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Hydrodynamic Limit of Coagulation-Fragmentation
Type Models of k-Nary Interacting Particles
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Hydrodynamic limit of general k-nary mass exchange processes with discrete
mass distribution is described by a system of kinetic equations that generalize
classical Smoluchovski’s coagulation equations and many other models that are
intensively studied in the current mathematical and physical literature. Existence
and uniqueness theorems for these equations are proved. At last, for k-nary
mass exchange processes with k> 2 an alternative nondeterministic measure-
valued limit (diffusion approximation) is discussed.
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1. INTRODUCTION

1.1. Aims of the Paper

This paper is the third in the series of papers devoted to the Markov
models of k-nary interacting particle systems and their measure-valued
limits (see refs. 19 and 20). It deals with a special kind of interaction, which
are intensively studied in the current mathematical and physical literature,
namely to the coagulation-fragmentation models, and to more general mass
exchange processes. The classical examples of these models are given by the
Smoluchovski model of binary coagulation and its modifications which are
characterized by various coagulation kernels and also by the possibility of
the inverse process, i.e., fragmentation of a particle into a pair of smaller
ones (see, e.g., refs. 1 and 30 for recent results and a bibliography on these
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models). In the present paper we shall extend these models to include not
necessary binary coagulations (i.e., any number of particles can coagulate
in one go), the fragmentation of particles to any number of pieces, and also
more general processes, where, say, the rate of coagulation or fragmenta-
tion of two particles can be increased or decreased by the presence of a
third particle, or where a particle can split another particle in pieces and
coagulate with one of them. These and similar possibilities lead to a general
kind of processes which could be called mass exchange processes. The aim
of the paper is to show that as a number of particles go to infinity and
under an appropriate (in fact, uniform) scaling of interaction rates, these
processes converge to a measure-valued deterministic processes (hydro-
dynamic or mean field limits) described by a system of kinetic equations
(system (1.7) below) that generalize Smoluchovski’s equations (and its
modifications that include possible fragmentation). We shall prove some
existence and uniqueness results for these equations which constitute a far
reaching generalization of the corresponding results obtained recently for
the Smoluchovski equations. At the end of the paper we show that a dif-
ferent (nonuniform) scaling can lead to nondeterministic limits (e.g., of
diffusion type) of our mass exchange processes.

Let us notice that the kinetic equations we obtain and analyze here
represent a particular case of more general equations obtained formally
(i.e., without any rigorous convergence or existence results) and by a dif-
ferent method in ref. 5. In fact, in ref. 5 we developed two such methods,
one was suggested in ref. 4 and was based on the study of the evolution of
the generating functionals and another was based on the idea of propaga-
tion of chaos (see, e.g., ref. 36).

It is worth mentioning some other related works on nonbinary
interactions. Namely, in ref. 32 the coalescence with multiple collisions
were studied and the corresponding models in which many of these mul-
tiple collisions can occur simultaneously were considered in refs. 9, 28,
and 34. The fragmentation processes in which particles can break into any
number of pieces were discussed in refs. 7 and 8.

When analyzing Smoluchovski’s equations, it often occurred that the
basic results were first obtained for a simplified model of discrete mass
distribution and then were generalized to a more difficult models of con-
tinuous mass distribution. We shall adhere to this tradition considering
here only discrete mass distribution and leaving the continuous models for
the future work (see, e.g., ref. 21). Notice that for the simplified discrete
models considered here, the measure-valued limits are described by processes
on the spaces of sequences (measures on the set of natural numbers), but
for more natural models with a continuous mass distribution, the same
procedure will lead to processes with values in the spaces of Borel measures
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on R* or on more general measurable spaces (see, e.g., ref. 30 for binary
coagulations).

A further development of the theory should also include, of course,
spatially nontrivial models, where the particles are characterized not only
by their masses but also by their position in space (or other parameters),
which is changing according to some given law, for example as a Brownian
motion. In case of classical coagulation-fragmentation process, such spa-
tially nontrivial models have been investigated recently in several papers,
see, e.g., refs. 6, 11, 38, and references therein for discrete mass distribution
and refs. 2 and 26 for continuous masses. Another important problem for
the mass exchange processes considered here that should be addressed in
the future is the estimate of the gelation times and the asymptotics of the
large time behavior, see, e.g., refs. 10, 18, and 27 for this question in the
context of the standard coagulation- fragmentation models.

1.2. Some Notations

We list here a few notations that will be used throughout the paper
without further reminder:

C¥=r(r—=1)---(r—=k+1)/k! is a standard binomial coefficient
defined for any real r and any positive integer k; in particular, it vanishes
whenever k>r and r is a positive integer; ¢/ is the Kronecker symbol
denoting 1 for i = j and 0 otherwise;

R® (respectively RY) is a linear space of all sequences {x,, x,,...} of
real numbers (respectively its subset with all x; being nonnegative); R” is
considered to be a measurable space equipped with the usual g-algebra of
subsets generated by its finite-dimensional cylindrical subsets;

¢,, p=1, denotes the Banach space of real sequences x = {x,, x;,...}

equipped with the norm ||x|, = (X7, |xj|”)1/1’;

¢, denotes the Banach spaces of real sequences with lim,_  x, =0
equipped with the sup-norm ||x||,, = sup, |x,l;

Z* (respectively Z7%) is the set of sequences N = {n,, n,,...} of integer
numbers n; (respectively its subset with all »; being nonnegative) equipped
with the usual partial order: N < M = {m,, m,,...} means that n; <m; for
all j;

RY i, and Z7 5, are the subsets of RY and Z7 respectively with only
finite number of nonvanishing coordinates; we shall denote by {e;} the
standard basis in RY ; and will occasionally represent the sequences
N ={n,, n,,...} € L7 ;;, as the linear combinations N = Y7, n;e;;



1624 Kolokoltsov

by # we shall denote the Banach space of real sequences x =
{x1, x,,...} with the norm p(x) = |x;|+2 |x,|+--- (letters .# and u come
from the interpretation of u(x) as the mass of the state x for x e R} g,);

For a measurable space X, B(X) denotes the Banach space of real
bounded measurable functions on X equipped with the usual sup-norm;
if X is a topological space, C,(X) denotes the Banach subspace of B(X)
consisting of continuous functions.

1.3. Discrete Mass Exchange Model and Its Hydrodynamic Limit

Suppose a particle is characterized by its mass m that can take only
integer values. A collection of particles is then described by a vector
N = {n,, n,,...} € 7, where a nonnegative integer n; denotes the number of
particles of mass j. The state space of our model will be the set Z% ;, of
finite collections of particles (i.e., of vectors N with only a finite number
of positive n;). We shall denote by |N|=n, +n,+--- the number of par-
ticles in the state N, by u(N) =n, +2n, +- - - the total mass of the particles
in this state, and by supp(N) = {j : n; # 0} the support of N considered as
a measure on {1, 2,...}. By a mass exchange we shall mean any transforma-
tion ¥ — @ in Z7 g, such that u(¥) = u(P). For instance, if ¥ consists of
only one particle, this transformation is pure fragmentation, and if @ con-
sists of only one particle, this transformation is pure coagulation (not
necessarily binary, of course). By a process of mass exchange with a given
profile ¥ = {y,, Y,,...} € LS i, we shall mean the (conservative) Markov

[ee]

chain on Z7 g, specified by the Q-matrix Q¥ with the entries
Oy =CyPy~"",  M#N, (1.1

where CY =TT, csupw Ci' and {Py} is any collection of nonnegative
numbers parametrized by @ € Z% ¢, such that Pj = 0 whenever u(®) # u(¥).
Observe that since the mass is preserved, this Markov chain is effectively a
chain with a finite state space (specified by the initial condition) and hence
it is well defined by the matrix (1.1) and does not explode in finite time.
Clearly, the behavior of the process defined by Q-matrix (1.1) is the
following: (i) if N = ¥ does not hold, then N is a stable state, (i) if N > ¥,
then any randomly chosen subfamily ¥ of N, i.e., any , particles of mass
1 from a given number n, of these particles, any , particles of mass 2 from
a given number n, etc (notice that the coefficient C¥% in (1.1) is just the
number of these choices) can be transformed to a collection @ with the
rate Py .
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Equivalently (and more appropriate for our purposes), the Markov
chain with the Q-matrix (1.1) can be specified by a Markov semigroup on
the space B(Z? ;,) of bounded functions on Z? ;, with the generator

G f(N)=Cy 3}  Py(f(N-¥+®)—f(N)). (1.2)

D: u(P) = u(¥)

More generally, if k is a natural number, a mass exchange process of
order k (or k-nary mass exchange process) is a (conservative) Markov chain
on Z7% g, defined by the Q-matrix of the type Q=3 4 <, Q¥ with 0¥
given by (1.1) or equivalently by the generator Gy =3 y. w <x Gy. More
explicitly

GfN)= ¥ Cy Y Py(f(N-P+D)—f(N)), (1.3)

¥ |[P|<k¥<N &: (D) = u(¥)

where P is an arbitrary collection of nonnegative numbers that vanish
whenever u(¥) # u(®). As in case of a single ¥, for any initial state N, this
Markov chain lives on a finite state space of all M with u(M) = u(N) and
hence is always well defined.

We shall now perform the following scaling. Choosing a positive real 4,
we shall consider instead of a Markov chain on Z? 5, a Markov chain on
hZ? 5, = R* with the generator

+, fin>

(GLf)(hN) =% Y hMCy Y Py(f(Nh—¥h+®h)— f(Nh)),

VY| <k,¥<N &: (D) = u(¥) (1.4)

which can be considered as the restriction to B(hZZ ;) of an operator in
B(R? ;) that we shall again denote by G, and that acts as

1
GiHX)=7 Y Cy(x) Y  Pi(f(x=¥Yh+Ph)—[f(x)), (1.5
h . im<k @: u(B) = u(¥)
where the function C% is defined as

chw= [ umhGmWmDR

Jj € Supp(¥) l//f !

in case x; > (yY;—1)Ah for all j and C!(x) vanishes otherwise. Clearly,
as h— 0, operator (1.5) converges formally (justification will be given in
Section 4) to the operator 4 on B(RY j,) given by

fo o af
y’!q)’u(z z

: (D) = w(¥) j=1 0X%;

A f(x)= )

v 1P| <k

(9, =¥, (1.6)
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where

= T x¥, vi= ]

Jj € Supp(¥) Jj € Supp(¥)

Operator (1.6) is an infinite dimensional first order partial differential
operator, whose characteristics are described by the following infinite
system of ordinary differential equations

x'F

5= Y = Y PLe-y), j=12... (1.7)

w.ior<k P! o udy = e

This is the general system of kinetic equations describing the hydrodynamic
limit (in the terminology of ref. 29, say) of k-nary mass exchange processes
with discrete mass distributions. In other contexts such a limit is also called
mean-field or McKean—Vlasov limit (see, e.g., ref. 12 or ref. 36). System
(1.7) is the main object for analysis in this paper.

1.4. Examples of Kinetic Equations (1.7)

In case of pure coagulation or fragmentation, Py # 0 only if either
|#|=1 or |®|=1. Denoting Py with |®|=1 by Q, and Py with [¥|=1
by P?, we can rewrite (1.6) as

Ho-1 g o
A f)D)= Y x,,@)P““( y Ly )

&: |0 > 1 -1 J axﬂ(qﬁ)
0 f w)-1 )
+ - 1.8
v |;|<k q—l' le <axﬂ(y[) ]gl lp] ( )

and system (1.7) takes the form

ixm Y. Py-x; Y P?

m=j+1 D: y(P)=m D: (D) =j
‘I’ x&"
+ > QY’ 7 Y Oy 1 v;. (1.9
V| <k, p(¥)=j V¥ <k, u(¥)>j :

In particular, in the case of binary coagulation-fragmentation, i.e., if P?
and Q, do not vanish only for |#|=2 and |®|=2, one can write
P?=Pi=PV for & consisting of two particles of mass i and j and
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similarly Qp = Q,; = Q; for ¥ consisting of only two particles of mass i
and j. Hence (1.9) takes the form

[ee]

~ 1 iz
i= Y x P x Y pLict
m=j+1 203

+ le]ll] Z Qmuﬂt]]’ (1'10)

m=j+1

where we introduced the notations P7 = P¥ for i # j and P" = 2P". System
(1.10) is a usual system of equation describing the mean field limit of
binary coagulation-fragmentation models (see, e.g., ref. 3), which turns to
classical Smoluchovski’s equation for a particular choice of coagulation-
fragmentation kernels P” and Q,;.

Another important particular case of (1.7) is obtained if one supposes
that only binary interactions are allowed, i.e., if Py # 0 only for |¥|=2,
which one can interpret as an assumption that any mass exchange can
happen only as a result of a collision of two particles. Parametrizing pro-
files ¥ with |¥| = 2 by pairs (ij) (two particles of the mass i and j) we can
then rewrite (1.7) as

1 0
%=3 . Zxkxz Y o PGV,  j=1,2,... (1.11)

&: (@) =1+k

||M8

A further natural restriction (or simplification) of the model is an assump-
tion that any two particles can either coagulate forming one particle or
exchange masses and be transformed again in two particles (i.e., fragmen-
tation into three or more particles is not admissible). Then nonvanishing
P}, are either P or P with i+j=k+/ and Egs. (1.11) can be rewritten
in the form

Z XX ,P§ y Z X X; Z P,‘fj, j=12,.. (1.12)
=1 k=1

D u(®)=k+j

which is a well known system of coagulation equations with collision
breakage, see, e.g., refs. 33 and 37 for physical discussion and ref. 27 for
basic mathematical results. As noted in ref. 27, particular cases of (1.12) are
given by (a discrete version of) the nonlinear breakage model studied in
ref. CR and by a model of the evolution of raindrops size spectra discussed
in ref. 35. Another particular case of (1.12) is a model when the masses i
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and j of new particles formed after the collision of particles with masses k, /
are some given functions of min(i, j). This model is considered in ref. 14
(Eq. (7) there) as an intermediate model connecting Smoluchovski’s equa-
tions and a discrete mass version of the Oort-Hulst model in Safronov’s
form.®» Let us notice at last that only slight modification in Markov
model (1.5) and in given below mathematical proofs are needed to include
a model with random injections of monomers from ref. 13 or the Oort-
Hulst model discussed in refs. 14 and 25.

Finally let us observe that the main equation (1.7) can be written in
the following equivalent form

k 1] = © ) )
=Y g X X wen N Pl (87— =),

1= D (D) =iy +---+i; (1 13)

._.
Il

—_
Il

—_

which is sometimes more convenient to deal with.

1.5. Content of the Paper

In Section 2 we prove two results (Theorems 2.1 and 2.2) on the exis-
tence of the global solutions to system (1.7) subject to additional assump-
tions on the growth of the rates Py,. Conservation of mass in these solu-
tions is also discussed. In Section 3 we prove (Theorems 3.1 and 3.2) the
uniqueness and continuous dependence on the initial data for the solutions
of (1.7) under assumptions of Theorem 2.2 from Section 2. Then we discuss
some consequences for the corresponding contraction semigroups on B(.#)
(Theorem 3.3). The main result of the paper (Theorem 4.2) is given in
Section 4, where we prove the convergence of the Markov process with
generator (1.4) to a deterministic process in .# < RY described by (1.7). In
passing, we are giving here an alternative (probabilistic) proof of the main
existence results of Section 2 (Theorem 4.1). Section 5 is devoted to a short
discussion of the diffusion approximations to the discrete mass exchange
processes which are available only for models with &> 2. Theorem 5.1
there is a consequence of the theory developed in refs. 20 and 23.

2. EXISTENCE OF SOLUTIONS FOR THE KINETIC EQUATIONS

For our mathematical study of kinetic equations we need some addi-
tional assumption that prevents the creation of a large number of equal (in
particular, small) particles in one go. From now on, we shall assume that
¢, <k forall ®={4,,..., ¢}, j=1,..., 1, and ¥ such that P} # 0 (the use of
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the same constant k for the bound of ¢; and the maximal order of inter-
action is surely not essential and is made only to reduce the number of
constants).

This section is devoted to the problem of the existence of the global
solutions to system (1.7) which we shall write in the vector form

xY’

f=1@. f0={f0= T 5 ¥ Pe-w QD

VP <k D) = u(¥)

We shall say that a function x(z) on [0, 7') is a solution of (2.1) in the
Banach space ¢, or a c,-solution, if x(t) e ¢, for all te [0, T), and more-
over, the r.h.s. of (2.1) is well defined, and (2.1) holds, where x is defined
with respect to ¢,-norm. We say that x() is a solution of the integral version
of (2.1) with initial conditions x(0), or a weak solution, if x(¢) = {x,(?),
X,(2),...}, where all x; are continuous functions such that

5,() = ,(0)+ | fy(x(x)) d

holds with the integrals being well-defined as Lebesgue integrals. We shall
say that x(¢) is a global solution, if T = co. Clearly if x(#) is a c,-solution of
(2.1), then it is also a ¢,-solution for any ¢ > p and also a weak solution.

In the future, we shall often use the following sets of sequences with
masses not exceeding or equal to a given positive number c:

Mo ={xeMR?: p(x)<c}, M ={xe MR px)=c}.

By £, we shall denote the natural finite-dimensional projections in R®
defined by

P({x1, X350 }) = {X150e0s X,, 0, 0,...}.

Our first existence result is the following.

Theorem 2.1. (i) Suppose Py are such that

9]

Y  Py=H®) ]I ", 2.2)

D: w(®) = u(¥) j=1

where H(¥) is a function of ¥ that tends to zero as (%) — co. Then for
any X, € ¢,, such that u(x,) < oo there exists a global ¢ -solution x(z) of
(2.1) with the initial condition x, and such that x(z) € .# for all z.

< p(xg)
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(i) Suppose Py are such that

re<c(11) @3

D: (D) = W(¥) j=1

for all ¥, where C >0 and a € (0, 1) are some constants. Then for any
p>1/(1—a) and an arbitrary x, € ¢, such that u(x,) <oo there exists a
global c,-solution x(¢) of (2.1) with the initial condition x, and such that
x(t) € M, for all 2.

Remarks. (1) In case of binary pure coagulation, i.e., in case of
Smoluchovski’s equation (1.10) with vanishing P”, the estimate (2.2)
reduces to the estimate Q;; = o(1) ij as i, j — co, which is the best known
condition that implies the existence of the global solution for this model,
see, e.g., ref. 18. On the other hand, for Eq. (1.12) our estimate (2.2)
reduces to the estimate under which the global existence of the solutions to
(1.12) is proved in ref. 27. (2) The results on c,-solutions in (i), (ii) may
be new even for the classical equations (1.10), because usually one proves
the existence of a weak solution (see, e.g., refs. 3, 18, 27, 29, and 30).
(3) 3, Py is the rate of decay of the profile ¥ and hence a natural quantity
to impose an upper bound on it. Notice also that T[] j% in (2.2) is the
product of masses of all particles in the profile ¥.

The proof of Theorem 2.1 will be based on the two simple facts from
calculus, which we formulate and prove here for completeness as Lemmas 2.1
and 2.2.

Lemma 2.1. Let B be a Banach space and K be its compact subset.
Let f and f”, n=1,2,.., be a uniformly bounded family of continuous
functions K +— B such that lim,_, , || f"(x)— f(x)|| =0 in B uniformly for
all x € K. Moreover, suppose for any n and an x; € K there exists a global
solution x"(z) of equation x= f"(x) in B with the initial condition
x"(0) = x; and such that x"(¢) € K for all ¢. Suppose the sequence x con-
verges in B to some x, € K. Then there exists a global solution of equation
X = f(x) in B with the initial condition x(0) = x, and such that x(¢) € K for
all 7.

Proof. As all x" take values in a compact set, and the derivatives
x"(t) are uniformly bounded, one can choose a subsequence, of the
sequence of functions x"(¢), which we shall again denote by x”, that con-
verges to a function x(¢) uniformly for ¢t < T with an arbitrary 7. Clearly
x(2) also takes values in K. Moreover, as

I1F"(x"(2)) = f O < L") = f "+ f (" () = f ()
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and since f is continuous and hence uniformly continuous in K, we
conclude that the sequence of derivatives x"(¢) = f"(x"(¢)) converges to
f(x(?)) uniformly on ¢ <T for all 7. Hence x(¢) exists in B and equals

S (x()).

Lemma 2.2. For any finite ¢ > 0 the set .#_, is a compact subset of
¢, (in the topology of c,, of course, and not in the topology of .#) for any
finite p > 1 or p = o0.

Proof. (i) Let us prove that .#_, is closed. Suppose x", n=1,2,...,
is a sequence in ¢, N A, and x =1im,_, x" in c,. Then u(#x") < u(x")
< c. As the convergence of a sequence x” in each ¢, implies the convergence
of all finite-dimensional projections #x”, it follows that u(#x) <c. This
clearly implies u(x) <c, i.e., that xe A ..

(ii) Let us prove that .#_, is a pre-compact set. Let x" be a sequence
in ¢, n .4 ,. By diagonal process one can choose a subsequence x” and an
element x € R® such that Zx" converges to %x for all /. But such a con-
vergence for a sequence from ./, implies its convergence in any c, with
p =1, because by choosing large enough / one can ensure that x"— % x" are
uniformly small in c,.

Proof of Theorem 2.1. (i) Let us first prove that f(x) from (2.1) is
uniformly bounded on any compact set .# ., ¢ < co. Due to (2.2) and since
<k, y;<kforallj¥, ®,

!

© k 1 k
If <o Y. Y, [1 =¥ ,u(x))ISGIZ%

v || <k

on .4 ., where o = 2k supy o(1).
Next, f(x) € c,, whenever u(x) < oo. In fact, as ¢; # 0 or y; # 0 implies
u(¥P) = j, it follows that

x‘I’ k

i<k ¥ w1 1l iw"O(l)ﬂ(mm=0(1)ij

, S
Y |\P|<k u¥)=j * iesupp(¥) =1
We shall now apply Lemma 2.1 in the Banach space ¢, with the
compact set K = .#_, using the finite-dimensional approximations f” to f
defined by

x?’

fi(x) = ) i X Pe—yp. 24

v <ku@y<n T o ud)y = uw)
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Clearly f"(x) = f"(Z,(x)) =2,(f"(x)) for all x with a finite mass. Hence
equations x = f"(x) are finite-dimensional, i.e., x(¢)—%,(x(¢)) are con-
stants along the solutions of these equations and £,(x(t)) satisfy the
n-dimensional differential equations. Consequently, equations x = f"(x)
have unique solutions in .#, for any ¢ < oo and x, € .#, (notice that the
vector field f"(x) is nowhere pointing outside .#_, on its border and hence
a solution is forced to stay in .#_, whenever x, € .#_ ). As all f" are
uniformly bounded on each .#_, (the same proof as for f above), to
deduce the statement (i) from Lemma 2.1 it remains to show that
| f*(x)— f(x)|l,, = 0 as n — co uniformly for x € .#_,. This is true because
of the estimate

1" —fOe <k Y 7l H jrio(1), .,

Y P|<k,u¥P)=n W'
k

=o(1),.o IZ il (ﬂ(X))’-

(i) We shall follow the same line of argument as in (i) and will use
the same approximation (2.4) and Lemma 2.1 in the Banach spaces ¢, with
p>1/(1—a). First let us show that under (2.3), /' and f” are uniformly
bounded in c¢,. As [P|<k, it follows that if ¢;#0 or ;#0, then
wW(¥) = u(P) = j and hence there exists i = j/k such that y; # 0. Hence

I'4
x e
Ifiol<2ke 5 T 6%
V:P|<kp¥)=j * * iesupp(¥)
xyl
<2kC ¥ O

Y \P|<kA=j/k:y;>0 b4 i € supp(¥)

Since for any ¥ such that Y, # 0 for some [ > j/k,

[T @) =@ ] () <k ] %,

i € supp(¥) i#l i € supp(¥)
we conclude that

14

|f](x)| < 2Ck2—ocj—(1—on) Z X

_ l"/’i
YI T

i € supp(¥)

=2Ck> =0 Z (/t(X))’ 2.5)
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and hence || f(x)|, is uniformly bounded in .#_, for any p>1/(1—a) and
¢ <oo. Similarly all || f7, are bounded. To deduce statement (ii) from
Lemma 2.1 it remains to show that || f"(x)— f(x)||, = 0 as n — oo. To this
end we estimate

x?’

|f7(X) _f](x)l <2kC Z ﬁ 1_[ (il#i)u
¥ |P| <k, wW(¥) = max(n, j) * iesupp(?)
k
1
<20k *[max(n, )]0 ¥ 5 (u(x)),
I=1 %+

and hence

/p k¥ 1
"fn(x) _f(x)”p < 2Ck270c [n(P(la)1)+ Z jp(loc)j| Z ﬁ (,u(x))’,
j>n I=1 °%* (26)

which tends to zero as n— oo for p>1/(1—a). Proof of Theorem 2.1 is
complete.

We shall discuss now the existence of the mass preserving solutions by
a generalization of a (rather standard by now) method of higher mass
moments in the spirit of papers of refs. 27 and 29. For brevity, we shall use
only the second mass moments (generalization to other moments of order
j>1 with the corresponding modifications and improvements of final
results are more or less straightforward). The second moment for a x e RY
is defined as

(=% 7 @.7)

The corner stone in the proof of the next theorem is given by the following
estimate on the evolution of the second mass moments.

Lemma 2.3. Suppose

Y Pr<cu®) 28

D: (D) = W(¥)

for some constant C. Let x(#) be a solution of the finite-dimensional system
X = f"(x) with f, given by (2.4) and with the initial point x, € R’,. Then

Ha(X(1)) < e“(p42(X0) +b) 29

with constants a, b depending only on C from (2.8), k and u(x,).
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Proof. For brevity, we shall write simply x for x(¢). From (2.4) it
follows that

d x¥ )
d_ﬂz(x)z Z wn Z P$ Z ]2(¢j_¢j)-
? V¥ <k puP)<n vl D: w(P) = w(¥) j
The first key observation (which is easily seen by inspection) is that

max  u,(®) = (u(?))>’,
®: u(®) = u(¥)

(2.10)
which together with (2.8) implies that
d 14
— () <C ) o1 HEOL(u(¥))* — o (P)]1. (2.11)
dt v <ku@y<n P!

To make another step, let us use the multinomial formula to rewrite this
estimate in the following equivalent but more explicit form

d

Eﬂz(x)
k 1 n n

SCY 5 % X x, oG HiLU 440
i=1 % j=1 ji=1

—(i+-+iD]

J1

: cox LG+ 43 =G+ D]
=1 Ji=1

(2.12)
The next step is now to use the obvious equality

G40 =G+ +iD =qik+ +idit i+t
and the symmetry of indexes j,,..., j; in (2.12) to rewrite (2.12) as

d k n n 5.
65#2(36) <C 122 (1_2)' “2:: ‘21 X X5, 012
1

+= Cz

( =3)! le= Z:: le...xjij1j2j3'

ji=1
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Increasing the r.h.s. of this inequality one obtains

d k n n
G Z T 2), “Z_l ]Z_ X; X, Jida i

n

Z

Z XX i i

(_3)']1_1 Ji
k 1
=Cl_§2muz(x)(ﬂ(x»’ e z 3),(u(x))’
Hence
d
7 — Ua(x) S apy(x)+ (2.13)
with
k
a=CY ooy 2),(ﬂ(xo))” = z 3),(u(xo))

Clearly (2.13) implies (2.9) with b=a/p (say, by Gronwall’s lemma), and
Lemma 2.3 is proved.

We can now prove our second result on the existence of solutions to
(1.7). To this end, let us denote by .#?2 (for any positive finite c) the set of
all sequences from ./, with a finite second mass moment, i.e.

ME={xe MR : pu(x)=c, p(x) <o}

Theorem 2.2. Suppose (2.8) holds and x e .#? with some ¢ > 0.
Then for all p>1 there exists a global c,-solution of (2.1) with the initial
condition x, such that x(¢) € .#? for all ¢; in particular, the conservation of
mass equation holds, i.e.

w(x(2)) = p(xo)- (2.14)

Remarks. (1) Notice that (2.8) does not imply (2.2) and hence even
the existence of a solution does not follow directly from Theorem 2.1.
(2) Seemingly it is possible to prove the existence of a mass conserving
solution without the assumption that u,(x) < oo by generalizing the corre-
sponding arguments from ref. 27 or ref. 3. We choose here more restrictive
assumptions which, on the one hand, require a much shorter proof, and
on the other hand, coincide with the assumptions that we need to prove
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uniqueness in the next section. (3) In the case of binary coagulation-frag-
mentation models, our conditions (2.2) and (2.8) coincide with the usually
used growth conditions, see, e.g., ref. 30.

Proof. We shall prove the existence of the solutions on € [0, 7]
with an arbitrary fixed 7" by again using Lemma 2.1 in the Banach space c,
with any p > 1, with the same approximations f” from (2.4), and with the
compact set

Kr={xec,: u(x) < p(xo), p2(x) < e (%) +b}

(a proof that K, is a compact set is done by precisely the same arguments
as in the proof of Lemma 2.2 above).

Let x5 = 2,x,. Then there exists a unique solution x"(¢) of x = f"(x)
in R% with the initial condition xj. By Lemma 2.3, x"(¢) € K; for all n and
t<T. As clearly

w)y<i¥ [[ " (2.15)

i € supp(¥)

o0

for any profile ¥ € Z7 ;,, (2.8) implies (2.3) with « = 1 and we get

x‘P

|ffI<Ck? ¥ = I L

V¥ <k, p(¥)=j vl i € supp(¥)

for any x and then by the same argument as used when proving (2.5) we
estimate the r.h.s. of this inequality by

20k° Y X1 I i%—zck31§l( ()’
- i #2 ’

v P <k v!j i € supp(¥) =1

Hence for any p>1, the norms | f"(x)|, are uniformly bounded for
x € K. Let us prove that || f"(x) — f(x)|, tends to zero as n — co uniformly
for all x € K. As in the proof of estimate (2.6) we get

|£100)— f(x)] < 2K°C x” "

¥ |P| <k, u(¥) = max(n, j) v i € supp(¥)

<2Ck[max(n, )] i 1 (12(x)),

=y

and hence

/p k¥ 1
I/"Cx) = f(0)ll, < 4CK? ['l(”l”r ) j”] 121 ﬁ(ﬂz(x))la

j>n
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which tends to zero as n — oo for p > 1. As T is arbitrary, we get the exis-
tence of a global solution by Lemma 2.1. As K; is a compact set, the
obtained solution belongs to K; on [0, 7] and consequently it always has
the finite mass moment u,(x(7)).

It remains to show (2.14). This is simple. In fact, as the conservation
of mass holds for the approximations x", it is enough to prove that

Lim | p(x"(2)) — p(x())] = 0.

This is true, because on the one hand,

Lim | u(Zx"(1)) — w(Zx(1))| =0

for any /, and on the other hand, both u(x,(r) — £x"(¢)) and u(x(z) — % x(t))
can be made uniformly (in ») arbitrary small by choosing large enough /
due to the uniform bound on the second mass moment. Theorem 2.2 is
thus proved.

We shall conclude this section by proving a lower bound for the
growth of u,(x) on the solutions of x = f”(x) (similar to the upper bound
(2.13)) that we shall use in the next section.

Lemma 2.4. Under assumptions of Lemma 2.3 suppose additionally
that there exists a constant > 0 such that either

(D) — 1,(F) = —o(¥) (2.16)
whenever Py, # 0, or that for all ¥

P2 < w. 2.17)

D: (D) = W(¥)

Then for any solution x(¢) of the equation x = f"(x) one has

d ~
7 12 (x(1) > —ap,(x(1))— p (2.18)

and hence

pa(x(1)) = e "y (x0) = b (2.19)

with some nonnegative constants @, b, .



1638 Kolokoltsov

Remark. Of course, condition (2.16) is restrictive. However, it holds
in many important situations. For example, it holds for processes of pure
coagulation with w = 0. It holds for Becker-Doring equations (see ref. 3
and references therein) and for the generalized Becker-Doring models
introduced in ref. 18. Roughly speaking, condition (2.16) forbids fragmen-
tation into very small pieces in one go. A discussion of the applicability of
condition (2.17), is given in ref. 2.

Proof. 1t is similar to the proof of Lemma 2.3. Using (2.16) instead
of (2.10), or (2.17), yields instead of (2.11) the estimate

d
7 — U (x) = — Y (/1(5”))2

Y P|<k,uP)<n T'

where C = Cw in case (2.16) or C = w in case (2.17). Consequently

d
dtluZ(x)
k1o n
_Cz G2 L X L A2 A 2 s s
= ji=1  ji=1
and by symmetry
iﬂ(x)>—6’§ Loy Y g x 2
e’ Pl (2 § L P J1 . J1
ey L% % -
) s X X,
2 i=2 (1—2)' =1 P 71 ]i]1]2
. K 1 L &k
>-C o C ,
P e L C i D W 2)'( ey

which is precisely (2.18). Clearly (2.19) is a consequence of (2.18).

3. UNIQUENESS AND CONTINUOUS DEPENDENCE ON INITIAL
DATA

The main objective of this section is to prove the following result.

Theorem 3.1. Suppose (2.8) holds. Let &= {&,,¢,,...} e M2, n=
{n1, Ms,...} € M?% with some positive ¢ and ¢. Let x(¢), y(¢) be any global
weak or c,,-solutions of (2.1) with the initial conditions & and # respectively
and such that u,(x(¢)) and u,(y(t)) are uniformly bounded on ¢ e [0, T']
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for any 7 > 0 (the existence of these solutions is ensured by Theorem 2.2).
Then for all ¢

u(x(@)—y(1)) < C(T) w(&—n), (3.1

where C(T') is a constant depending on 7', and on ¢, k and the bounds for
#2(x(1)) and p,( (1)) on [0, T'].

Remark. Recall that u(é—#x) =3 ,1|& —n;|; this function clearly
defines a metric on .42 and .4, with respect to which both these spaces are
complete metric spaces.

The main idea of the proof of Theorem 3.1 is the same as used in
refs. 3 and 27 for Eqgs. (1.10) and (1.12), respectively. Two basic technical
ingredients of this proof are obtained below as Lemmas 3.1 and 3.2. We
shall use the obvious observation that the uniform boundedness of u,(x(z))

implies the uniform boundedness of u(x(?)).

Lemma 3.1. Suppose (2.8) holds. Let x(¢) be a solution of (2.1) that
satisfies the assumptions of Theorem 3.1. Then for all T

lim jT sy GO s gy 4o, (3.2)

1 ¥ PI<kp@)=n 7! &: (D) = u(¥)

lim jT Yi ¥ (x(0)” Y P, dt=0. (3.3)

1 Y I<ku®P)=n 7! D: (D) = u(¥)
Proof. First let us show that (3.3) is a consequence of (3.2). As

n n

S =Y &+Y [ fixw)d,

i=1 i=

(2.1) and (2.13) imply that

im 730y SO0 5 pygyya=0 G4

n—o i=1 Y:|?|<k ! @: (D) = (¥)

But

TN M L R TS
i=1 ¥ |P|<ku®)<n . D: (D) = u(¥)
(x(0)” ¥

vpi<eu®<n P ou@reuw)

Py(u(®)— u(¥)) =0.
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Consequently, (3.4) implies

lim j
n— o i=1

and hence (3.2) and (3.3) are equivalent.
Now let us prove (3.2). By (2.8) and the uniform boundedness of
U,(x(2)), it is enough to show that

(x(1)” ¥

vwi<eu®sn P! e u@yeuw

Pg((ﬁi_lpi) dt = 0,

xY’

g KDY =0 (3.5

lim ) i Y

n>0  j=1 Y |¥|<kuP)=n
uniformly for all x with uniformly bounded u,(x) (and hence also u(x)).
As ; < k and as x; are supposed to be uniformly bounded, to prove (3.5) it
is sufficient to show that

lim En:ix Y —(l+,u(&”)) 0. (3.6)

noo o WP <k—1, u(¥) >n—ki, ;=0 7!

We shall represent the Lh.s. of (3.6) as the sum of two terms by writing the
sum Y7_, as the the sum of two sums over i > n/(2k) and over i <n/(2k)
respectively. To prove that the first term tends to zero it is enough to show
that

?’

lim fix Y, gyt =0, (3.7)

noow oy v @) <k y; =0

and to prove that the second term tends to zero it is enough to show that

lim ) ix

n—oo v @) <k, u(®)>n ;=0 5”'

(l +u(¥)) = (€RY)

Now (3.7) holds, because the sum on the L.h.s. of (3.7) can be estimated by

1 4

2 X
i’x ——l— ix; — u(¥)
PR gn v P
and both terms here tends to zero as n — oo, since in each term the first
multiplier tends to zero and the second is bounded (because u,(x) is
bounded). Similarly (3.8) holds, because the sum on the Lh.s. of (3.8) can
be estimated by

©
RS
i=1

14

Y" —I— Z ix; Y % W)

Y’ [PI<k, u(¥)=n VP <k u¥)=n
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and again both terms here tend to zero as n — oo, since in each term the
second multiplier tends to zero and the first is bounded.

Lemma 3.2. Let x={x;, x,,...} and y={y,, »,,...} have bounded
second moments u,(x) and u,(y). Let z; =x;,—y; and a; = sign(x; —y;)
(i.e., o; is 1, zero, or — 1 respectively if x; — y; is positive, zero, or negative).
Then

n

Y, io(fi(x)—fi1(y) <o Z iz, (3.9)

i=1 i=1

where f7 are defined by (2.4) and where the constant ¢ depends only on
¢, k, u,(x), u,(y) and not on n.

Proof. By (2.4), the Lh.s. of (3.9) can be written as

n

Yio, Y XS PL-y.

iT1 ww<oumrsn Pl ou@-uw
or using (1.13) even more explicitly as

k

1

Z ﬁ z (xil"'xi,_yil"'yi,)
=1

S it <n

n
@ . . .
X z P11e1+ +ie; <Z lo—i¢i_llo-i1 - _llai1>
D (D) =iy +---+i;

i=1

k 1 ]
Z l_ z Z Xy Xy Ziy Vi i
= ienipiip++ij<n m=1

n
@ . . .

X z P,1e1+ +ije <Z lai¢i_l10'i1 — oy > (3.10)

D p(P) =iy +-+i; i=1

Using the inequality
n n

Z io;¢; < Z i =pw(®@)=w¥)=1i,++i,

i=1 i=1
and (2.8) we can estimate

n
@ . . .
Pl v tie <z io;; —4L0; = _llai,>zim
D (D) =iy +---+i; i=1

\(l +-- +ll)(ll+ +ll _“._ilo-il)o-im IZimI
<2(zl+~~~+z,)(zl+-~~+z,—lm) |z;,,|- G.1)
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From (3.10) and (3.11) we conclude that

n

Y io,(f1(x)—f1(»)) <A+B,

i=

where
k 1 n n 1
Z I, Z 21 Zl Xiy X Vi
= — =1 m=
le(ll+"'+lm71+im+l+"'+il)’
k
B= 42 l' Z Z Z Xip X Vi
=1 ip=1 ij=1 m=1
X[+ i)+ (s + -+,
By (2.15)
1 n n 1
A<L?2 e, L
lzl l—l) Z: Z:: 2:‘41 xll x’m—ly’mﬂ

P ( PRERY MY SUPRERS 19

" 1
<22 il Z S Z (u())™ " ()

n k

Vi |Zim|

Vi |Zim|

Vi, |Zi,,,|

Kolokoltsov

(3.12)

. 1 - n :
<22 el 12‘1 (-1 (ux)+u(y))'<2 ‘21 i|z,] e# D),

i=1

Similarly
n 1 1
B<4 ) |zl ), l Y, (m=1)>(I=m)? u(x)" " pp ()~
i=1 =1 b m=
n k 1
<4 Z |z;] Z 13( 1)'(/12(x)+,uz(y))l !
i=1 =1

n
< 4k3 Z |z, et +uy(y)

i=1

These estimates together with (3.12) clearly imply (3.9).

Proof of Theorem 3.1. Denoting a;(t) = sign(x;(¢) — y;(¢)) we can

write

Ix: (1) =y, (Ol = 1& =il +L: 0,(D)(f;(x(2)) = fi(¥(7))) dx.
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Consequently
WMZ,(x() = Z,(y(1)))
=¥ 15 0=5 )

n

<Y ilemnl+ X [ o i)~ 1) dr

+ 3 [AGE) =16 e+ Y [ 110 = f1) e

By Lemmas 3.1 and 3.2 this implies that

n

S i@y @I<Y i-nl+o [ 3 i@ -y @] deto(l),

i=

i=1

where o(1) tends to zero as n — co. Passing to the limit as n — 0o we obtain

HE(D) = y(0) S pE=m)+0 [ u(x(r) =y () dr,

which implies (3.1) by Gronwall’s lemma. Theorem 3.1 is proved.
In the following theorem we collect some more or less direct conse-
quences of Theorems 2.2 and 3.1 on the properties of solutions to (2.1).

Theorem 3.2. Suppose (2.8) holds and x, € .#> with some ¢ > 0.
Then

(1) there exists a unique weak solution x(z) = X (¢, x,) of (2.1) with
the initial condition x, and such that u,(x(¢z)) is uniformly bounded on
t € [0, T'] for any positive T’; this solution can be equivalently characterized
as a unique weak solution of (2.1) such that it is a limit in ¢, of a sub-
sequence of the sequence of solutions x"(¢) of the equations x = f"(x) with
initial conditions xj = £,x,; moreover, this weak solution is in fact a
c,-solution for any p > 1 and x(z) € M for all t;

(i) the solution X(z, x,) is the limit in the topology of .# (i.e., in
u-norm) of the whole sequences (not just its subsequence) of the finite
dimensional approximations x"(¢) described above;

(iii) the solution X(z, x,) is a continuous function of two variables
t and x, for xy € .5 #?2, where x, and X(¢, x,) are considered in the
topology of ./
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(iv) if (2.16) or (2.17) hold, then the function u,(x(¢)) is locally
Lipschitz continuous function of ¢ which is therefore absolutely continuous
and almost everywhere differentiable; the estimate

—ap,(X(2,x))—b< % (X (2, X0)) < apr (X (2, %)) +b (3.13)

holds for the derivative with some constants a, b depending on ¢, k and
constants C and w in (2.8), (2.16), or (2.17); this implies

Ha(X (2, X%0)) Z e “pr(x0) —b/a. (3.14)

Remarks. (1) For a discussion of conditions (2.16) and (2.17) see the
remark after Lemma 2.4. (2) From (iv) it follows, as one can expect that in
processes of pure coagulation when u,(®) > u,(¥) whenever Py # 0, the
function u,(x(¢)) does not decrease on the solution x(z) = X (¢, x,).

Proof. (i) is immediate from Theorems 2.2 and 3.1. (ii) As follows
from our proof of Theorem 2.2, from the sequence x"(¢) and similarly from
any its subsequence, one can choose a subsequence converging in ¢, to a
¢,.-solution of (2.1). As such limiting solution X(z, x,) of (2.1) is unique by
(i), we conclude that the whole sequence x"(¢) converges in ¢, to X (¢, x,).
But as all u,(x"(¢)) are locally (in ¢) uniformly (in n) bounded, the
¢o-convergence implies the convergence in 4. (iii)) As X(z,x,) is a
¢,-solution of (2.1), it depends continuously on ¢ in ¢ -topology. But again
as above, as all u,(x"(¢)) are locally (in ¢) uniformly (in #) bounded, the
continuity in ¢, -norm implies the continuity in g-norm. On the other hand,
by Theorem 3.1, X (¢, x,) is continuous in x, locally uniform in #, which
implies the required joint continuity of X(¢, x,) as a function of two
variables. (iv) u,(x"(¢)) is differentiable for finite-dimensional approxima-
tions x"(¢) of the solution X (¢, x,). Of course, one should be careful with
differentiability when passing from x"(z) to X(z, x,). We proceed as
follows. From (2.13)

Ha(X"(147)) < po(x"(0)) +(apy (x"(2)) + B +€)

for an arbitrary € and for 7 small enough. As x"(¢) converges to X (¢, x,) in
¢,-norm, it implies

(2, X (147, %)) < 1(2,X (1, X)) +1(au,(2,X (2, x5)) + f+¢€)
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for any m. Passing to the limit as m — oo we get the same inequality for
X (t, x,) instead of 2, X(t, x,). As € is arbitrary we then conclude that

lim sup U (X (247, X)) — pa(X (2, X))
70 T

Sap,(X(t, %)+ (3.15)

The same arguments lead from (2.16) or (2.17) and Lemma 2.4 to the
estimate

fim inf A2XUHBX) = XOX) v B (3.16)

-0 T

Together (3.15) and (3.16) imply the Lipschitz continuity of u(X(z, x,))
and estimates (3.13) Clearly (3.14) follows from (3.13). Theorem 3.2 is
proved.

To conclude this section, we discuss some consequences of Theorem 3.2
to the analysis of the semigroup generated by operator (1.6). If X is a
topological space that is a union X = (J_; K, of an increasing sequence of
compact subsets K,, let us denote by C,(X) the Banach space of bounded
continuous functions f on X (with the usual sup-norm) vanishing at infinity,
i.e., such that for an arbitrary €, there exists # such that | f(x)| <e for
x¢ K,. A semigroup of positivity preserving contractions 7;, ¢ >0, on
C,(X) is called a Feller semigroup if it is strongly continuous in ¢, i.e.,
IZ.f—fIl—0 as t >0 for any f e€C,. This definition is slightly more
general than the usual one where the topological space X is considered to
be locally compact (for a wide discussion of the theory of Feller semi-
groups we refer to ref. 17).

In the following we shall consider the set .#> with the topology
induced from .Z, i.e., as a metric space with the metric u(x—y). Clearly,
M* is a complete metric space that is the union (J*_, K, of the compact
sets K, = {xe M’ : p,(x) <n}.

Theorem 3.3. (i) If (2.8) holds, the family of operators 7, on B(.#?)
defined as 7, f(x) = f(X(z, x)) is a semigroup of positivity preserving con-
tractions on B(.#?), which preserves the subspace C,(.#?2) of continuous
functions. Moreover, for any f e C,(#?), T, f(x) tends to f(x) as t =0
uniformly for x from any K,. (ii) If additionally (2.16) or (2.17) hold, then
T, is a Feller semigroup on C, (./4?).

Proof. (i) It is immediate from Theorem 3.2(1) and (iii). (i) To
deduce (ii) from (i) one only needs to show that the space C,(.#?) is
preserved by 7,. But this follows from Theorem 3.2 (iv), namely from
estimate (3.14).
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4. CONVERGENCE OF STOCHASTIC APPROXIMATIONS

Unlike previous sections we shall use here probabilistic tools. Doing
this, we shall denote by the capital letters £ and P the expectation and
respectively the probability defined by a process under consideration. For a
metric space M we shall use the standard notation D,,[0, c0) to denote the
Skorohod space of cadlag paths in M.

Let X2"(¢) be the Markov chain in hZ? g, (with cadlag sample paths)
defined by the generator (1.4) and an initial condition NA. This Markov
chain is well defined, because it has only a finite number of states. This
section is devoted to a proof of the convergence in distribution of the
Markov chain X}"(¢f) to the deterministic process described by equa-
tions (1.7). This result will be obtained as a consequence of the following
theorem that gives an alternative (probabilistic) proof of the main existence
results for solutions to (1.7) obtained in Section 2.

Theorem 4.1. Let (2.2) (respectively (2.8)) hold and let the family
Nh=N(h) h of points from hZ? ; have a uniformly bounded mass, i.e.,
W(Nh) < c for all h and some finite ¢, (respectively a uniformly bounded
second mass moment, i.e., u,(Nh) <d for all 4 and some finite d), and
moreover, Nh converges in c,-norm as #— 0 to a point xe M _,.. Then
there exists a subsequence of the family X }*(¢) that converges as a family
of processes with sample paths in D, [0, o0) (respectively, in D,[0, 00)),
to a deterministic process X *(z) with continuous trajectories that are weak
solutions of (2.1).

Remark. For the case of standard Smoluchovski’s equations (1.10),
the analogous result was proved in ref. 18 for the discrete mass models and
then generalized in ref. 29 for the continuous mass model (without frag-
mentation, however).

Proof. By Dynkin’s formula,

M,(1) = g(X}" (1) (N~ [ GLe(X}*(v)) de @

is a martingale for any function g on the (finite) state space of the Markov
chain X3 The idea of the proof is to show the tightness of the family of
processes X2, then to choose a subsequence converging to some process X,
and then to pass to the limit as 27— 0 in (4.1) with the test function
g(x) = g;(x) = x; to obtain

0= (W)=~ 4g(X*() dr, 42)
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which would mean precisely that X*(¢) are weak solutions of (2.1). The
formal implementation of this programme will be divided in the following
four steps.

Step 1. If (2.2) (respectively (2.8)) holds, then for the family X" the
compact containment condition holds, i.e., for arbitrary # >0, 7 > 0 there
exists a compact subset I, » < c,, (respectively I, r = .4) for which

inf P(X})"(t)e T, for0<t<T)>1-n. 4.3)
h

If (2.2) holds, (4.3) is obvious, because as masses of X7"(¢) are uni-
formly bounded, they all lie in a compact set of ¢,,. To prove (4.3) for the
case of (2.8) with I, ; being a compact subset of .#, we shall follow the
line of arguments from Lemma 2.3 to show that with the probability arbi-
trary close to one, the second mass moment of the family X2"(¢) is uni-
formly bounded for t< 7T with any 7 >0, and hence X2"(¢) lie in a
compact subset. Using the martingale property of the process (4.1) with the
test function g(x) = u,(x) yields

Ep(X}(0) = so(Nh)+ | EGL (X }"(2)) d. (44

Glm(N=L Y ch

VPl <k, w(¥) < u(Nh)

x Y Py(uy(Nh—=¥h+®h)—p,(Nh))

&: (D) = u(P)

h 1'4
I 5 26, —).

S |
¥ V| <k, p(¥) < w(Nh) 7l J

we use (as in the proof of Lemma 2.3) (2.8) and (2.10) to get
h x*
Gy (Nh) <C > 7T} () — ()]
Y|P <k, u¥P)<n .
and consequently (see again the proof of Lemma 2.3)
Gip2(Nh) < apy(Nh) + .

Hence from (4.4) and Gronwall’s lemma one obtains

Euy(X3"(1)) < e“(uo(Nh) + B/ a).
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Since
G0 < O[] Gt ) di|

one gets using the maximal inequality for the submartingale on the r.h.s. of
this inequality that

rP(sup | (X3 ()| = 1) < C(T)(po(Nh) +1)

t<T

with some constant C(7"). This implies (4.3).

Step 2. Let [M,](¢) denote the quadratic variation of the martin-
gale (4.1). If g(x) is finite-dimensional, i.e., g(x) = g(£,(x)) for some n and
all x, and moreover, g is continuously differentiable with the uniformly
bounded derivative, then

E([M,(1)]—[M,(s)]) < ah(t—s) 4.5

with some constant ¢ uniformly for all 0 < s <¢ < T and an arbitrary 7.

As the integral on the r.h.s. of (4.1) is a continuous process with a
bounded variation, we conclude that

[M, ()] =[gX;" ()] =Y (4g(X3"(5)))?
where AZ(s) = Z(s)—Z(s_) denotes the jump of a process Z(s). As (2.8)
implies (2.3) with a = 1, it follows from (1.5) for both cases (2.2) and (2.8)
that all possible jumps of g(X2"(¢)) are uniformly bounded by 2kA and
that the expectation of the number of jumps on the interval [s, ] < [0, T']
does not exceed

T g e (e S P
b relst] &: w(¥) = w(P)

tC 1 Nk v #(@h)
gwgy—”sup (X5"(r) 1_[] hl; (l!)

rels,t]

with some constant C. Hence

/’l 1
E(IM (0]~ [M,()]) < 4k*h(1— )cz m,

which implies (4.5).



Coagulation-Fragmentation Type Models 1649

Step 3. 1If (2.2) (respectively (2.8)) holds, the family of processes
XM*(¢) is tight as a family of processes with sample paths in D, [0, )
(respectively, in D ,[0, 00)).

As the compact containment condition (4.3) holds, by the well known
criterion (see, e.g., Theorem 9.1 from Chapter 3 in ref. 16), to prove tight-
ness one must show that the family of real-valued processes g(X *(¢)) is
relatively compact (as a family of processes with sample paths in Dg[0, c0))
for any finite-dimensional g from Step 2. To this end, by standard tightness
criteria for real valued processes (see, e.g., Corollary 7.4 from Chapter 3 of
ref. 16 or the Aldous—Rebolledo criterion in ref. 12) one needs to estimate
the oscillations of X "(¢). As the integral part in (4.1) is continuous with
finite variation, to estimate its oscillations one only needs to estimate the
oscillations of the quadratic variation [M,](z). But for [M,](¢) all
required estimates follow from (4.5).

Step 4. End of the proof of Theorem 4.1.

It remains to show that the limit X*(¢#) of a converging subsequence
X (t), h — 0 and belong to a countable set, is a weak solution of (2.1). As
we mentioned above, we are going to use (4.1) with the test function
g(x) = g;(x) = x; to obtain (4.2). From Step 2 it follows that the martingale
on the Lhs. of (4.1) with this g tends to zero almost surely. Clearly,
the first two terms on the r.h.s. of (4.1) with this g will tend to the
first two terms on the r.h.s. of (4.2). So, we need to show that the
integral [{ Grg;(X}"(¢))dt tends to the integral on r.hs. of (4.2). As
|(G',§gj—Akgj)(x)| tends to zero as £ — 0 uniformly for all x with a uni-
formly bounded mass, we need only to show that

|4, g (X" (1)) — A, g;(X (1)) - 0,

or more explicitly that for any j

J, L@ = £ (5))) ds 0. (4.6)

But from a weak convergence it follows (see, e.g., ref. 16) that X(s)
converges to X*(s) for all s € [0, ¢] apart from some countable subset. As
the function f is uniformly continuous on .#_, for any positive ¢ (because,
as shown in our proof of Lemma 2.2, it is a uniform limit of uniformly
continuous functions f™”), it follows that the difference under the integral
in (4.6) is uniformly bounded and tends to zero for all s apart from some
countable subset. This implies (4.6) and completes the proof of Theorem 4.1.
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As an immediate consequence of Theorem 4.1(ii), Theorem 3.2(i), (ii),
and Theorem 3.3(ii) we obtain now the following main result of this paper.

Theorem 4.2. Let (2.8) hold and let the family NA=N(h)h of
points from AZ? ;, have a uniformly bounded second mass moment, i.e.,
U,(Nh) <d for all h and some finite d, and moreover, Nk converges in
c,-norm as h— 0 to a point x € M with some finite c. Then the family
X ¥ (t) with paths in D ,[0, co) converges to a deterministic process X *(¢)
with continuous trajectories that are (mass-conserving) c,-solutions of (2.1)
with any p > 1. If additionally (2.16) or (2.17) hold, then the Feller semi-
group of the Markov chain X2"(¢) tends to the Feller semigroup on
C..(M?*) defined by the solutions of (1.7).

5. DIFFUSION APPROXIMATION FOR MASS EXCHANGE
PROCESSES

As was shown in this paper, the uniform scaling (1.4) of the Markov
mass exchange process defined by (1.3) leads to the deterministic measure-
valued limit described by kinetic equations (1.7). In the light of the recent
increase of interest to stochastic measure-valued limits (see, e.g., ref. 12; in
case of branching processes such limits are called superprocesses, see ref. 15
for a review), one can naturally ask about possible stochastic measure-
valued limits of (1.3) under an appropriate scaling. For general k-nary
interacting particle systems with a finite number of types of the particles
such limits were studied in ref. 20. It turns out that the conservation of
mass property poses certain restrictions to the existence of nondeterministic
limits (diffusion approximation requires some symmetry of the process),
and such limits seem to be not available for generators (1.3) with £ <2, i.e.,
for binary interactions, as well as for processes with pure coagulation or
fragmentation. Nevertheless, as we are going to show, for some process of
type (1.3), the natural diffusion approximation can be constructed. We
shall not discuss here this approximation in the most general situation, but
rather for the simplest concrete model. This model does not look very
realistic physically, as it assumes some sort of pattern behavior of particles.
Possibly, it can be better interpreted in the biological context of ref. 31.

Consider a process with generator (1.3) where Py # 0 only for ¥ con-
sisting of three particles such that the sum of masses of two of them equals
the mass of the third, i.e., for ¥ = ¢, +e¢;+e¢;, ;. Next, suppose that as the
result of a collision (or interaction) of three particles of mass i, j, i + j either
the particle of mass i+ j will fragment into two pieces of mass i and j or
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the particles with masses 7 and j will coagulate into a single particle. Under
these assumptions the generator (1.3) will take the form

Gf(N)zz ni(n 61) nz+] [P (f(N et+]+e +e) f(N))

+P(f(N+e,;—e;—e)—f(N))].
Assuming further that

f 1 f c 1 c
Pij =Zaij+pijs Pij =Zaij+pij

we get the corresponding scaled operator (1.5) in the form
G*05) = T 55y =00) 5. (G452 ) /Ot e — )= £ V)

+(h2 p”)(f(Nh he,,; +he; + he;) — f(Nh))] (5.1)

Clearly, as & — 0, this operator tends formally to

0 0 0
Af(x) = Z XiXjXij |:(P,); —p) <a)j: 5;{ axf >

2 2 2 2 2 2
f of, 0f o°f o°f o°f
2 _2 _2 .
+“’f<a T o T axr, T ax ox, Do, 0, Ox; Omi

i+j

(5.2)

Let us give a rigorous result on the convergence of the corresponding
stochastic processes for initial conditions x € RY y;,, which is a consequence
of the theory developed in ref. 20. Let 4, denote an operator on smooth
functions on R” with a compact support defined by formula (5.2) but with
the sum over all i, j replaced by the sum over i, j such that i+j<n. Let
X;"(¢) be the Markov chain in hZ7 g, defined by the generator (5.1) and
the initial condition NA. Notice that due to a special structure of (5.1),
X "(2) stays in hZ". = R”, all times whenever N € Z".. The following result
is a direct consequence of Theorem 3 from ref. 20, which is in its turn a
consequence of the theory developed in ref. 23.

Theorem 5.1. If N € Z", the Markov process X (1) € hZ". = hZ? g,
converges in the sense of distributions to the (uniquely defined) conserva-
tive diffusion process on R’, with the generator 4,,.



1652 Kolokoltsov

ACKNOWLEDGMENTS

I am thankful to V. P. Belavkin who first brought my attention to the

theory of interacting particle systems and to J. Norris for inviting me to a
conference on coagulation problems in Oberwolfach that stimulated much
my work in this direction. I am grateful to referees for useful comments on
the first draft of this manuscript.

REFERENCES

1

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. D. J. Aldous, Deterministic and stochastic models for coalescence (aggregation and
coagulation): A review of the mean-field theory for probabilists, Bernoulli 5:3-48 (1999).
H. Amann, Coagulation-fragmentation processes, Arch. Rational Mech. Anal. 151:
339-366 (2000).

. J. M. Ball and J. Carr, The discrete coagulation-fragmentation equations: Existence,
uniqueness, and density conservation, J. Stat. Phys. 61:203-234 (1990).

. V. P. Belavkin, Quantum branching processes and nonlinear dynamics of multi-quantum
systems, Dokl. Acad. Nauk SSSR 301:1348-1352 (1988). Engl. Transl. in Sov. Phys. Dokl.
33:581-582 (1988).

. V. Belavkin and V. Kolokoltsov, On general kinetic equation for many particle systems
with interaction, fragmentation, and coagulation, Proc. Roy. Soc. London Ser. A 459:1-22
(2002).

. Ph. Benian and D. Wrzosek, On infinite system of reaction-diffusion equations, Adv.
Math. Sci. Appl. 7:349-364 (1997).

. J. Bertoin, Homogeneous fragmentation processes, Probab. Theory Related Fields 121:
301-318 (2001).

. J. Bertoin, Self-similar fragmentations, Ann. Inst. H. Poincaré Probab. Stat. 38:319-340
(2002).

. J. Bertoin and J.-F. LeGall, Stochastic flows associated to coalescent processes, preprint

2002, available via http: //felix.proba.jussieu.fr/mathdoc/preprints/

J. Carr and F. da Costa, Instantaneous gelation in coagulation dynamics, Z. Angew.

Math. Phys. 43:974-983 (1992).

J. F. Collet and F. Poupaud, Existence of solutions to coagulation-fragmentation systems

with diffusion, Transport Theory Statist. Phys. 25:503-513 (1996).

D. Dawson, Measure-valued Markov processes, in Ecole d’été de probabilités de Saint-

Flour XXI-1991, P. L. Hennequin, ed., Springer Lect. Notes Math., Vol. 1541 (Springer,

1993), pp. 1-260.

S. C. Davies, J. R. King, and J. A. Wattis, The Smoluchovski coagulation equations with

continuous injection, J. Phys. A: Math. Gen. 32:7745-7763 (1999).

P. B. Dubovski, A “triangle” of interconnected coagulation models, J. Phys. A: Math.

Gen. 32:781-793 (1999).

E. Dynkin, An Introduction to Branching Measure-Valued Processes, CRM Monograph

Series, Vol. 6 (AMS, Providence, R1, 1994).

S. N. Ethier and T. G. Kurtz, Markov Processes. Characterization and Convergence

(Wiley, 1986).

N. Jacob, Pseudo-Differential Operators and Markov Processes. Vol. II: Generators and

Their Potential Theory (Imperial College Press, London, 2002).

I. Jeon, Existence of gelling solutions for coagulation-fragmentation equations, Comm.

Math. Phys. 194:541-567 (1998).



Coagulation-Fragmentation Type Models 1653

19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

. V. Kolokoltsov, Measure-valued limits of interacting particle systems with k-nary interac-
tions I. One-dimensional limits, Probab. Theory Related Fields 126:364-394 (2003).

V. Kolokoltsov, Measure-valued limits of interacting particle systems with k-nary interac-
tions II, Preprint (2002), to appear in Stochastics and Stochastics Reports.

V. Kolokoltsov, On Extensions of mollified Boltzmann and Smoluchovski equations to
particle systems with a k-nary interaction, Russian J. Math. Phys. 10:268-295 (2003).

V. Kolokoltsov, Symmetric stable laws and stable-like jump-diffusions, Proc. London
Math. Soc. 3:725-768 (2000).

V. Kolokoltsov, On Markov processes with decomposable pseudo-differential generators,
Preprint (2002), to appear in Stochastics and Stochastics Reports.

M. Kostoglou and A. J. Karabelas, A study of nonlinear breakage equation: Analytical
and asymptotic solutions, J. Phys. A: Math. Gen. 33:1221-1232 (2000).

M. Lachowicz, Ph. Laurencot, and D. Wrzosek, On the Oort-Hulst-Savronov coagula-
tion equation and its relation to the Smoluchowski equation, SIAM J. Math. Anal.
34:1399-1421 (2003).

Ph. Laurencot and S. Mischler, The continuous coagulation-fragmentation equations with
diffusion, Arch. Rational Mech. Anal. 162:45-99 (2002).

P. Laurencot and D. Wrzosek, The discrete coagulation equations with collisional
breakage, J. Stat. Phys. 104:193-220 (2001).

M. Mohle and S. Sagitov, A classification of coalescent processes for haploid exchange-
able population models, Ann. Probab. 29:1547-1562 (2001).

J. Norris, Smoluchovski’s coagulation equation: Uniqueness, nonuniqueness, and a
hydrodynamic limit for the stochastic coalescent, Ann. Appl. Probab. 9:78-109 (1999).

J. Norris, Cluster coagulation, Comm. Math. Phys. 209:407-435 (2000).

A. Okubo, Dynamical aspects of animal grouping: Swarms, schools, flocks, and herds,
Adv. Biophys. 22:1-94 (1986).

J. Pitman, Coalescents with multiple collisions, Ann. Probab. 27:1870-1902 (1999).

V. S. Safronov, Evolution of the Pre-Planetary Cloud and the Formation of the Earth and
Planets (Nauka, Moscow, 1969) (in Russian). Engl. transl.: Isracl Program for Scientific
Translations, Jerusalem, 1972.

J. Schweinsberg, Coalescents with simultaneous multiple collisions, Electr. J. Prob. 5:1-50
(2000).

R. C. Srivastava, A simple model of particle coalescence and breaup, J. Atmos. Sci.
39:1317-1322 (1982).

A. Sznitman, Topics in propagation of chaos, in Ecole d’été de Probabilités de Saint-Flour
XIX-1989, Springer Lecture Notes Math., Vol. 1464 (Springer, 1991), pp. 167-255.

D. Wilkins, A geometrical interpretation of the coagulation equation, J. Phys. A: Math.
Gen. 15:1175-1178 (1982).

D. Wrzosek, Mass-conservation solutions to the discrete coagulation-fragmentation
model with diffusion, Nonlinear Anal. 49:297-314 (2002).



	1. INTRODUCTION
	2. EXISTENCE OF SOLUTIONS FOR THE KINETIC EQUATIONS
	3. UNIQUENESS AND CONTINUOUS DEPENDENCE ON INITIAL DATA
	4. CONVERGENCE OF STOCHASTIC APPROXIMATIONS
	5. DIFFUSION APPROXIMATION FOR MASS EXCHANGE PROCESSES
	ACKNOWLEDGMENTS

