X &, Ceep,
be the process defined in (1.9) on the time interval [0, 7. Fix a set C' such that either C' € Pr
(which is the case we consider most of the time) or such that C' can be written as a union of
sets in Pr. Define
(1.13)

—(T,0) __ (=(C) =(T,C) __ B
CeP,: CcC

One can easily check, that as a consequence of the mechanism (1.10) the sum on Ce P
satisfying C' C C' is non-empty. Z™ < is the (sub-)process that only keeps track of the atoms
with labels in C, i.e., 2" is the numer of particles with a given location and mass at

=(T,0) _

time ¢ that have emerged from atoms with labels in C'. In particular, it holds that =
Yicc 5(X<o> 1) In the following we mainly choose C € Pr (i.e., C is one particle at time
G}

T) and in that case we note that =™ is an element of the set of (one-particle) coagulation
trajectories,

(1.14) Y ={¢elr: &r(S x N) =1},
where
(1.15) Pr=mgy(T),  where mo 71(€) = (&)repom):

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

of the particle (X, |C|), ending in a single-particle configuration 5( X o)) & time 7. In
C

Figure 1 we illustrate how the process (Et)te[o,T] decomposes into the subprocesses =",

Ce Pr.
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%)

€y §T = 5(.1:1.3)

:
.
T

Fig 1: An illustration of the decomposition of (Z)c[o,r) into four subprocesses (£;”);c(0,77,

i=1,...,4, that are distinguished by their colour. The process (=)o) is started from
15 atoms at time 0 and ends up with 4 particles. However, each subprocess (féi))te[o,T]’ 1=
1,...,4, ends in a 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 7"

(1.16) vy = % Z d=r.c) € M(T).
CePr

For the definition of V{;’, we need the process (Zt)1e[o,r) and need to work a priori on the
extended probability space with measure Px. However, observe that 'y, 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 k € My, (S) and consider two vectors
x = (@), X = (@) with S, 0, = Y, 0, = k. then P (V) €) =Px(V{ € ).
Hence, in a small abuse of notation, we will consider Vﬁ’ under the measure P, and mean
its distribution under Px for some X that is compatible with k. Hence, we can assume that
E and V};’ are defined on the same probability space with measure P;. In particular, we
will speak of its distribution under the Poisson initial configuration, Pps;,,, and mean the
distribution with an initial configuration vector whose length is Poip-distributed and has
i.i.d. p-distributed entries.

We decided to drop in V}’ the particle-by-particle history and to keep only the point-
process information 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));c[o,r) from Vi . Let us denote the

projection m;: I' = My, (S x N) by m;(€) = &, and let us write v; =v o, ' for v € M(T)
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and ¢t € [0,7]. Then

*:t NZ%W ey = NZ 2w

CeP, CePrcep,: CcC
(1.17) €P, ep,: Oc

-5 == [was.

CePr

This connection is crucial, since it shows that (%Et)te[o,T] is a function of V§;’ and allows
us to understand the dynamics of (%Et)te[QT] by studying V.

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 represen-
tation of the empirical measure 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 gela-
tion 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
ol = e Jis o(dar, mym.

Considering Poisson point processes we use the following notation. For v € (0,00) we
denote with Poi,, the Poisson distribution on Ny with parameter -y, and for a measure . €
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: ; € 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 I}, by Poijs we
denote a finite collection ) _, d=, of point measures on non-empty point configurations =; €
'} such that #{i: Z; € B} is Poisson-distributed with parameter M (B) for any measurable
BcTIy.

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' of the
coagulation trajectories of the particles present at time 7". This is in terms of a Poisson point
process (PPP) on I'} and an exponential pair-interaction term. We fix € M (S) and will
be considering the Marcus-Lushnikov process under the poissonised initial condition Ppy;,, .

In the following the reference measure A"y € M(T'y) will play an important role, which
we define as

(2.1) M (dg) = NF lePpy (E€dE), €T k=&,

that is, the restriction of Ppy;, to F(T” with some factors that turned out convenient. Note that
M LT}V does not weight empty configurations: while Poi,, gives positive measure to & = 0, the
restriction of Py to I} is the zero measure, since I does not contain the zero point measure
trajectory. Furthermore, the total mass of M "}, is ﬁmte since P, has mass < 1 on I'}) and
Poi,, has exponential moments of all orders.
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We now introduce a reference PPP Yy = > . ; 0=, on I'}Y) with intensity measure N M/ (T}V

We write expectation with respect to Yy as E M) The PPP of the initial conﬁguratlons
(T) -1

Yno= ZZ 0z, =Yno 7r0 , is also a PPP with intensity measure N M LN O T

Let us express the probability of non-coagulation between any two trees for a fixed time
interval [0, 7] for fixed 7" > 0. To do this, we need the labelled coagulation process Z. Fix
disjoint finite label sets A, B and vectors x € S, y € SE. Suppressing the dependence on

T in the notation we consider the process Z = (Z;);c[o,7] under P( where the partition
SAUB .

xy)?
process (1);e[o,r) takes values in P(A U B) with initial atom configuration (x,y) €

We denote by {A < B} the event that (up to time 7") 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

o P4 B, 370,20 € )
50 (E(2) 1 6Fy 0 (B(2)))

In words, e B (€) ig the probability that the subprocesses £ = 24 and ¢’ = =™ do
not coagulate with each other by time 7. This probability is the probability that all the ex-
ponential holding times of pairs of particles between & and & never elapse during [0, 7. In
Lemma 4.1 we prove the explicit formula

(2.2) R(T)(gagl) = (f § ) é?{l el'r.

T
(23) R™ (5’5/) = /() dt <£t7K€£>a 555/ € FT'

where we write K(z,m) = [¢>, oy é(da’,m) K((x,m),(2’',m")) for any (x,m) € S x
N and any ¢ € MN[J(S x N).

In our first main result, we assume nothing else than what we stated around (1.1). We
slightly generalise the definition (2.1) by defining for any b € (0, c0) the measure

(2.4) M7\ (d) = NWtePpy;, (E€dg), (el k=4,

where the additional parameter b will be used later to tune the total mass ]Mél? NGB

THEOREM 2.1 (Poissonian description of the empirical measure). Fix u € M;(S) and
T >0and N € N and a measurable bounded function f: M(T'})) — [0,00). Then, for any
be (0,00),
(2.5)
T s RM(E,E; N0 o
Epoir, (f(VN)) = Enmm, [e 2 2wy B E0E0) (bW ol = [ Vo (dR)IK] p( Ly

N (M -1)
)

_ o~ . . . . . (T)
where Yy = . 0z, P01NM£:>N is a PPP with intensity measure N M, .

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 V};’ is given via the distribution of %YN
with the additional density term exp{—1 Zz y R<T> (El, Z,;)} that takes into account the non-
coagulation between any pair of coagulation trajectories. We derive the formula for an arbi-
trary b € (0,00) since we need later to ensure the finiteness of the limit of ’Ml;:) Nl

is replaced by %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 |Y o| and the sum of the
number of atoms in each trajectory [ Yy o(dk)|k| =3, |Zi0l-

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
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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 — co. 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 p € 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 - v 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, TN]. We
choose to keep the time horizon as [0, 7] and to rescale the rates of coagulation by 1/, 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 — oo 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
Y be a topological space that is equipped with the Borel-o-algebra. One says that a sequence
(un)Nen of probability measures on ) satisfies an LDP with speed N and rate function
I:Y —0,00] if, for any closed, respectively open, set F,G C ),

lijr\?jgopﬁloguN(F) < —ir;f[ and l}ggof%loguN(G) > —irGlfI.
This concept depends strongly on the topologies used, and we will be working on sets JV =
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:

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

where we write Kw(z,m) = [¢>, cyw(da’,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')) =
o(x, 2" Ymm' satisfy (2.6) if ¢ is bounded. The assumption in (2.6), together with the condi-
tioning on A g 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 refer-
ence measure M ;LTJ)V defined in (2.1) with K replaced by %K .In a slight abuse, we use the no-
tation Q| 4 for the restriction of a measure QQ to a measurable set A4, i.e., Q|4(B) =Q(ANB).
Both measures that we are introducing in the next lemma are crucial for our LDP.

LEMMA 2.2 (Convergence of NM=1P™(Z € -)|.1).  Assume that the kernel K satisfies

(2.6). Fix p € M1(S) and T € (0,00) and k € My, (S). Replace the coagulation kernel K
by %K and write IP’;N) for the probability measure. Then the following limiting measure exists
in the weak sense:

Q2.7) Q(T)()— lim NIkI— IIP’“V’(E ')‘F(T” EM(I’%)).

N—o0
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In particular, the measure M ;LTAJ,V ' defined in (2.1) w.r.t. P converges towards the measure

2.8) M® =ePoi, ® Q™ € M(TY).

In (2.8) we used the well-known measure-theoretic notation
(2.9)  Poi, ® Q™ (d(k,£)) = Poi, (dk) Q" (dE), k€ My, (S),& €Ty s.t.& = k.

The proof of Lemma 2.2 is in Section 5.3. An explicit formula for Q;” and more informa-
tion appear in Lemma 5.5. Informally speaking, Q;" assigns to a trajectory ¢ the product of
the rates over all coagulation events, but drops all terms coming from the exponential densi-
ties 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 N, to future work. Note that the space of coagula-
tion trajectories I'y does include trajectories with arbitrarily large sizes. For this reason, we
encounter the problem of lack of compactness in M(I'}), the state space of V’, and we
are forced to condition on a set that induces compactness. Fix any £ > 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

2.10) Ap={vemmp): [ viae) fah <5},

and note that for any £ € I}/ it holds that its collected mass ||&||; € N is constant in ¢t €
[0, 77 and equal to |£y|, the number of initial atoms of £. Hence, the condition in Ay g is an
higher-moment integrability condition on the sizes/masses of the particles at time 7'. On the
event {Vy’ € Ay} 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 7" in the limit N — oo and so the conditioning is more than a purely technical
step. Since f(r) > 1 forall » € N, |v| < forall v € Ay 3. 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

(2.11) H(m|p)= / m(dx) log
X

dm
dp

if m < p, and H(m | p) = oo otherwise. Note that H (- | p) is convex and nonnegative with
the only zero p. Furthermore, all its sublevel sets {m: H(m | p) < C} for C € R are compact
in the weak topology (a short proof of which is given in Section 6).

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

(2.12) 9‘1<T>(V)(§) :/ R<T>(§,§’) V(d{'), ce F“), = M(F%))-

ry

We fix y1 € M (S) and we define the function 1" : M(T'})) — [0, 00] by

() + p(&X) —m(X),

<u,log#’,§m> + 1RO +1- ], ifr< M

00 otherwise,

(2.13) I0(v) = {

Notice that M;" might not have a finite total mass, but we will show in Lemma 7.2

that, under the assumption in (2.6), |Mb<;>| < oo for sufficiently small b € (0,00), since
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M, (d€) = M(T’ (df) el=bpléol, As a consequence, for any b € (0,00) such that [ My | < oo,

if the den51ty (T) exists (which exists if and only m exists), we have the alternative
representatlon

1
Q.14) I["(v) = |M<T>|—|—H(VMg;))—i-2<V,9“L<T’(V)>+/Vo(dk) |k| logb+(1—0)|v|.

(Recall that we write 1y = v o 7+ € M(Mpy,(S)) for the projection of a measure v €
M(T7))

Here is our main result: an LDP for the collection V}” of all the components of the co-
agulation process with N particles and kernel %K , restricted to the event that no infinite
component appears in the limit. We will also be working with the measure M;"=*" for some
fixed L € N, the restriction of M ;ﬁ to the set

(2.15) T{ ., ={¢ eI : & is concentrated on S x [L]}, where [L] ={1,...,L},

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

THEOREM 2.3 (LDP for V). 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 1 € M1(S).

(1) Pick f: N — [0,00) satisfying lim,_,o f(r)/r =00 and f(r) > r for any r. Then, for
any 8 >0, the distribution of V' under Py N VN’ € Ay p) satisfies an LDP on
M(T) with speed N and rate function

IO () — .
(2.16) M(TP) = (0,00, VH{ (V) = xs #VGAf,g
00 otherwise,

where x5 = inf,c 4, , I,/ (). The sublevel sets of this rate function are compact.
(2) For any L €N, the distribution of Vi’ under Ppq;, (- [Vy' (I \ Tipop) = 0) satisfies
an LDP on M(T'{) with speed N and rate function

m
00 otherwise,

T,<L) __ 3 T,<L . 1)
(2.17) M(F(l)) N [0 OO] . {IL <L) me(F%LL) I&=»  jfve M(F(T,SL)
' T ) ) <

where
<L T,<L T,<L 1 T 1
(2.18) I7="(v) = H(v|M{"=")+1—|M{"= >y+§<u,9%< (v)), ve M ).

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 distribu-
; (1) (V) (1) (™) (™ (P \ PO _
tions of Vi’ both under Py, (-|Vy' € Ayg) and under Ppg; (- |Vy' (U \Tp'<p) =0)
are tight in N, and each limit point of this distribution along any subsequence is concentrated
on the set of minimisers of 1| |4, 4, respectively of Ir=n.
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We are not only interested in the empirical process V;’, but also in the Marcus—Lushnikov
process (Z¢)iepo,7] itself. Because of (1.17), this is a function of V', more precisely
(5 E0ep.r = p(Vy'), where we define
(2.19)

pi MTP) S DrME XN, ) = (ooecom = ([ vla9))
MTY) te[0,7]
where we write D for the set of cadlag functions on [0, 7.

The continuity of the map p is handled in the following lemma. Details about the topolo-

gies are given in Section 5.1.

LEMMA 2.5 (Continuity of v +— p(v)). Fix any 3 > 0 and some function f: N — [0,00)
that grows at infinity faster than linear, i.e., f(r)/r — oo as r — oo. Let (Vp)nen be a se-
quence in Ay g that converges towards some v that has a finite entropy H (Z/\Ml;;)) with

respect to MI;;) for some b> 0. Then p(vy,) — p(v) as n — 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 distri-
bution of (%Et)te[o,ﬂ satisfies an LDP on Dp(M(S x N)) with rate function

prinf {I{"(v) — x5: v e Agg,p(v) = p}.

This immediately follows from the contraction principle, more precisely from Remark (c)
on Theorem 4.2.1 in [17].

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

REMARK 2.7 (Convexity of ;" by nonnegative definiteness of K). The map v
(v, R (v)) is a priori not convex. But under the additional assumption that & be non-
negative definite, it is. Then [;” is strictly convex. Recall that

(2.20) K is nonnegative definite <= (v, Kv) >0, v € Mp(S xN),

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 v1, 5 on I't and o € (0, 1),

221) (a1 + (1 — a)vo, R (v + (1 — a)1a))
=a(v, R (1)) + (1 — ) (2, R (v2)) — (1 — @) {v1 — 12, RV (11 — 11)).

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
Tye1 € (0,00) such that there are only microscopically sized particles (i.e., particles of size
of finite order, not depending on N) before time Ty, 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
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size). If this phenomenon occurs, then we call Ty the gelation time, the group of all the
macroscopic particles the gel and the coagulation kernel K a gelling kernel. We stick to the
convention that we use NK instead of K (indicated by an additional superscript ).

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

=[5> 1mv(d:c m) for v € M(S x N), then |Z||1,<z, is the total amount of
mass in particles w1th size < L attime T'. Recall that ¢ +— ||Z;]|; is constant under IP’POIN“, and

(N)

| %E¢l1 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|l1 — || &E7(1,<r
the L-gel of the process at time 7T". Then
() (N) 1=
NG#’ = lim limsupEpy; [II NHTHI,SL}
L—=oo Nooo

(2.22)

1 _ 1 : (N) 1=

=1 ngréohﬁffopEPOi“ [HN~T1h I &Erlh<c
is the limiting expected non-gel mass, i.e., the mass outside the gel. The map T +— 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
(2.23) T = inf {T € (0,00): NG < 1} € [0, 00]

This is the time at which the gelation phase transition occurs, if it is finite. If Tg(gl’ < 00, We
also speak of the phenomenon of loss of mass and say that gelation occurs. The interpretation
is that some positive fraction of all the atoms sits in particles of sizes that depend on N and
diverge as N — oo, such that their total mass goes lost when looking only at particles of finite
size, regardless how large this finite-size window is. We think this notion is (one of) the most
natural notions of gelation and gelation times; see Section 3.2 for other notions of gelation
used in the literature on coagulation processes.

Note that the total mass of the L-gel can also be expressed in terms of our process Vy’.
Indeed, introduce the measure

(2.24) () = /M SO M), XEMM(S)),

and its L-restriction ¢{="(-) = [ A(dk) k(-)I{|k| < L}. Recall that (V") is a measure con-
centrated on My, (S x {1}) and can hence be identified with a measure on My, (S) which
allows us to write ¢ V), . Recalling the connection between Vﬁ) and + =t from (1.17) we

can write the non-L- gel of the process at time 7" as
(2.25)

i, = [ @0l <y = [ VP @Olerh <o = 1S

Especially from the second expression it is clearly seen that this quantity is a continuous

functional of Vj;’ in the weak topology. This will be important in our proofs, since they deal

with V.
Introduce

1/n
(2.26) ¢ = lim sup (M;f> ({eeTy: |&| = n})) € (0,00).
n—o0

This quantity controls the finiteness of all the moments of || under the reference measure
M; the threshold for all the finiteness of all moments is ¢;,” = 1.
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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:
2.27) h:= in (v, Kw) > 0.
U,IUEM(SXN) : ”U”l 7HwH1:1
Like our main upper bound in (2.6), one main example for a kernel that satisfies (2.27) is
K((x,m),(z',m")) = ¢(x,2")mm’ with ¢ bounded away from zero, but (2.27) is much
more general and admits many kinds of spatial dependencies in K.

THEOREM 2.8 (Criteria for non-gelation and for gelation). Fix p € My(S) and T €
(0,00) and assume that (2.6) holds.

(1) Criterion for non-gelation: Assume that g, < 1. Then the following hold.
a) I” has compact sublevel sets and hence possesses minimisers.
b) NG}’ =1, i.e., there is no gelation at time T
¢) Any minimising v\ satisfies the Euler—Lagrange equation

(2.28) p(d€) = M (d)e MO gery.

d) The distributions of Vy;’ and vy, under P;in are tight in N.

e) Let P be a limit point of IP’(PA(')ZNM(V;\P € -), 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 I > 0.

Then the following hold.

a) NG’ <1, that is, gelation occurs.

b) Forany L € N, every minimiser v'"=" of I|""=" defined in (2.18) satisfies the Euler—
Lagrange equation on M(T'p)< 1 ):

(2.29) v(d€) = M (dg) e ME)  cery)_ .

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 (%Et)te[o,ﬂ, see Section 2.4. O

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

PROPOSITION 2.10 (Bounds on 7' that imply (non-)gelation or convergence). Fix pu €
My (S) and T € (0,00) and assume that (2.6) holds.

(1) Criterion for non-gelation:
. 1 T
(@) fTH < ;, then q;” <1 and thus the statements from Theorem 2.8(1) apply.

(b) If TH < e%l-l—iﬁ then (2.28) has at most one solution, and the distribution of
(%E4t)tejo,7) under IP’(P]ZJ)iNu converges to ([ V™ (d€) & )iejo,r) with v the unique so-

lution to (2.28).
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(2) Criterion for gelation: Additionally to (2.6) assume that (2.27) holds. Then
(a) it holds that

o ),

2. inf  IP()>1- —
(2.30) VG./\l/lItF(Tl)) p)21-op

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(j§)’\ < 21}‘;§T for any 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), T g(‘el) >
%&' If additionally (2.27) is assumed, then

1 e log(2T He?))?
T < inf{T: (= + (g(h») <1} < co.

The correct interpretation of the loss of mass phenomenon in terms of a measure v on
'} 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 7" do
not appear in v anymore, together with their coagulation trajectories. The reason is that the
state space I} 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.

2.4. Fourth main result: the Smoluchowski equation. Let us now come to the fourth
main result of this paper. To introduce it, let us recall that the rigorous analysis of coagu-
lation processes started in 1916 with a formulation and analysis of the — by now famous —
Smoluchowski equation [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
(2.31)

Opr(dz™,m™) = Z /S/Spt(dar,m)pt(dx/,m’)K((x,m),(a:’,m/),da:*)

m,m’eN: m+m/=m*
— pe(da™,m*) Kpg(z*,m"), zreS,m"eN,

This equation and its variants play a fundamental role in the investigation of the limiting
behaviour of the Marcus—Lushnikov process, as well as being of interest in its own right as
a deterministic coagulation model. Indeed, in previous probabilistic investigations, proofs of
the convergence of the process (%Et)te[o,oo) with kernel %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



20

given, see Section 3.2. If the kernel is such that gelation occurs, then one can only expect this
convergence before the gelation time, whereas the full process (%Et%e[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 Smoluchowski equation. Nevertheless, this equation is so important that we decided to
show that it is satisfied by all limit points of the process (%Et)te[o,ﬂ’ if T" is small enough
such that we have no gelation. The novelty here is that we derive it from our main character-
ization, the Euler—Lagrange equation in (2.28).

LEMMA 2.12 (The ML process converges to a solution to the Smoluchowski equation).
Assume that € M1(S) and that K satisfies (2.6) and that TH < e%p%r Then, under
IP’(PIY))iNM, the process (%Et)te[o,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 Vy;’ 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, 7).
The time marginal at time zero 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 distri-
bution 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 coagu-
late 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. Putting f =1,

N(IMT -1

we can identify the last exponential term (e ) in terms of the first one and obtain

the formula (for b = 1)

-1 (T (=, =,
ENM,ETI)V |:e 220 iy B (_z,uj)f(%YN)}

|:e*é Zi,j: i#j R(T)(Ei:aj)]

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

E
NMT

This shows that V](\? has the distribution of %YN under exponential tranformation with the
density ez Dizs R(T)(E“Ef), 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};’ with rate function
as in (2.14), after replacing K by %K and hence R™ by %R‘T) in (2.5). The main point
is that %YN satisfies an LDP under E M with rate function H(-[M "), since ML’T]\][V)

converges weakly towards M. The interaction term in the exponent (the double-sum on
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i # j) is approximated by the sum on all ¢, j and directly leads to the double-integral of 3"
with respect to v ® v. Now collect all the exponential terms on the right-hand side of (2.5) to
see that they lead directly to the formula for 77 in (2.14). O

REMARK 3.3 (Difficulties). The heuristics of Remark 3.2 suggest that I, governs an
LDP for (V) nen under IP’(P]f))iN“ without any conditioning, but this is not true in general: A
couple of problems 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 transition 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 ¢, j (i.e., the
addition of all the self-interactions) fails if the particles are too large, more precisely, if some
of them are of a size proportional to V. Another problem is that we do not see an argument for
compact sublevels sets of ;" (not even for lower semi-continuity) on the entire set M ()
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, é;) | finite, but then the term [ 1(dk) |k|, which is
lower-semicontinuous in v, but in general not continuous) has a negative prefactor in 7 (v).
A third problem is that we see a priori no argument for the fact that the infimum of 7;”
over M(T'%) 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') nven fails to satisfy an LDP with rate function / . s 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 I, impossible. Let us recall that, in the special case of an inhomogeneous Erd6s—
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 configu-
ration, 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 A 3). In Theorem 2.3 we use two strategies
to avoid the problems deriving an LDP for (V§’) nen described in Remark 3.3. In part (1)
of the theorem we condition on A g, while in part (2) we condition on only having parti-
cles with bounded size. It is simple to see that the map v — [ v(d€)|&| is continuous and
bounded on the set Ay 5. Furthermore, this enables us to show that I, has compact sublevel
sets on it, and the diagonal sum (i.e., the sum on ¢ = 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 A 7,8 In (2.14), at least for large 1", b needs to be taken small, and then the one-but-
last term is not lower-semicontinuous in v. However, on .Af’g, it is easily seen to be even
continuous. Then the compactness of the sublevel sets of the rate function follows easily
from the lower semicontinuity of v — (v,98"(v)) (see Lemma 5.2) and the compactness of
the level sets of the entropy.

However, on the event {V}’ € Ay g}, there can be no loss of mass in the limit N — oo
for the random coagulation process Vy;’, since the total mass of atoms present at time 7" in
particles larger than L is bounded for any L € (0, 00). Indeed, using the majorizing function

f(r) =r? implies that

B

[owaotahen > < 2.
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This means that the conditioning rules out any occurrence of mesoscopic or macroscopic par-
ticles with total mass of order =< N. In this way, f acts like a majorant that induces tightness.
In our arguments in Section 7, we will use only f(r) =72 and large 3, since this is easy to
handle.

One might think that, instead of conditioning on {V{’ € Ay 3}, in the proof of the LDP,
one can use a decomposition into this set and its complement and try to show that the proba-
bility of the complement is exponentially small in IV with a very large rate if 3 is large. This
argument, if it could be carried through, would indeed lead to a proof of the LDP without con-
ditioning. However, it is not successful, since the probability of such complementary event is
exponentially small only when gelation is super exponentially unlikely to occur before time
T and therefore it requires an a priori knowledge about the occurrence of gelation. 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 Ay 3, 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 connec-
tion to the gelation time, namely for the well-known product kernel Ky (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.

REMARK 3.6 (Difficulties in proving (non-)gelation). If V\’ were to satisfy an LDP
under ]P’i;’f))im with rate function I 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, that is, [ v (d€)|&| < 1.

However, as we already pointed out in Remark 3.3, the truth is much more delicate. Nev-
ertheless, we succeeded in proving that there is no mass loss in either sense under the as-
sumption ¢;,” < 1, implying no gelation. However, the condition g;” < 1 is only sufficient,
but not necessary; we dropped the exponential term in (2.28) when estimating in Lemma 7.1.
Actually, the criterion g;”” < 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 q&“ < 1 from our criterion; for example, for the constant kernel K = H
we can currently deduce only that g;,” < %H T'. 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 [ ™ (d€)|&| < 1 for T sufficiently
large, however, we were not able to use this to prove gelation. The reason is that we found
no argument to show that Vi’ converges to v as N — co under any measure that satisfies
an LDP with rate function /;”. 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.
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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 Brownian 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 Lush-
nikov [34]. It is called the Marcus—Lushnikov model and we study a spatial version of it in
this paper.

The stochastic setting is well-connected with the deterministic one. Indeed, replacing the
coagulation kernel K by %K , several later authors prove, in the spaceless setting, the conver-
gence of the normalised Marcus—Lushnikov process (written %E in our setting) towards the
solution of the Smoluchowski 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 properties of solutions of the Smoluchowski equation and its variants, under more and
more general assumptions [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 exis-
tence 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 consid-
ered. One main notion is in terms of some kind of boundedness in N (either in probability
or in expectation) of the first time at which the total mass of the configuration that sits in
particles larger than ¢ is larger than d N for some 6 > 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 ¢y and on the sense of boundedness that is required. The notion that we
chose refers to 1y = L and an additional limit as I. — oo, 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’) = Cmm/, which admits a one-to-one map of the coagulation process onto
a natural growing sparse Erdés—Rényi graph (see Section 3.3), where gelation has a natural
analogue with the famous emergence of a giant component. In this special case, one can
identify the gelation time, and it turns out that at that time a macroscopic particle arises,
hence it is a strong gelation time in the above notion.

In [28] Jeon proved that a sufficient condition for gelation is that K (m,m’) > e(mm/)?
for all m,m’ € N, with some positive ¢ and ¢ > % Later Rezakhanlou [41] proved that
kernels satisfying K (m,n) > m? + 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 be-
lieved in the applied mathematics areas that all homogeneous kernels, i.e., kernels that satisfy
K(cm,em’) = VK (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.
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The first attempt to include space or particle features other than mass is made by Nor-
ris [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 F. 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 F = 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 Smolu-
chowski equation, in our setting (2.31), and conservation of mass in some cases, i.e., when
K(z,y) < ¢(m(z))p(m(y)) for all z,y € E and ¢ is at most linear. Moreover Norris calls
the kernel K approximately multiplicative if

em(z)m(y) < K(z,y) < M(L+m(z))(1+m(y)),  z,yck,

for some € > 0 and M < oo. 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 con-
ditions, 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 E 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 IV, which is a first indication that a large
deviation principle might hold in this case. Recently, in [5], the authors extend Norris’ con-
vergence 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 relatively strong assumptions, uniqueness has been established both before and after
gelation [37]. However, see [38] for a (quite involved) example of a spaceless kernel for
which multiple solutions of the Smoluchowski equation are possible. It is not clear whether
the introduction of spatial positions for the particles influences 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 inde-
pendent Brownian motions in R¢ and [25] where the Brownian motions are replaced by ran-
dom 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 [0,7’]. Results of this type have been
proved in the case that the empirical measure takes value in a finite dimensional space, start-
ing from [42] and then, under increasingly general assumptions, see for example [3, 2] and
references therein. The classical approach follows Freidlin-Wentzell theory; it consists in a
tilting argument, for which a law of large numbers for the transformed dynamics is needed.
Alternative approaches have appeared recently (using fluxes [40], Hamilton-Jacobi equations
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[30], weak convergence methods [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 investiga-
tion 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 charac-
terised 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 loca-
tions 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 re-
stricting 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 mod-
els 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 co-
incide 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-Doring type under certain assumptions on
the rates of interaction.

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 Erdds—Rényi graph. There is a special case in which
our spatial coagulation process can be realised as the connected component size process of an
inhomogeneous Erd6s—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 representa-
tion as a graph process provided that S is a convex subset of a linear space. Consider

(3.2) K ((z,m), (2',m")) = k(z,2") mm/, r, 2’ € S,m,m €N,

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

(3.3) T((x,m), (',m'), ) = O motm’a’ -

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

Since k is linear in each of its arguments

1] |I'|f<(}yZ“’ uly >oai) =YY rlwnw),  LI'CINL

el iel’ el 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 € I} and {z;: i € I'},
which corresponds, in the coagulation model, to the rate of the coagulation between two
particles at the locations \%I > icr i and \%W > icp i with mass |I| respectively |I’|, that we
see on the left-hand side.

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 improve-
ment 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].

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 ;4 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 Pp,;,, 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 7'. This is done via a decomposition in terms of all the coagu-
lation 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;);c[o,r] from definition (1.9), i.e., Z; = (X', C)cep,,
which consists of a process of partitions P = (P;).c[o,7] € P(A) for some A C N with a
location X € S for every particle C' € P; at every ¢ € [0,T]. The Markovian dynamics is
given in (1.10) and the initial state is Zo = (2;, {i})ica for some vector x € S4. We denote
the state space of Z by Z,4 and we indicate with Py 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™). For any &,&' € '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 Y and is
symmetric, since K is. Since for any ¢ € [0, 7] 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 = (i)ica € S* and y = (y;)icp € SP such that & =, 5, and & = 3", 6,.. By Px,y)
we denote the distribution of the process Z as above with partition process in P(A U B) and
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initial configuration (x,y) € SA“E. On the event {A « B}, for any t € [0,T], P, can be
decomposed into a partition of A and a partition of B. In particular, we can decompose any
state z € {A «» B} of Z as z = (z4,2B), Where z4 € Z4, zp € Zp. On the other hand, to
any pair z = (z4,2p) With z4 € Z4, zp € Zp we can associate a state z € { A <» B}. Then

4.1) P(va)(AéHB,ZAEdZA,ZBEdZB):

ZauB
/ Px(Z € dza)Py(Z € dzp)p(2a, 2B)
ZAXZR

where p(z4,zB) = P(xy)(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 pre-
cisely, given any two states 24 € Z4, zp € Zp we can iteratively, for i = 1,2, ... construct
maximal intervals I; = [t;_1,t;) such that the corresponding partition processes (P;* )telo,1]
and (P*” )te[o 7] are both constant on [t;_1,%;). Then, we indicate with {z4 = zp} the event
that for all ¢ and for all C' € P/, D € P” the exponentially distributed times with pa-
rameter K ((X¢,|C|),(Xp,|D])) are larger that ¢; — t;,_;. Since for any 7 we can get the
number of sets/particles C € P‘A)1 sitting in (z,m) € S x N via the empirical measure
Et,_,(za)(d(x,m)) as defined in (1.11) (and the same for B) we have that

T
p(ZA, ZB) — He_(ti—t¢71)<:ti,1(ZA)yK:tiJ(ZB)> = exp ( — /0 <—4t(ZA) K= ( )>dt>

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

P(x,y)(ZA €dza,Zp €dzp|za » 2B) =Px(Z € dza)Py(Z € dzp),

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

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 = (z;)jcn € SA and y =
(yi)ien € SP. By P(x,y) we denote the distribution of the process Z as above with partition

process in P(AU B) and initial configuration (x,y) € SAYB. Then, for any measurable
N C My, (T5),

4.2) Py (A B.NVY EN) =

(T,A) =(T,B)
R

<Px®Py,e—Rm<E NV (Za) + VP (Z5)] e/\/}>,

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

PROOF. On the event { A <» B}, for any t € [0,T], P, can be decomposed into a partition
of A and a partition of B. In particular, we can decompose any state z € {A <» B} of Z as
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z=(za,2B), where z4 € Z4, zp € Zp. The measure V}’

sum of Vi’ (Z4) and V{’(Zp). This gives us
Px,y(A &> B NV(T) EJ\/’) =

decomposes accordingly into the

/ / dny AH—)B (ZAazB) )(ZA,ZB)]I{NV(T) EN}]P)X(dZA)Py(dZB).
ZaJZp dPx@Py

Hence, we can insert the density which is equal to e RMETY(24)ET P (25)) and 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 Py to {=(Z) € '} by
P{) and note that this is a sub-probability measure.

LEMMA 4.3. Fix M € Nand let P ={Cj: j € [m]} € P([M]). Fixx = (v;)M, € SM
and denote X = (x;)icc,. Then, for any measurable N' C My, (I'})
4.3)

m
Pu(Pr=PNVY eN) = (P, e s o ROEEI T 52 e N}
j=1
where for each j =1,...,m, we denote the random variables under Py, by Z; and put

=, =2(2;).

PROOF. Note that {Pr = P} implies that {C1 «» |J;_,C;} and use Lemma 4.2.
Iterating this argument gives formula (4.3), since ) - acp. CLC R (™o ZTe)) =

2 Xy g BO(E5E) 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) = I (Nv) for some measurable set N €
My, (T'). Denote by L the set of collections of numbers £ = (£,)nen € NY. For any point
measure v =y, ¢y € My, (I'}) there exists an ¢ € L such that £, = #{i € I: || =
n}, for any n € N, i.e., v consists of exactly ¢,, (coagulation) trees of of size n, for each
n € N (where the size of a tree £ € I'} is given as the number of atoms, i.e. by |£|). In that
case we say that the tree sizes of v are given by /. We can decompose any measurable set

N C My, (TF)) as N = Uy, N (€) with
N () ={v € N: the tree sizes of v are given by ¢}, forany (€ L,

where the sets AV (), for £ € L, are disjoint. In the following we will assume that N' = N/ (¢)
for some ¢ € L. Recall that NV§’ = > d=r.c), where the sum extends over C' € Pr, which
we will leave out in the notation. We want study the event {>_ d=(r.c) € N'}. We abbreviate
M =3, 4yn and m =), ¢, 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 Ppi,, we want to consider the empirical measure Vﬁ) under Py, where the initial
condition x = (x;);e7 is such that ), _; d,, is Poiy, distributed. More precisely, we choose
the length || of the initial vector x as Poi-distributed and sample the (z;);cs i.i.d. and with
distribution p. Therefore, we have that

PPOiNM(Z(SE(T,C) 6_/\/) =

> Poiy(M') / pEM (. 2a)) Py (D dzre) €N).
M'=0 S
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The sum reduces to the summand M’ = M, since otherwise the probability of the event is 0.
Now,

PX(Z5E<T,C) EN) = Z PX(PT:P, Z(SE(T,C) EN),
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
4.4)

IP)PoiN“ (Z(SE(T,@ S N) = POIN(M)

m

X Z / ®P(1()J>7e 22]9 J#J/R('_'-“_',)]l{zm (5-6N}>

PepP(M j=1

P compatlble Wlth ¢
For n € N we denote ;%" @ PP (d(x, Z)) = pu®"(dx) @ PQ(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
4.5)
each summand <é ( 2G| ®]P’“)> 0350 sy RO G, ]1{ > o 6N}>
in 2nd line of (4.4) < " ’ = ’
where we put P = {C;: j € [m]}. The right-hand side of (4.5) depends only on the car-
dinalities n; of the partition sets C;. Given ¢ we can uniquely fix a collection of numbers
ni,...,nm € N such that #{j: n; = n} = ¢, for each n € N. Hence, we need to find the
number of partitions P = {C}: j € [m]} such that the cardinalities n; of the partition sets
satisfy this, in other words, such that P is compatible with £. Indeed, we observe that

M! M!
m! [T, ng!t— m! ], nte

To see that recall that the multinomial factor i ,{W N is the number of possibilities of putting

(4.6) #{P € P(M): P compatible with E} =

the indices from [M/] into boxes labelled by j = 1 ,m, such that box j has exactly n; many
indices. Each of those possibilities gives us an ordered partition of [M] that is compatible with
(nj);-”zl (in the sense that its j-th set has n; many elements). Any (non-ordered) partition of
[M] that is compatible with ¢ corresponds to precisely m! many ordered partitions that are
compatible with (n;)7 ;. Thus, formula (4.6) holds.

Summarizing the previous steps, we have shown that

1 M
-
m! [T7Z, n;!

(@m0 )

j=1

Ppoiy, ( Z d=c) € 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 2(Z;) (see (1.11)), where Z; is the random variable under ;®™ @ P®.
Now we make the connection with the reference measure Mg? y defined in (2.4). Note

thaton { € T : |§o| =n;} we have

m <M®nj ® NTLj—l]P)(l)> o E_l(dé) — b—meb lMé;)N(dS)a be (O,oo),
"

where we conceive = as the map defined in (1.11).
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Inserting this into (4.7) and using that Zj n; = M (and hence Hj Nni—b = NM—my we
get

PPoiNu ( Z 53(0) c N)

A .
= PO]N(m) <® <F/‘L®n7 ®Nnj_1]P)(1))7e_EZ]J :J#J'R( ]1{ Z] =; 6N}>
g

j=1
:PoiN(m)e(b_l)mb_M<(Mé;jN)®m,e—§ZJ7 o ROEENNS 62 € N}>

— e(bfl)m b*M eN(|M;S“T))N\71) ENM(T) |:67% ZJ 3l #5! R (25,5 ]1{ Zg G N}] y

bu, N

where the Z; denote in the second line =(Z;), in the third line the random variables under
M é;) 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.

* We make some technical remarks about topologies and metrics and prove that I'} is closed
in Section 5.1.

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

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

* 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 com-
ments on the topologies used. We need to do this on various levels. Recall that we assumed
S to be a Polish space. Let d be a metric on 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., ¢ — ¢ as n — oo if
(o™, f) — (¢, f) as n — oo for any continuous and bounded test functional f € Cy,(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),

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

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

Eventually, we want to consider paths of measures. Denote by M either M(S x N) or
My, (S x N) (the space of point measure on S x N) and equip it with the metric 9. Then
D7 = Dp(M) denotes the space of cadlag functions [0,7] — M. We endow D7 with the
Skorohod .J; -topology, which is induced by a certain metric d such that the space (Dp, dr)
is separable and complete (see [29], Thm. A2.2), i.e., it is a Polish space. Convergence in
(D7, dr) can be characterised via time-changes on [0, T'], which are strictly increasing bijec-
tions A: [0,7] — [0, 7] (which are necessarily continuous with A(0) =0 and A\(T') =T) as
follows. For &,£™ £® ... € Dp it holds that £ — & as n — oo if and only if
(5.2) sup [An(t) —t|+ sup (&) ,§t) — 0asn— oo,

te[0,T7 te[0,T]
for some time-changes \,, on [0, 7.
Recall that the set of one-particle coagulation trajectories is

Y ={¢=(&) tejo,7] € D7 (M, (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},
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Since Dy (My, (S x N)) is separable, the same is true for (I'’,dr). In Lemma 5.1 we will
show that (I}, 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 Vy;’ is equal to the set M(T}) of positive
measures on I'. We equip M(I'}) with the weak topology, i.e., ™ — v as n — oo if
(v™, f) = (v, ) as n — oo for any continuous and bounded test functional f € Cy,(I'}).

Now we show that the one-particle coagulation trajectory set I} defined in (1.6) and
(1.14) is closed.

LEMMA 5.1. The set T} is a closed subset of Dp(Mpy,(S x N)). Consequently,
(L$Y,dr) is a Polish space.

PROOF. We abbreviate Dy for Dy (M, (S x N)). Let (§™),en be a sequence in I'} that
converges to & € Dy as n — oo. We will argue that £ € 'Y, There exist time changes Ay,
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 \,,(T) = T, we have that
o = limy, 00 & is concentrated on S x {1} and &7 (S x N) = limy, 00 £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 increasingly fast and add up in the limit to a larger
jump that is no longer of the form (1.3). For any EecDrlett) <y <...bethe discontinuity
points of ¢ and define

s«(§) = inf (tj1 — ;) A T.
Jj=1

If € is piecewise constant (which is the case for £ € ') then s,(€) is the infimum over all

holding times of €. We also define the modulus of continuity for ¢ € Dy with spacing h >0
as

(5.3) w(€,h) = inf max sup (&u, &),
(Ii)i  ©  wpel
where the infimum extends over all partitions of the interval [0, 7] into subintervals I; =
[si,t;) such that |I;| :=t; —s; > h for all i. Note that if § is piecewise constant, then w(§, h) =
0 for all h < 5.(§).
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, ey s.(£™) > 0. We argue via contraposition, i.e., we show that
inf,,en 54(£™) = 0 implies that limy,_,¢ sup,, ey w(§™, h) > 0. Fix any h > 0 and let n be
such that s, (£™) < h. Then any partition (;); of [0,T] satisfying |I;| > h for all ¢ contains
an interval /; that contains a discontinuity point ¢,, of { and thus

sup (&7, &) 2 &7 (S X N) = g7(S x N) = 1.

u,’l)EIj
This implies that limy,_,o sup, ey w(£", h) > 1 > 0. Hence, we have shown that
inf 5,(¢") > 0.
o8>

Now, we argue that ¢ is piecewise constant. Fix A > 0 with h < inf, ey 5.(£™) and note
that sup,, w(£™, h) = 0. Using the characterization of convergence from (5.2) one can show
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that for any € € (0, h) one has that w(§, h) < w({™,h —¢) + ¢ = ¢, if n is 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 3e < inf,, ey s.(£™) A t. We have that & # &;—. and

§t —&t—c= nlggo ( (A:,)(t) - ;\nn)(t—s))'

We choose n large enough such that D(f;\"’(t_a),fi\")(t)) > 0 and sup,, |\, (u) — u| < e. Then

D(&;\")( e} (A“( 5)) > 0 implies that the interval [A, (t —€), An (£)) contains at least one discon-
tinuity point of £. On the other hand we have that \,,(t) — A\, (t — €) < 3e < inf,en s.(£™)

and this implies that the interval [\, (¢t — €), A\, (%)) contains at most one discontinuity point
of £™. This gives us that

= &t—e = nhjn ( E::(t) - ;::(tfs)) = lim (- O(a.m,) ~ O my) 5(zmmn+m’n))

[e.9] n—oo

for some (z,,my), (2}, m)) €S x N and z, € S. It is not hard to argue that the left-hand
side does not depend on ¢ and that the convergence of the measures on the right-hand side
implies the convergence of the atoms and hence the right-hand side is equal to 0, ) —
(2 ;m’) t O(z,m+m)> Which finishes the proof.

5.2. The rates of non-coagulation. In this section, we study properties of the operator
R 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 T x ).

(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. Then v — (v, R (v)) is bounded and continuous on
Ay g for any € (0, 00).

PROOF. We start by showing (1) Recall the Skorohod .J;-topology introduced at the be-
ginning of Subsection 5.1. Fix ¢’ € 'Y and let £, & € I' be such that {™ — £ and let \,,
be time-changes, such that (5.2) holds. We can assume that |£;”| = |o| for all n. For i =
1,...,]&| — 1, let ¢ be the value of the path ¢’ on [¢;_1, ;). Continuity of K implies that the
mappings (z,m) — K¢(x, m) are continuous. They are also bounded on S x {1,..., &}
and hence bounded on the support of J,, , 5;:1)(15)' Hence, supte[ovT]b(g\’j(t),&) — 0, as

n — 0o, implies that
€51 -1 t; 1€51—1 t;
i (T) () ¢\ 13 E (n) / — E / — p@ /
nh—>nc}o R (5)\” ag ) - nh—>120 — /ti1 <€>\n(t)’ K¢z>dt P /t <€ta K¢z>dt R (gvg )

i—1

(The fact that we can control the continuity of the mappings K¢ uniformly for ¢ € [0,7] is

implied more generally by the fact that limy,_,qw(&’, h) = 0, recalling (5.3)). Also, using that

the jumps are of the form (1.3) one has that

‘R(T)(é’“”,ﬁ')—R(T)(ff\”),fl)‘ <3T sup K¢(x,m) sup |[\(t)—t| >0asn— oo
" i,zm: m<|&| te0,T]

Altogether we proved that R™ (£, &) — R™(&,&'), as n — oo. Continuity of the mapping

(&,&) — R™(&,£') 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@ 1.
Using the continuity of R that we established in point (1), Lemma 4.1 and Fatou’s lemma,
one easily sees that then liminf,,_, o (v, R (11,)) > (v, R™ (v)), which shows lower semi-
continuity.

Let us now show (3). We show only the upper semi-continuity. Because of (2.6), we have
for any &,&" € I' the upper bound
(5.4)

T T
RO, €)= / dt (6, K€y < H /0 atlledls € = HT Nl €l = HTIo) ),

0

where we used that t = [|§]l1 = 3°, ,, &(2,m)m is constant for any £ € 'y, For ¢t =0,
l€oll1 = |€o] is the total mass of .
Hence, we may split, for any L > 0,

v, R (v)) = v(d v(de" Yy R™ (&, ¢
(1, R () /W <f>/w (d¢') R7(£,€)
(5.5) + / v(de) / V(A€ R (€,€)1{[6o| > L or [€)] > L}

<[ v [ ) RO 12u Tl [ va) o,
|Sol<L |§6I<L [€0l>L
where we recall the definition of ¢, from (2.24) and note that |¢,,,| = [ v(d€) || is bounded
by 3 for all v € Ay g. Consider the last term on the right-hand side of (5.5). Note that, for
r > L, we can estimate r < f(r)er, with e, = sup,~,r/f(r), which vanishes as L — oo.
Hence,

[ vaol<e [ vide) 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 func-
tion. Together with the fact that v — v ® v is continuous in the weak topology this implies
that v — f\solsL v(d€) f\&alsL v(d€") R(&,€) is continuous with respect to the weak topoé]—
ogy.

Lower semicontinuity of (v,93 (v)) is part of the proof that the rate function I de-
fined in (2.14) has compact sublevel sets under certain assumptions (since H (-|M, b(;)) 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

(5.6) D> RTM(E,Ej) = N{FYN, R (% — —ZR”’ (2i,50),

7]
where Yy = >, 0z, is the Poisson process on Iy with intensity measure N M "\ (note that
R™N = %Rm 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 Y 0 = (Yn)o and (Z;)o = Z;(0) for the projection of Y}y respectively Z; on the time
marginal at time 0. We fix a majorizing function f: (0,00) — (0, c0) satisfying f(r)/r — oo
as r — 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 Yn =, 0=, on
') and assume the upper bound on K from (2.6). Then, for any L, N € N,

,
(5.7) R(Z;,5;)) < HTLB+ HTNp?:2, with e, = sup ——
N Z L r>L f( )

holds on the event {+Yy € Ay g}.

Hence, the diagonal term is o(V). If a gel would be present, i.e., if |=; o| was of order N
for some 7, then it would be < NN.

PROOF. We use the estimate (5.4) that holds under (2.6) and the fact that ||g||1 = |£o| for
£ e} to get

1 1
N g R(T) =i, E' :/F(T” NYN(dg)R(T)(&g)§HT/NYN(d§) ’50’2
(5.8)

1
HTL —Yy(d HT —Yy(d 2
<HTL[ a9l HT [ v ol

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

/|£ oL %YN(CE) |§0‘2 < N(/|£ oz %YN(df) ’§0|)2 < Nﬁ%%,

5.3. The measure Q. 1In this section, we study the limit of Q| := NIKI=1p® (= ¢
')’F(Tl) as N — oo for k € My, (S), i.e., the restriction of the distribution of the coagula-
tion process to the space I\ of one-particle coagulation trajectories. Recall that the (ad-
ditional) super-index ‘N’ indicates that we have replaced the kernel K by %K . The lim-
iting measure Q)" will play an important 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 S x (0,00)]¥I=1, that carries all the data needed to understand which transi-
tion is happening in each of the |k| — 1 coagulation steps.

Fix an initial configuration k£ € My, (S) and a coagulation kernel K as in Section 1.2. Let
us identify the distribution of the coagulation process = = (Z)yc[o,7] under Py, on '}, more
precisely, on the set

(5.9) Iy, ={£ely: &=k}

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

(5.10) W e (armey = ~O@m) = O(arm)y + 0(zm-tm)-
For a fixed tuple (yi,¥;, 2i)i=1,..,|k|—1 With y;,y; €S x Nand z; € S, we define

(5.11) do(-,m) = k(-)1(m) and ¢; = o + Y W, fori=1,... k| — 1,
j=1
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and say that ((yi, Y, 2i)i=1,...,|k|—1) is compatible with & if
(5.12) ¢; >0, fori=0,...,|k—1.

Let X1, C [(S x N)2 x S]I¥I=1 denote the set of such tuples. Furthermore, introduce the set of
admissable time tuples,

k|1
Sk = {(81, e ,S|k|,1) € [O,OO)W*1 : Z s; < T}
i=1
and define
s X X Fp = T, (vi>yi» 2, Si)izl’m’|k|_1 = &= (&)iefo,1)>
by
- . .
Ik [Z;Zl 8y D j=1 sj), for i < |k|,

(5.13) &= M{teL}pi1,  where ;=
i=1 [Z‘klllsj, ]7 for i = [k,

where ¢ = (¢;);—1,. k-1 is defined in (5.11). In words, if, starting from ¢g, for i =

., |k| — 1, iteratively after a time elapsure of s; time units, two particles at y; = (z;,m;)
and y, = (z}, m}) coagulate into a particle at (z;,m; + m;), then at each time ¢ € [0, T, the
configuration is equal to &;. Note that &7 is a delta-measure, i.e., after time Z‘]k:‘;l s; there is
no coagulation possible anymore.

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

Now we describe the distribution of ¢. Recall the definition of K4 and K4 from around
(1.4) and recall that we conceive K as a measure on (S x N)? x S and K as its marginal
on (S x N)2; in the first four arguments K, and K are indeed point measures. With a slight
abuse of notation, one can conceive Ky, | (d(z,m),d(z’,m’),dz) as a Markov kernel, since

0 =Qi_1+ W;;, Their product ®|lk:|1_l Ky, , is concentrated on X.

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 F%’k - R,

(5.14)
|k| 1 k| —1

B (f(E)1E T, / ® K,  © ® s;)(A46) f(24(0)) e 7+(®),
XXk

where
(5.15)
=
ACIES 5 Zl Si [<¢1717K¢if1> - <¢i71,K(diag)>} ; O = (Yis Uj» Zis Si)im1,... [k|—1

where we introduced K'“*® (y) = K(y,y) fory € S x N.

The right-hand side of (5.14) is the image measure under ¥, of the restriction of the
measure ®L]€:‘1_1(K¢H ® ds;) to its support X, x §j, with density e~ %+,
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PROOF. Fix i€ {1,...,|k|—1}. During the time interval I;, for any unordered pair {y,y'}
of elements of S x N, there are ¢;_1(y)pi—1(y') if y # ¢/, respectively %qﬁi_l (y)(di—1(y) —
1) if y = v independent exponential holding times running with parameter K (y,y’), one of
which elapses at the respective coagulation time, namely one with unordered pair {y;,y;}.
There are only finitely many such exponential clocks involved, since ¢;_; 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¢,71 (yi, yg)efsiK%q(yivyé) H e—si¢i_1(y)K(y,y’)q§i_1(y’))
{yy' YA v yi}: y#y’
(5.16) X H e 5i50i-1(WE YY) (di-1(y)—1)

y: {yyA{yivi}
T
:K¢i—1 (yhy;)e Si7l (y'u:‘h)’

where, for y; # v/,

yzayz Z(m 1 yy (bz 1 _*Z(ﬁz 1( )

= > iK@Y )W)+ D> §¢z’—1(y)K(y7y)(¢z‘—1(y) - 1),
{yy'}: y#y’ y: {y}A{viyi}

and for y; = vy,

Wy = Y, eiaWEY,y)diy) + Z $i-1(1) K (y,9)(di-1(y) — 1),
{yy'}: vy’
1.e., the same formula.
The probability that the new particle is placed at z; is expressed by multiplying (5.16) with
Y ((zi, m;), (25, m}),dz;), which turns the first factor into Ky, | (v;, v}, dz;).
Because of the Markov property of the coagulation process, the probability IP’k (2e€df)is

equal to the product over i = 1,...,|k| — 1 of (5.16). Noting that p;(©) = Z R R CTRTAR
this implies (5.14). ]

Now we introduce the measure
(5.17) Q) = NH-1Py(E € )|y € M(TE).

The next question that we consider is the identification of the limit of Q""" 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

(5.18) QU ( ® K, , ® ® dsl> o U1 (de) = PO Py (€ € TP, E € de),

where
1

T
(519 el =3 [ [(6Ke) - rxe]an k=g

Note that ¢ (V(0)) = ¢r(0O) for © € Xj.
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LEMMA 5.5 (Limit of P, (Z € -)|p).  Fix any k € My, (S), k # 0. Then

d@(T N,N)
dQ(T)
If K satisfies (2.6), then the density satisfies

(5.20) (6) = e*%@k(&)j ce P(l)

1 1
(5.21) 0<wr(§) < §HTW2a §eTr,

and in particular,
(5.22) Q) = hm QM

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=1 in (5.17). Hence, on Fﬁfl)k we have that

|k -1 |k —1

QMM (dE) = < ® Ky , ® ® dsz) oW, L(dg) exp ( - %9%(@71(5)))

=wﬁ—%%@ﬂwwa

This shows (5.20).
To show (5.21) we use that (¢, K¢) < H| ||} for any non-trivial ¢ € My, (S x N) and
that ||& |1 = ||€o]|1 = |k| for all ¢ € [0, 7] and for any & € '), . Therefore, we get

1T 1
(523 &)<y [ (6 Ke)de < SHTINE,
0
The bound (5.21) obviously implies convergence in total variation as well as weak conver-
gence. O

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

COROLLARY 5.6. Fix p € My(S) and b € (0,00) and N € N and replace K by %K
(adding a superscript ™). Then

(5.24) é; M(dE) =MD (dg) e~ NP0 ()

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 NV (up to the pref-
actor IV): we just carry out a change of measure from N M b‘;’\]{} to NM é;’ in the Poissonian
expectation.

COROLLARY 5.7. Replace the kernel K by %K (which is denoted via the superscript
(N)). Then, for any b € (0,00) such that | M, é;)] < 00 and for any bounded and continuous test

function f: M(T})) — R,

[V = —_ =
E;Qw (f(V](\?))) _ ENMISZ) { (eb%) b= 2 |l exp{ Z R™(5;,5;) }
4, i#g

f(%YN)e—%fwso(f)YN(dg)} MM |-1).
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Note that the assumption |, éz)] < o0 holds for all sufficiently small b under the assump-
tion (2.6), according to Lemma 7.2.

LEMMA 5.8.  We define o: My,(S x N) — [0, 00) recursively via o6y n)) = 1 for any
(x,m) €S x Nand

o(¢) = /K¢ z,m),(z',m'),dz) o (¢ — S(zm) — O, m/)+5(zm+m,))

where the sum is taken over the support of ¢. Then, the measure Qk, has total mass equal to

k-1
(Kl =1)!

PROOF. Recall definition (5.18) and the fact that Wy, : X, x § — I'}/, is a bijection. Then

(5.25) Q. (T) = o(¢o),  where po(dz,m) = k(dz)d1(m).

|k —1 k-1

o) —(®K¢ 1) X5) <®dsz) Sk)-

Note that
k|1 |k|—1

( @ dsi>(3k) :/ (d(s15- -, 8|k—1) { Z ;i < T} ’;Z;"ki 11)

[0,T]1%1-1

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 ((yi, y;, 2i)i—1,...|¢|—1 the finite sequence

%
:¢+ZW;?;/7 fOTiZl,...,’¢‘ -1
]:1 ; J

where we recall the definition of W((;y,) given in (5.10). We denote by X4 the set of all tuples

((yi> Yi» 2i)i=1,...|¢|—1 that are compatible, i.e. that ¢; > 0 for all i = 1,...,|$| — 1. Observe
that

Xp= U {(y.9,2)} x X6, =8, 482 ) )
(y,y',2)Esupp(4)* xS
where for any y = (x,m) € S x N we abbreviated m(y) = m. This implies that
¢l -1

)= ( ® K¢i71>(%¢)— /K¢ z,m), (z',m'),dz)
i=1

l¢l—1

( ® K¢>i—1)(:{¢>*5<z,m)*5(x/,m/>+5(z,m+m/))7
=2

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

k-1
(TH)H o 2Uk=D)

(T) (1)
(5.26) QTR <
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PROOF. We use Lemma 5.8 and show via induction over |¢| that
(5:27) o(¢) < HY {171,

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 ¢ =
¢ = O(z;m) — O(ar,m’) T O(z,m+m) WE have that [¢| = |¢| — 1 and [[¢[|1 = [|¢[]1. Also recall
from (2.6) that the definition of H implies that (¢, K ¢) < H||#||?. Then

() <H?2p37 N Ky ((am), (o, m'))

(z,m),(z’,m’)
< HO2 61177 (6, Kg) < HI |71

This implies (5.26).
O

REMARK 5.10 (Examples of explicit expressions for Q" (I'},)). In some specific cases
the recursive definition of @}’ (I'",) in (5.25) can be solved and the quantity can be ex-

pressed explicitly for every k € My, (S) \ {0}. Notable cases are the non-spatial kernels
of multiplicative and of additive type. When K ((x,m), (x',m')) = mm/, then Q' (T'}/,) =

Gy [FPIFED. When K ((z,m), (/,m/)) = m +m/, then Q" (T),) = e k|l 0
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 — pi(v)). Fix any 8 > 0 and some function f: N —
[0, 00) that grows at infinity faster than linear, i.e., f(r)/r — 0o as r — 0. Let (Vp)nen be a
sequence in Ay g that converges towards some v that has a density with respect to M, é;) for
some b > 0. Then, for any t € [0, T, pt(vy) — pe(v) as n — oo.

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

pr(m)(A) = / v (A€) € (A) {0 < L} + / v (d€) € (A)1{|&0| > L}.

The last term vanishes uniformly in A and n as L. — oo, since
(5.28)

Vn(dé)ét(A)]l{\ﬁo!>L}§/Vn(d€)\§t!]1{\£o >L}=/Vn(d€)|§o\11{|€o\ > L}

<er / vn(d€) £(I&0]) < eL8,

where 7, = inf,~ 1 7/ f(r) vanishes as L — oo.

Concerning the first term, we now show that the map & — &,(A)1{|{y| < L} is continuous
in each ¢ that satisfies {;(0A) = 0 and does not jump in ¢. Let & be such a point, and pick
a sequence (£ ’)neN that converges to £. Then |£;”| — |&o| as n — oo. If |§o| > L, then we
have limy, 0 & (A)I{]&[" | < L} — 0 =& (A)1{|¢o| < L}. Otherwise, for any sufficiently
large n (recall that |&| € N for any s) we have & (A)1{|{)”| < L} =& (A) = &(A) =

&(A)I{|&| < L} because & — & weakly (since £ is continuous in ) since &(9A) = 0.

Finally we need to show that the set of considered £ exhausts all £, i.e., that v({{: £(0A) >
0}) =0and v({¢: & jumps at t}) = 0. The first holds since & (0 A) is Ny-valued and hence
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v({€: &(0A4) > 0}) < [v(d€) &(DA) = pe(r)(DA) = 0. The second holds since v has a
density with respect to M. (;), 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 t. []

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 limy, o0 Supsc(o 71 9(pt (vn), pt(v)) =
0, where 9 is the Lévy-Prohorov metric on M(S x N) defined in (5.1). This implies conver-
gence 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
(5.29)

sup (o), pr()) < max [2(pr, (), p1, (1))
t€[0,T7] v

+ sup d(p(vn), pr, (va)) + sup d(pe(v), pr, (v))].
tel1l® tel®

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

(5.30) sup 3(pi(vm), ps(vn).
s,t€[0,T]: |s—t|<e

Let s,t € [0, 7] be such that s < t and |s — ¢| < . According to the definition of the Lévy-
Prohorov metric, if we can find some 1 > 0 such that

pt(n)(A) < ps(vn)(A") +n  and  ps(vn)(A) < pe(vn)(A") +1

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

pr(m) () < pr(v) (A7) < pa(vn) (AT) + / v (d€)[ € (A7) — £,(A7)|

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

/ v (€)1 (A7) — £(AT)] <2 / U (A€) T (6),

where J(§) is the number of jumps of £ in the interval I C [0,77]. This is true since all
steps of § are of the form of adding (. ;,+m/) = O(z,m) — (y,ms) for some z,y,z € S and
m,m’ € N.

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

(5.31) T () = / (A6 TG <L}, veMTP).

Splitting the integrals into the cases |{y| < L and |{p| > L and proceeding as in (5.28), we
get for any €, > 0,

sup o(pt(vn), ps(vn)) <2 sSup -7[;L,£](Vn) +2fer,

5,t€[0,T): |s—t|<e s,t€[0,T): |s—t|<e

where (s,,,t,,) are picked as a maximising pair in [0, T)? with |s,, — t,| <e.
Now, along subsequences, we may assume that (s,,t,) — (s,t) € [0,T]? such that
|s — t| < e. For a given 6 > 0 and all sufficiently large n in this subsequence, we have
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[$nytn] C [s — d,t + 6] N [0, 7). Furthermore, observe that & +— Jis_s 41400, 7] (&) is upper
semi-continuous. Indeed, if &, — & in T'Y, each jump of &, converges to a jump of £ and
since each element is right-continuous, we have that Jjs_s ;1 51n(0,71(§n) < J[s—s,t4-8)n(0,77 (€)-
Hence we have, by [17, Thm. D.12],

(5.32) hmsupj[ (yn) < js 5.4--81[0, T]( V).

n—o0

We show now that the right-hand side is not larger than C, (e + 2J) for some Cf, > 0 that
does not depend on s nor on ¢. For doing this, we note that

5133 MD(A -1 A <H(V‘Ml§;))+eil
G339 MyW<e = v T iy

AC Ayp.

Indeed, note that z — xlogz + 1 — x is nonnegative and convex in (0, 00) and therefore

. dv dv dv .
H(w|MD) > / <de 8 g +1- dMgT’)l AdM
“w
A) v(A) v(4)
> M () ) 1-
= My, (4) ME(A) B M) M,;Q(A))

v(A)logv(A) +v(A)(—1—log M’ (A))

> —e ! 4 p(A)(~1 - log M7 (4)),
where the second inequality is obtained thanks to Jensen’s inequality, the third because of
My’ (A) > 0 and the last one thanks to the fact that zlogz > —e~!. We see that, when

Mé;) (A) < e~ !, 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
(5.34) :7[(; 8,t+38]N]0, T] ) < Z V({f: J[sfé,t+5]ﬂ[0,T] (f) > 7, |€0‘ < L})
j=1

Before bounding the right-hand side, we are going to argue now that
(5.35) M (€2 Tiomsereiniom)(€) = 4y 1ol < L}) < Cr(e + 25)

for all j € {1,...,L} and some Cr, > 0 that does not depend on s nor on t. Re-
call that M, 7 (d§) = > Poi, ® Q™ (d€)blél and the formula for Q™ from (5.18).
For £ € T let k = & and let (yi,y;,2i,5i)i=1,. k|-1 € Xx X S be such that £ =
Uy ((Yis Vi 2is Si)i=1,...|k|—1)- Abbreviate I = [s — 6,1 + 0] N [0, T] and note that the value
of J;(§) only depends on the inter-coagulation times (s;);—1, . k-1 € Sk, Which are i.i.d.
with distribution given by the Lebesgue measure (see (5.18)). More precisely, we can re-
cover the jump times of § via t; = s; + ... + s;, for ¢ = 1,...,]k| — 1, and have that
Jr(§) =#{i: t; € I}. Then,

|k —1

/ ) dsi W{#{i: t; € I} > 5}
Sk j=1
|k —1
:/ ®dtiﬂ{#{iltiEI}Zj}]l{tl<t2<...<t|k|_1}
[0,7]1kI-1

=1

k|1 —|1|) \k\flfﬂ

1 7|5
—_ (g)dtlﬂ tiel} > )
]k\—l /[OT]k 0 S {#{Z el}> ]} Z (k| =1 =)
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where the last term is smaller than |I|7(27")/*=1/(|k| — 1)!, if |I| is small, which we can as-
sume 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

(5.36)

T n n— n
My ({81 Tis—sira)n0.11() = 4, €0l < L}) < (e +26) Zb (2HT) lm

2(n—1)

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,(e + 26) for some C, > 0 that does not depend on s nor
on t.

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

imsup  sup  (pe(va), ps(va)) < 2C( + 6) + 28er.
n—oo  stel0,7): |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 on the right-hand side. In an analogous way, we derive the

same bound for sup; sc(0,77: s—t|<e 0(Pt(1), ps(v)). This implies via (5.29) our assertion. [

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

COROLLARY 5.12 (p(v) is a (uniformly) continuous path). Fix any 8 > 0 and some
function f: N — [0,00) that grows at infinity faster than linear, i.e., f(r)/r — 0o as r — oc.
Then, if v € M(T'}’) is such that H(v|My,) < oo, then [0,T] > t = py(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 V};’ of Theorem 2.3. Slnce we will rely on the representation of Theo-
rem 2.1 in terms of the PPP Yy with intensity measure N M. l;Z), we first need an LDP for Yy,
which we provide in Section 6.1. The proof of our LDP is carried through in Section 6.

6.1. LDP for the PPP Yy. We state and prove an LDP for the random variable Yy
introduced in Theorem 2.1. We feel that this result is not new, but we did not find a reference,
hence, we give an outline of a proof. Recall the relative entropy from (2.11).

LEMMA 6.1 (LDP for Yy 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} with C € 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; + --- + Zn, 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 Z;, which reads

M (X)>v— sup (<V, f)— logE[e<f’Z1>])
F€Co(X)

ZfescliI(DX)«V )= (ef = 1,m)),



SPATIAL COAGULATION PROCESSES 43

where we used a well-known formula for exponential Poisson moments, and Co(X') is the
closure in the uniform norm of the set of all continuous, compactly supported functions
f: X = R, the dual of which is set 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 Géartner—Ellis
theorem. In order to finish the proof of the LDP that we need (i.e., to restrict from M4 (X) to
M(X)), we need to check that the restriction of the above rate function to M4 (X) \ M(X)
is constantly equal to 400, 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 (% and obtain that the rate
function is > H (v|m), and the opposite inequality is seen by

H(vim) = H(vle! dm) + (v, f) — (e ,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 14 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 g—;: H(v|m) < C} are weakly compact in L!(m) by uniform integrability
since we can write H(v | m) = [ (g—; log 3—; - 3—;’1 + 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 distri-
bution of V{;’ with poissonised initial distribution under conditioning on Vy;’ € Ay g for any
B € (0,00), where we recall that we fixed a majorizing function f such that f(r) > r for any
rand f(r)/r — oo as r — oco. Recall that we add an additional superindex ¥ to indicate that
K is replaced by %K . We recall that we are under the assumption on K in (2.6) and consider
the distribution of Vi’ under the poissonised initial measure, ]P’iﬁf))iw with some p € M;(S).
We write Vy instead of V{’.

We pick b € (0,00) so small that |Mg;)\ < 00, 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 g. Indeed, the quadratic term is lower semi-continuous by Lemma 5.2(2), the maps
v [vy(dk)|k| = |cy,| and v — |v| are continuous on Ay g as is seen using the arguments
from the proof of Lemma 5.2(3). Finally, by Lemma 6.1, the entropy H (\Mg;)) has even
compact sublevel sets (in M(T'}) and hence in Aj g).

Now we turn to the proofs of the upper and lower bounds. We start from Theorem 2.1 with
K replaced by %K , more precisely, from Corollary 5.7. This gives, for any measurable set
EcrTy,

(6.1)
PL, (Vi € B) =By NOGYMN{Lyy € Blemy 2 A EE) o~ 2e(©) %sz(ds)],

POiN”

where
1
(6.2) ou(v) = —5 (RO W) + [V](b— 1) — lew, | logb + [ M| 1.

Observe that the last two terms in the expectation on the right-hand side are e°¥) as N —
0o, uniformly on {+Yy € A3} by Lemmas 5.3 and 5.5. Furthermore, ¢, is bounded and
continuous on Ay 3 in the weak topology, according to the above remarks on the compactness
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of level sets of 1. Futhermore, note that Ay g is closed, due to the continuity of & — [&|
and nonnegativity of f, using Fatou’s lemma.
Now the LDP for %YN under P, (r) from Lemma 6.1, together with Varadhan’s lemma
bp

(Lemma 4.3.6 in [17]) implies, for any closed set F' C M(I'}) (implying that also F'N Ay g
is closed), that

1
(6.3) limsupﬁ logIP’(P]Z))iN“(VN € FNAsg) < —inf{H(y|Mé;)) —pp(v): ve FNAyrg}.

N—o0

Observe from (2.14) that H(v|M,) — ¢p(v) = I (v) for any v € M(T'}). In particular,
recalling that x3 = inf,c 4, , IM(V),

(6.4) limsup — N log}P’(N) (Vn € A ) < —x5-

Poi
N—oo 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 F 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 Ay g is not open in M(I'}). An
obvious idea is to go to the set

65 Ao ={vemwp): [ u<df>f<|so|><ﬁ}.

However, Ay -3 is still not an open set, since the map v — [ v(d€) f(|&]) is not contin-
uous (the map & — f(|¢o|) not bounded). We solve this by applylng some restriction ar-
gument. Indeed, for a large cutting parameter L. € N, we insert an indicator on the event
that the PPP Yy has no particles that are larger than L, i.e., that it is concentrated on
Do, ={§ €T} & € My, (S x [L])Vt € [0,T]}. Then we will condition on this event
and make a change of measure from the PPP Yy with intensity measure N M, é;) to the inten-
sity measure N M, g;’ﬁm, the restriction of N M, b(:;) to Ty .

In the following we often identify measures v on I';’ that satisfy v(T'y) \ I'7 ) = 0 with
measures on I’ ;. We introduce the restriction operator IT : M(I'}) — M(T'}), which
maps v to the measure ITy,(v) = v=", defined by v="(-) = v(- N T ). Note that the
mapping I, is continuous with respect to weak convergence. One easily sees, by definition
of PPP, that the distribution of Yy under E; M conditioned on {Yn (I’ \ T’/ ) = 0}, is

equal to its distribution under E N M(T,gL) . This implies that

Ppei., (VN €GN Asg) > PR (Vv € GNAscp)
> o) Ennn |© [ Nou( ) ]l{ YveGNAy, <B}‘YN L \T <) =0
(6.6) x Poly yen (YT \T7)cp) =0)
1
= e’ Enpger=m [eN(bb(NYN)]l{%YN eGn Af’<ﬁ}}

x Poiy e (Y (T \Férl,)gL) =0).
Note that
(6.7) — 0L = hm 1nf o log Poi NMD (YN(F%) \ I‘(T1)<L) 0)
increases to zero as L — oo. Indeed, this void probability is equal to e N My, )(F;l)\F(Tl*)SL)>
and the rate in the vanishes as L — oo.
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Recall that Yy in the expectation on the right-hand side of (6.6) is a PPP with intensity
measure M =" and hence Yy = Y7’ almost surely. Hence, we can rewrite the condition
in the indicator on the right-hand side of (6.6) as { %Yy € II; (G N Ay ) }. Now, I, 1(G)
is open, since II, is continuous and G is open. Further, Hzl (Ag <) is equal to the set of all
v e M(T}) that satisfy [ v(d€)f(|€])1{|é0| < L} < S8, which is an open set in M(T'}),
since the map & — f(|€o])1{|£o| < L} is dominated by a continuous and bounded function.

Hence, we can apply now the lower-bound part of Varadhan’s lemma (Lemma 4.3.4 in
[17]) and the LDP for + Yy from Lemma 6.1 with m = A/, éZ’SM, to obtain that

1
lim inf — log P GnN
iminf - log (Vv €GN Ajfp)

POiN“
(6.8) > —inf {H(V | My=2) = gp(v): ve TGN Af,<ﬁ)} )
> —inf {H(V(SL) | Mé;’gm) — (V=) veGn Af,<6} =0,

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

(6.9) Timinfinf {H(wéw | M=) = gy (v'=9): v €GN Af,<g}

<inf {H(u | MiD) —p(v): v € GmAf,<ﬁ} — inf {H(y | M)~ p(v): v € GmAm}

where the last step follows from a simple approximation step (approach v satisfying
Jv(d€) £(|&l) = B by (1 —e)v with € | 0).

This shows that the complementary lower bound in (6.3) holds for F' replaced by an open
set G, 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 ;ff”\ is 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 I;L“, (non-)gelation, and the Smoluchowski equation. In this section,
we analyse the minimiser(s) of the rate function /" 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 /. In Section 7.2 we derive the Euler-Lagrange equations for these minimis-
ers and use them to prove some estimates for its moments. Then Section 7.3 is devoted to the
proof of 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 Proposi-
tion 2.10(1) at the end of Section 7.3, furthermore we derive the Smoluchowski equation in
Section 7.5.

For the remainder of this section, we keep 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 refer-
ence measure M " from (2.8). We recall from (2.13) and (2.14) that, for v € M(TS) that is
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absolutely continuous with respect to M (otherwise, I" () = 00),
(7.1)

- dv 1 -
I )<u>=<u,1ogw>+2<u,m< W)+ 1y

— HIMG) + 1= M|+ (L=l + [ 1(db) [#] logb+ 53 (0),
where the second line assumes that b € (0,00) is so small that |Mg;>| < o0o. (A sufficient
criterion for this is given in Lemma 7.2 below.)

We mentioned already below (2.11) that the map v — H(v|M, ) is lower semicontin-
uous and convex and has compact sublevel sets for any b € (0,00) small enough such that
| M, g;>| < 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 I is not a priori clear, since this would require the continuity of
v [19(dk) |k|. We are able to show this only on suitable subsets (e.g., on Ay 3) or after
restriction to a cut-off version that makes || 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 I, is convex. However, we are not going
to use this assumption in this section, therefore we might have several minimisers.

7.1. Bounds on M and on I;’. Now we can state conditions under which I 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 q” <1, then
J MP(dE) [§0]* < oo for any o € [0,00). Furthermore, the sublevel sets of I" are then
compact, i.e., I\ has at least one minimiser on M(T';.)).

PROOF. Just note that

[ @9 el =33 ({6 o = n}) n® = (g0,

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 [ ;ﬁ is equal to the sum
of H(-[M;") (which has compact sublevel sets) and 1 — [M"[ + (v, R (v)), which is
lower semi-continuous in v by Lemma 5.2. Hence I}/’ has compact sublevel sets as well and
possesses therefore a minimiser. O

It follows an elementary and useful bound on the moments of M, b(Z).

LEMMA 7.2 (Moments of Mél? under (2.6)). Assume that (2.6) holds and fix any T, b €
(0,00). Then for any n € Ny

ol—b
() M. _
(7.2) Mbﬂ ({§ely: [sol=n}) < o TH
Consequently, if b < 1/He?T, then fMg?(dﬁ) |€0|¢ < oo for any « € [0,00). Further, if

THe? < 1, then q;f’ <1

(VT He?)"n =2
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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'7/;) = 0, we obtaln that for any n € Ny

M ({€€TP: €] =n}) —e/P01 (dk)e'™ bb‘k‘@”(ﬂ“ V1{|k| =n}

0" (TH)™ nz(nq)

7 <e
—-b (bTF[)n 9 1 1-b
- n—1 - e ZTHEQ n 72.

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

/M(T) d¢) [&o]™ < TH Z bTH n?l < 2e1;;{ ioj(le[IeQ)”no‘_2 < 00
& n=0

if BT He? < 1, since the geometric series with that parameter converges. Choosing b = 1 we
getthat¢,” <TH e? which implies the last claim. O

The following lower bound will be used in Section 7.4 for proving gelation for large 7';
more precisely for all T" such that I, is bounded away from zero on M(TE).

LEMMA 7.3 (Lower bound on [ ;f)). Under the assumptions in (2.6) and (2.27),

) 1 /e (log(2T He?))?
7.4 IOy >1— (S VOB T
74 sornt,, ) =1 = or (WH " h )

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

PROOF. For T € (0,00), pick some b € (0,1) such that 5T He? < 1. Then from Lemma
7.2 with a = 0 we have (dropping the factor n~2 in the sum)
(T)’ e3pe?
~ 27 (1 —bT He?)
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

(7.5) | M < 0.

IP(v) > H(|M{) +1— | M7 | + Dlogh + 5 < RO ()
(7.6) X
L= M| + Dlogh + 5 (v, R (v)),

where we abbreviated D = [ v(dk) |k| = |cy, |. With the help of (2.27), we obtain
(1.7)

(R (0 /dt/ (@9) [ vag) (6. 56 /dt/ (@) [ vl gl
—h/ dt [ v1ag) [ e’ 6ol 65| =hT D,



48

—logb

The polynomial D + Dlogb + $hT D? assumes its minimal value at D = =25 with value
— Uoeb)® ‘Hence
2hT ;
e3be? (log b)?
inf I(T) >1— . be (0 % .
Veﬂl/lrtF(T”) i)z (1 —bTHe?) OWT (0, 7772)

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

1 (el(QTHe2)_l n (log(2THe2))2)

VEM(F(l)) K 2T 7TH h
5o i(i (log(2T' He®)) )
2T'\rH h

O

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

LEMMA 7.4.  Forany T € (0,00), any minimiser v™ of I\" on the set M(T')) satisfies
the Euler—Lagrange equation

(7.8) v (d€) = M7 (d€)e™ IO e,

Furthermore, for any L € N, any minimiser v*=" of I;(LT’S“ defined in (2.18) on the set
M(T(Tl)< 1) satisfies the Euler—Lagrange equation

(7.9) v (dE) = M!(LT,SL)(dé‘)e*%(T)(V(T))(é), ce F%SSL'

PROOF. We drop the superscript ™ and the index p from the notation.

Let v be a minimiser of /. Since I(v) is finite, v 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(T'}?) with positive M-measure such that ¢ = 0 on B, then we are going to see
that v.(d¢) = M (d€)(¢(€) + €1p(€)) has a strictly smaller I-value, in contradiction to the
minimality of v. Indeed, observe that

102) = 1) =5 | [ M@IMEDR(E.D [221a(0)0(O) + 21n(O)10(E)

+ M(B)eloge —eM(B).

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

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

(7.10)
d
0=—1I(v
de

= ( (b +e7), 10g(<p+€7)>+%(M(soer),%(M(wm)»

—(M(p+en)D))|
= (M, logp) + (M, 1) + (M, R(v)) — (M, 1)

= <M7,log<p+9‘{(u)>.
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Since this holds for any bounded measurable function v with supp(y) C {§: |&o| <
L or (&) > &}, we obtain that
0=1log (&) + R(v)(§), M -almost surely,

first only on the set {£: || < L or ¢(&) > d}, and hence on
U e 1ol <Ly e () >0} =T u{p >0},
LeN >0

which is equal to 'Y M -almost surely.

This implies the claim in (7.8). The proof of (7.9) is analogous. ]

LEMMA 7.5 (Bounds on v™).  Assume that v is a minimiser of I\> on M(T'})) or a
minimiser of I;7'=" on M(F(T)<L) for some L € N.

1. Under the assumption in (2.6), and if T < 1/e*H,

2
7.11 O (de) |2 € o
a1 [l < s
2. Under the assumptions in (2.6) and (2.27), for any T > 0,
1 1
: @ < — 2 :
(7.12) /l/ (d€) |€o| < max { W log(2T' He?), 27I‘HT}

PROOF. Again, we write v instead of v 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€) [&o]?.
Since M =" < M, we only need to prove the statement for I;”. We assume only (2.6). Under
the assumption (2.6), applying Lemma 7.2 for o = 2 and b = 1 finishes the proof of (7.11),
recalling (7.5).

We continue with (2). We handle simultaneously the minimisers of [ ;f‘“, for L € N,
and [;” and denote them by v=* for both L € N and L = oo. We abbreviate D" =
fu<<L> de)|€o] = [ M =2 (de)e R =)&) g (using (7.8), respectively (7.9).) If DE <
hT log(2T He?), then we are done. If the converse is true, then T He2e ThD=" < % We
begin by noting that

R =) (€) = Thigo|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

D(SL) S/M(df) efTh|§0‘D(SL)’£O|‘

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

1 > 1 _ (<L)\n 1 _ (<L)
DED < - TH 2 —ThD(= - _ 1 1—-TH ThD
_27THTZ_:n e )" =g o8 ¢ )
(7.13) n=1
< 1 THe e’ThD(SL) < 1
~2rHT 1 — THe2e~ThDE" — on T

—ThD(<D) 1. n

where we used that, due to T'He“e < 2 < 1, we can apply the formula }~>° | ~¢" =
—log(1 — g¢) that holds for g € [0, 1). Then, we used the estimate —log(1 — x) < %, for
r < 1 and after that we used the monotonicity of x — 1=-. Hence, we proved (7.12). O
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PROOF OF PROPOSITION 2.10(2). Assertion (a) is shown in Lemma 7.3 and assertion
(b) is from Lemma 7.5. ]

We see also from (7.11) that, for any minimiser v of I, we have that v € Ay

for f(r) =72, 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).
Forany T € (0, HLQQHLW) 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 Y| < |z — y|min{e ", e Y} < |x —y|(e™* + e Y) for x,y € R, we obtain
that

[v=sleel = | [ 300 g] (7010 - 000

< [ M) ] IR = )| (7O 4R OO),

Now we use (2.6) to get
RO (1~ 5)(€)] < RO (v — 7)(€) < HT / v —71(d8) &) |6ol.

From now on we assume that e27'H < 1. Then, we can combine that last two estimates, use
the EL equations again, and afterwards (7.11) and obtain

[ =il <1 [ 1v =718 Gl ([ viao leol + [7ta0)leo?)

2

~ €
< 2HT/|V v[(d€) [ol (1 = TH)"

If T is so small that e2TH < 1 and ﬁ% < 1, this implies that [ |v — |(d€) [&] =0,

which implies that v = . The condition on # = HT reads 0 < z < 1/e? and x < eg(l’riﬂr)

Hence, the latter inequality holds for TH € (0, & 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 7" > 0
and p € M1(S). Note that Lemma 7.1 already covers Theorem 2.8(1)(a) about the compact
sublevel sets of [ ;f) 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 Vy;’ under Py, )iNM
in Theorem 2.8(1)(d) is proved in Lemma 7.8, and the tightness of Cym» as well as Theo-
rem 2.8(1)(e) is proved in Corollary 7.9. Finally, the asssertion about ndn—gelation in Theo-
rem 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}’ € A g}. However, we want to prove tightness
for the unconditioned distribution of V. Note that we are free to choose f(r) = r%. For
that particular choice can argue that the probability of the event {V\’ ¢ A} vanishes
(see Lemma 7.7), for large (. Further, we can show that the minimisers of [ ;f) are also
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minimisers of the S-dependent rate function from (2.16), if 3 is large enough. Finally, we
will use this to argue that the unconditioned distribution of V};’ converges to a distribution
that is concentrated on minimisers of I,

LEMMA 7.7.  LetT' > 0 and j1 € M1(S) be such that q|}” < 1. Then

B € (0,00),

(7.14) sup Ppo: (V' ¢ Agp) < C,
NeNn B

where C = [ M{"(d€) |€o|* < oc.

PROOF. By Markov inequality, it is enough to show that the expectation of [ V{7, (dk) |k|?
)

under Epoiw is bounded in N. Abbreviate Py =P, ). Applying Corollary 5.7 with b =1
and choosing f as the constant function v — 1, gives us

1=Exn [e’ﬁ Xijeins BELE) o= % [ ¢e0 (6) YN(dé)]eN(IMLT)Ifl).
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 [vo(dk)|k|? and combine the formulas to get

(7.15)
E(N) (T) dk ]€2 EN[f %YN,O(dkaPe_WZ g i R(E:,55) e Nf‘pﬁo YN(dg):|
Poin,, |:/VN,0( )| | } o Eyx [e—ﬁzid:%# R(Ei,Ej)e_% f‘ﬂ&o(f)YN(df)]
N [N (YN)gn (V)]
En[gn(YN)]

where, for v =Y, ¢, € My, (I'}), we defined
()= / Auo(dk) k% gn(v) = o an L ing BE1E)) o= S #eo () v(dE)

Observe that fy and —g are increasing on My, (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

(7.16) En[fn(YN)] :EN{/ Yno(dk) W / M (dE) [€ol?,

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

It is standard (see Corollary 2.4) that, given the LDP of Theorem 2.3, accumulation points
of (V') Nen exist and are concentrated on the set of minimisers of the rate function. How-
ever, this holds a priori only under conditioning on V{;’ € Ay 5. However, we now derive
that under g;;” <1 this holds under the unconditioned measure IP" > | as well.

LEMMA 7.8 (Law of large numbers). Fix T'> 0 and assume that q;,” < 1. Let Py, de-
note the distribution of V; under Py, )iN“‘ Then the sequence of measures (Py,, ) Nen is tight

(and thus relatively compact) and each limit point P is concentrated on the set of minimisers
ofILT), ie.,

(7.17) supp(P) C Do :={v e M(T})): I, (v) =inf I;"}.
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PROOF. Recall that we are working with f(r) = r?. Abbreviate the distribution of V{’
under Ppo; (- | Vy' € Ag 3) by Py, 5. According to Theorem 2.3, (Py, g) ven satisfies an

LDP on Afg with good rate function I, given by It (v) = I (v) — xp for v € Ags.
According to Lemma 7.1, because of qm <1, I} possesses at least one minimiser on
M(T). For sufficiently large j3, every mlnimiser v of I lies in Ay g, 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, {I}j’) = 0} = Dy for all sufficiently large 5.

As a consequence of Corollary 2.4, (Py,, g)ven is tight, and any accumulation point 3
is concentrated on {7 ‘TL =0}, that is, on Dy. We now show that (Py,, 3) nven and (Py, ) nen
have the same limiting behaviour, that is, they are tight and every accumulation point is
concentrated on Dy. Indeed, for any open neighbourhood U of Dy, we have

C
IPVN (UC) < ]P)VN(UC N Af,ﬁ) + ]P)VN (Ajc,ﬂ) < PVNﬁ(UC) + B?
according to Lemma 7.7, where C/3 can be taken arbitrarily small, uniformly in N. Using
the above, we see that Py, (U°) vanishes as N — oco. Hence, any accumulation point P of
(Py, )Nen is concentrated on U and hence on Dy. O

COROLLARY 7.9 (Law of large numbers of the total mass). Fix T' > 0 and assume that
qy” < 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,, ) nen, with limit point P and let
V be a random variable with distribution P. Recalling the definition of c,, from (2.24) and
that |cy,| = ¢, (S), for v € M(T'}), we have that

(7.18) |CV(T) ‘ — |ey, | in distribution, as N — oo
N,0

Further, we have that |c,,cr) | — 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 — |c,,| is continuous on
A g, the claim follows by Lemma 7.8 and the continuous mapping theorem.

It remains to argue the last statement. Recall that NV Cy) is equal to the number of atoms

n(0) of the coagulation process, which is Poiy-distributed under IP’(N)IN By the law of large
numbers cy@ — 1 in probability. We combine this with the result (7.18), which implies

that P(||cy, | — 1] > €) < liminf o0 Ppyk (Hc <T>)O\ 1| > &) = 0 for any £ > 0. Hence,

Poiy,

|ey, | = 1 P-almost surely. O
Recall the definition of NG(j‘i) from (2.22) and observe that via (2.25) we have that
(<L)
V), H

COROLLARY 7.10 (No gelationif ¢i” < 1). FixT € (0,00) and p € M1 (S) and assume
that ¢’ < 1. Then NG’ = 1.

NGY’ = lim limsupEp)

L—oo Noo

POlN [

PROOF. Since |c(<(§))| < |CV(T)| holds for any L, N € N, it is already clear that NG}’ < 1.

Now, we argue that NG(‘” > 1. Fix any limit point P of (Py,, ) yen. Then

lim minf By, [l > lim By[le5”] = Evllev, ]| =1,
—00

where we used monotone convergence in L for the first equality, Corollary 7.9 for the second
one. O
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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 < e2 T W, then the EL equation (7.8) has a
unique solution v™ according to Lemma 7.6, which gives the first assertion of (b). Then, by
Lemma 7.8 every limit point P> of P} (V]‘\? € -) is a probability measure concentrated on
{v™}, i.e. the only possible limit is P = §,(r). Consequently, Pp.; (V](\? €)= d,m as
N — oo. Now Lemma 2.5 and (1.17) imply the last statement of (b) ]

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 £ :=inf _, oy Ly I (v) > 0. That is, for the

process V};’ 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 p € M;(S). Pick any b € (0,1], such that the total mass of M, is finite. Recall
the equality about the L — 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 x=* =
infue/vr(r“’ )( (v| My, =") — ¢p(v)) = 5, where we recall the definition of ¢, from (6.2)

and the fact that H(V|M(T)) op(v) =17 (v).

Note that |c(<<§)N>\ + \cgj(?)\ (with obvious notation for the second quantity) is equal to
N,0
+ times a Poiy- dlstrlbuted variable under Ep; . Hence, for any ¢ € (0,1), on the event
n

{|e5%)| > €}, the expectation of |¢!57)| is not larger than 1 — € + o(1). Hence, it suffices to

Vi Vi
show that, for some € € (0,1),
- ™) (<1 L) _
(7.19) limsup g [\ e | 1{less | < 5}] —0.

Indeed, we will show that this expectation decays even exponentially fast. To show this, we
apply Corollary 5.7 to obtain
E(N) |:|C(<L) }]1{|C(>L) | < 6}i| == ENM;E,I:) [e 2N Z i 7 j R(T)(E Ei )b_NDN (b=1)|Yn o

Poin, (T) (T)
X e‘f@so(ﬁ) ﬁYN(dﬁ)D(SL)H{DoL) < 5}} o (T)‘ 1)

where we introduced the abbreviation D" = % [ Y o(dk) |k|1{|k| < L} and analogously
defined D;” and Dy = D" + D‘>L>

We now decompose the PPP into Yy =Yy + Yy, where Y7 and Yy are the
restrictions to I/, and to I’ \ T/, respectively. Note that they are independent PPPs

Sh . (T,<L) (T,>L) .
with intensity measures N M, " and N M, y respectively.

We drop, in the first term in the exponent, the sum involving all =;’s with |Z; ¢| > L, and
obtain that the right-hand side of the last display is not larger than
oNon (R YR g [ 060 (€) Y= (d€) Dﬁ“}

ENM£5,5L>

(7.20)

L) (> L)
Lz b NDG P (DY IH{D;“gs}},

NM(T >L)

bu
where ¢y, is defined in (6.2). It is clear that the last line is < eV since we can assume
b < 1 without loss of generality. Define

(7.21) BEO(dv) = (Z57) 7 N Mem [o0l@v =00 p o) (RYAF € dv),

Si<L 1y (SL)y 1y (ZL)
(7.22) Z](\% ):ENMZE;{’SL) eN(bb(NYN )e S eo (&) 5 YN~ (dE) )
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Then (7.20) is not larger than eNo(S)Z\ﬁ“]ﬁﬁ“(Dﬁ”). Now, in the same was as in the
proof of the LDP from Theorem 2.3(2), we can derive the LDP for 1-Y*"' under I/E;’(ﬁ“, us-
ing Lemma 6.1 and Varadhan’s lemm). From this, we first get that 2](\?“ < e~ N(rED+o(1)) <
e~NVK/3 for all sufficiently large N. Furthermore, analogously to Corollary 2.4, the sequence
of distributions of +Y,~" under I@ﬁ“ has accumulation points, and each one lies in the
set of minimisers of /{"=". Lemma 7.4 says that all these accumulation points v"=") sat-
isfy the Euler—Lagrange equation in (2.29), and Lemma 7.5(2) says that they all satisfy
Jv™=p(dk) |k| < Cp 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 Vy;’ has accumulations
points too under I/Esf,“ and their expectations are bounded by C'r as well.

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

Poin,,

E) [ <<(§>)‘]l{|c(><?)|<5}} < (7.20)

< eNO(E)EﬁL)IEﬁL)(DﬁL)) < eN[O(E)—H/3](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 NN, that
E&M. [ C(SL) } < 1—e+ 0( ) E(N) |:|C(SL) |]1{‘C<>L) ‘ < 5}}

Poiy, V}(VT) Poiyn, V}(VT) V](\]T()J

(7.23)
=1—c+o0(1).

This implies that NG’ < 1 and shows that gelation holds. This finishes the proof of Theo-
rem 2.8(2).

7.5. The Smoluchowski equation. Now we prove Lemma 2.12. We pick a limit point
v ™ of (V) Nen under IP’;&N“. Note that, according to Proposition 2.10(1)(b) and Theo-
rem 2.8(1)(c), v is uniquely determined as a solution to the Euler-Lagrange equation. We
consider p;” (1) = [ V™ (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 < ﬁe—gﬁ_l
Indeed, by (1.17), we have, for any N € N,

11 =«
He2r+1

We want to pass to the limit NV — oo and use the continuities of the maps v — p™(v) and
v — p™ (v) on their respective domains (and the fact that also the marginal map v — p;" (v)
is continuous), we obtain that pi” (v™) = p{"* (v™). To justify the continuity, recall that
the EL-equation (2.28) for »™ imply that f V<T) (d€) [ol* < [ M (d€) &%, which s finite
by Lemma 7.2 and our assumption 7' H < 62 T+ Hence, v € A 7.5 for f(r) =r? and some
B € (0,00). The EL-equations imply that H (v |M ") is finite. Thus, Lemma 2.5 applies
and p™ is continuous in v‘™. Since 17 < T, the latter statements are also true for v™, the
(unique) limit point of V"’ under IP’g))iN“, and hence p™ is also continuous in >, Now,
equation (7.24) implies that p{” (v ™) = p;"(v'™) for any t < T1 < T. This shows that
pi” (v ™) = [v™(d§) & does not depend on T, as long as t < T' < 47 & 5. Therefore, we
write from now p; = py”’(¥'™) (in a small abuse of notation).

1
(7.24) P (VNY) = N“t =" (VN)s 0<t<Ty<T<
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Our task is to show that, for any m* € N and any bounded continuous test function g: S —

R,
(31.25)
G [otdst gt == [ udat o) Kl om)g(a)
S S
+ Z ///plt(d:z,m)pt(dx/,m/)K((x,m),(95/,m’),daz*)g(z*)7 m* e N.
SJSJS

m,m’eN:
m-+m’/=m*

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

Q" (d¢) = P(E € d¢, [Ep| = 1) @),

where we rephrased the event that = lies in I} as the event {|=p| = 1} and recall that the
density ¢y, was defined in (5.19) as

r 1 _
GE /0 O(g)dt,  where ®(¢) =3 (9. K9) — (6, K )], ¢ My, (S x N).

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

T T
wOw)@ = [ ds( [ v re) = [ dson ke
0 re 0
Hence, we derive from (2.28) that
(7.26) pt = eEpoi, |:Et {|Zr| = 1}erT[<I>(Es)—<ps,KEs)]ds}7 teo,T].

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

M(S xR) 3.6 £(6) = [ o’ m) 1{J0] = 1}g(a”).
then
(7.27) / ,Ot(dl'*, m*)g(x*) — eEPOi“ [f(Et) efJ[¢(Es)*<Ps,KEs>]ds:| : te [07 T}.
S

We are going to identify the ¢-derivative of both sides. The expectation on the right-hand
side is with respect to a Markov chain in continuous time with only finitely many possible
Markovian steps, together with an additional execution of a certain expectation (namely,
the one with respect to 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
(7.28)

d
dlt/Spt(olgc*,m*)g(ac*) = eEpoi, [((Gf)(Et) + FE)(@(E)—(pr, KEr)))
x el [«1><55>—<p5,f<55>1ds} .

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

Epe, [(GF) (E0)els 1#E) o KE1]

(7.29) S /S/S/SPt(dx,m)pt(dxljm/)K((ag,m),($’7m/)7dx*)g(x*)7

m+m/=m*
and the second one dealing with the loss of particles of type (dz*, m*)

(1.30) g, [1(E0) o1, KEeHI0EI 0208 = [ o ) Kl o).

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

FE) o KE0) = /S o()E(da™, m*) {|Eo| = 1} (50, K pr)

Then, equation (7.30) follows from (7.27) by interchanging the integration of z* and the
expectation Ep;, .

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
(7.31)

G(f)(9) = Z /mexm)dz)

{(z,m),(z',m’)}

[f(qﬁ — O(zm) = O(arm) + Oz mtmr)) — f(¢)} , P EMy, (S xN).

where we sum over the possible (unordered) pairs (x,m), (x',m’) € supp(¢). Observe that
Ky f(¢) =0,since Ky =0.if |¢| =1, and f(¢) =0, if |¢| # 1, and hence

(Gf)((b) - /ch Z m) (.%' m) dz* )f(¢ 6(x,m) - 5(r’,m’) + 5(:(3*,m+m’))

{(a, m) (a,m")}

In fact (G f)(¢) is only non-trivial if ¢ = 0(; 1) + 0 (g7 1) for some z, 2’ € S and m, m’ € N
with m 4+ m/ = m* and in that case
(7.32)

(G1®) = [ Kol(@m). (). de")aw) = | K((wom). (@'o').da")g(a”).
S
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 ¢ = J. ,,,) to denote that
¢ € {0(z,m): © €S}. We have that

eEpoi, [(Gf)(Et) oo [2(E2)—(ps KE.)] ds}

= Z eEpo;, [H{Etzé(.,m)+5(.7m1)}(Gf)<E)efo (Bs)—(ps,KEs)]ds
bt
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With the help of Lemma 4.2 we now show that

Bros, | 1{Er = B ) + 0y H(G) (E) o HE) o KZ

(7.33) :///K((m,m),(a:',m’),dx*)eEpoiu [Et(dx,m) S [@E)—(ps, K~s>]d]
SJSJS

eEpo,, [Et (dz’',m')e IMEIEN) E,;)]ds}
Note that the left-hand side is equal to
(7.34)
(m+m’)!/u (dx) E [H{Ht—@ m) T 0emn HGF)(E ) o [BE) =,

where we abbreviated = = Z(Z). The last expectation can be written as
(7.35)

3 []I{A e BY{ES = 6.y F{ES® = 6.1}
A,B: AUB=[m+m’],
|A|=m,|B|=m

x (Gf)(E )fo[¢5 P57K~>]ds:|

where we used the short-hand notation = = =" = (E,(Z A)te[o,T] and recall that Z4 de-
notes 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 im-
plies that = = = +-=® . Under the event {Z;" = (. .), Z{” = d(. ;) } We can use formula
(7.32) and rewrite the right-hand side to get

@NE =) = [ [ [ =)= @) K (@m) @), de)g(a)

Also, by basic calculations one gets that

t t t
/ (EY + EP)ds = / D) ds + / B(ZP)ds + RO (2, 2™).
0 0 0

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

By @ By [ 1{E(Y = 60y FUEL = 00 HGF)EL” +F7)

oo [R(EM) —(po, KEW)] ds [ [R(EP)) — (p,, KEP)] ds}

:/S/S/SK((:C,m),(x',m’),dx*)g(:c*)

E, ) |:Et(d$7m)]l{:m )}efo [BED)—(p, ,KEEM)}ds]

EX<B>[ 0 (da, ) H{E = by } o RE) =0 ,KE§B>>]ds}’

where we have written X" = (x;);c4, X = (xi)l-eB Note that
1 t = =
= /M®m(d(X(A)))Ex(A) [Et(dx,m)]l{E;A) = (5(.7m)}efo [®(~§A))—<957K~§A)>]d8}

m!

= eEpoi, [Et(dx,m)]]{gt_ }efo[<1> (Z5)—(ps, K_5>]d] pe(dz,m)
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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 to ")

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