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Coagulation-fragmentation processes describe the stochastic association
and dissociation of particles in clusters. Cluster dynamics with cluster-cluster
interactions for a finite number of particles has recently attracted attention
especially in stochastic analysis and statistical physics of cellular biology,
as novel experimental data are now available, but their interpretation remains
challenging. We derive here probability distribution functions for clusters that
can either aggregate upon binding to form clusters of arbitrary sizes or a sin-
gle cluster can dissociate into two sub-clusters. Using combinatorics proper-
ties and Markov chain representation, we compute steady-state distributions
and moments for the number of particles per cluster in the case where the
coagulation and fragmentation rates follow a detailed balance condition. We
obtain explicit and asymptotic formulas for the cluster size and the number of
clusters in terms of hypergeometric functions. To further characterize cluster-
ing, we introduce and discuss two mean times: one is the mean time two par-
ticles spend together before they separate and the other is the mean time they
spend separated before they meet again for the first time. Finally, we discuss
applications of the present stochastic coagulation-fragmentation framework
in cell biology.

Introduction. Clustering appears in various areas of science such as astro-
physics, where masses can form aggregate under gravitation, biochemistry where
molecules have to meet to react, colloids that aggregate in solution or ecology
where prey—predator have to meet to stabilize populations. A century ago, Von
Smoluchowski [33] described an irreversible aggregation of many particles in
clusters. Later on, a set of coagulation-fragmentation equations was proposed by
Becker—Doring when clusters can lose or gain only one particle at a time [6, 8, 21,
34]. Nowadays, continuous limit analysis [3, 26], determinist, stochastic, asymp-
totical and numerical methods are developed to study clustering and estimate the
number of clusters [2, 9, 11, 27, 32] and their sizes.

The coagulation models mentioned above have been extended for cluster growth
with a finite number of particles [23, 24], known as the Marcus—Lushnikov pro-
cess, and more recently for discrete coagulation-fragmentation models with an
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infinite number of particles [5]. Many statistical and probabilistic studies have
been made on the Marcus—Lushnikov process [18]; however, much less is known
about the statistical properties for the coagulation-fragmentation of a finite num-
ber of particles [13]. Of particular interest in stochastic biology are models of
coagulation-fragmentation where the cluster size cannot exceed a given threshold
[14, 35]. These models are used in genetics to describe the organization in clusters
of the chromosome ends [14] or to model viral capsid assembly in cells [15, 16,
36]. This article presents several exact and asymptotic results and it aims to attract
attention toward developments of applied probability with direct applications to
interpret data.

We recall that the Smoluchowski equations for coagulation-fragmentation con-
sist of an infinite system of differential equations for the number 7 () of clusters
of size j at time ¢ in a population of infinite size [33]. The index j can take values
between 1 and oo and

j—1 0
PO NN e omtm i) —nj (03 AG. ()
dt 25 k=1

)
1 j—1 00
=50 ) Bk, j—k)+ ) B(j, onej @),
k=1 k=1

where the first line in the right-hand side corresponds to the coagulation and the
second accounts for the fragmentation. The coagulation kernel A(i, j) is the rate
at which two clusters of size i and j coalesce to form a cluster of size i + j,
while the fragmentation kernel B(i, j) is the rate at which a cluster of size i + j
dissociates into a cluster of size i and a cluster of size j. When cluster sizes cannot
exceed a threshold M, the system of equations (1) is truncated and the coagulation
kernel is A(Z, j) =0 if i + j > M [7, 10]. This system of equations is a mean-
field deterministic model of the coagulation-fragmentation process that describes
a discrete number of particles aggregating and dissociating, but it does not allow a
complete analysis of the cluster distribution in the small size limit [13].

The goal of this paper is to study a stochastic system of coagulation-fragmenta-
tion with a limited number of particles. We present exact solutions and expressions
for the distribution, statistical moments of clusters and number of particles per
cluster, using the following generic rules of coagulation-fragmentation: a cluster
of size i 4+ j can give rise to two clusters of size i and j at arate F (i, j), and two
clusters of size i and j form a new cluster of size i + j at arate C(i, j).

We focus our analysis on coagulation-fragmentation processes (CFP) that verify
the detailed balance condition [12], for which there exists a function a (i) = a; such
that Vi, j € N:

CG,j) _ali+j)

) - .
(2) F(@,j) a(@)a(j)
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The detailed balance condition ensures that, at equilibrium, each elementary co-
agulation or fragmentation process is equilibrated by its reciprocal process. Using
exact formulas for probabilities for these configurations when the total number of
clusters is fixed, we compute the probability distribution function of the number
of clusters. We also compute the probability distribution that the number of clus-
ter of size i is m; so that the distribution of sizes of the ensemble of clusters is

(my,...,my,). When there are exactly N particles and the total number of clusters
is fixed to K, we have the following identity for number conservation:

N
3) Z m;i =K.

i=1
We shall show that when the total number of clusters is K, the conditional proba-
bility distribution function is given by
1 a()™...a(N)™

4) p(my,...,my|K)= :
Cn.k mil---mpy!

where the normalization constant Cy g can be computed explicitly [see formula
(126)]. We will use this formula to compute the statistical moments for the cluster
distributions. Using a combinatorial approach, we present several explicit formula
for the steady-state distributions of clusters. Some of the results presented here
were previously announced without proofs in the short letter [14].

The paper is organized as follows. In Section 1, we present the stochastic model
of coagulation-fragmentation for N independent particles that we analyze by a
Markov chain. We obtain explicit formula for the cluster configuration combi-
natorics using the partition of the integer N, for the distribution of particles in
clusters. We derive the time evolution equations for the number of clusters. These
equations represent a novel Markov chain, which allows us to determine the num-
ber of clusters at steady-state. By combining the expression for number of clusters
with the distribution of cluster in configuration conditioned on the number of clus-
ters, we obtain the distribution of the particles in clusters. In Section 3, we intro-
duce two characteristic times for studying the time distribution two particles are
in a cluster. These two times characterize the dynamics of exchange of particles
between clusters: the first one is the mean time that two particles spend together
before they separate, and the second is the mean time that they spend separated
before they meet again for the first time. The colocalization probability of two par-
ticles is defined as the fraction of time, the particles spend together. Sections 4-6
provide direct applications of these results to specific CFPs: we focus specifically
on the case of constant coagulation and fragmentation kernels in Section 4, for
which we obtain analytical expressions for the clusters distributions. We also ob-
tain several formula when the cluster size is limited.

In this article, to determine statistics of the cluster distribution, we alternatively
study two different systems. First, we study the distribution of clusters using the
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integer partition of the total number of particles. We obtain the probability dis-
tribution of cluster configurations. In this process, we use the term coagulation
when two clusters of a given size coalesce and form a new cluster. We use the term
fragmentation to describe the separation of a cluster into two smaller ones. The co-
agulation and fragmentation kernels that we have chosen here allow us to perform
another analysis: when the number of clusters is fixed, the overall rates of coagu-
lation and fragmentation are independent of the configurations of the clusters. We
will study aggregation-fragmentation, where the number of clusters is known. In
that case, we shall use the following terminology: formation describes the change
when a distribution of K becomes K — 1 clusters. We use separation to describe
the process by which a distribution of K clusters is transformed into a distribution
of K + 1 clusters.

1. Coagulation-fragmentation with a finite number of independent parti-
cles.

1.1. Stochastic coagulation-fragmentation equations for a finite number of par-
ticles. To describe the steady-state distribution for a CFP stochastic model with
a finite number of N particles, we shall use a continuous-time Markov chain in
the space of cluster configurations. The N particles distributed in clusters of size

(ny,...,ny) can undergo coagulation or fragmentation events under the constraint
that
N
(5) Z ng=N.
k=1

To study the distribution of particles in clusters, we use the decomposition of the
integer N as the sum of positive integers (integer partition) [4]. The partitions of
the integer N are described in N dimensions by the ensemble

N
(6) Py = (nl,...,nN)eNN;Zn,-=Nandn12---2nN20 .
i=1

The probability P(ny,...,ny,t) of the configuration (n1, ..., ny) at time ¢ satis-
fies an ensemble of closed equations. Indeed, by considering all the possible co-
agulation or fragmentation events, the master equation is obtained by considering
the events occurring between time ¢ and t + At:

o Two clusters of size n; and n; coagulate with a probability C(n;, n;) At to form
a cluster of size n; +n;.

o A cluster of size n; dissociates into two clusters of size k and n; — k with a
probability F(k,n; — k)At.
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e Nothing happens with the probability 1 — Zl_] ?’zi 1 Cmi,nj)Ar —
SN S F(kong = R)ALL

Thus, the master equations are

4 p 0
—P(ny,...,npn,
dt 1 N

N—1 N n;j—1
= (Z Y Cwinp)+Y > Fik, nl—k))P(nl,...,nN,t)

(7) i=1 j=i+1 i=1 k=1
N
;o / /
+Z Z C(ni,nj)P(nl,...,ni,...,nj, AN, 1)
k=1n§>0,n/j>0
n;+n/j¥nk

+ Z Z F(ni,nj)P(ny,...,nj+nj,...,ny,t).
i=1 j=i+l
Moreover, C(n;,n;) = 0 if either n; or n; is equal to 0. We now introduce an
ensemble in NV which consists of integer decompositions of clusters with a given
size:

N
(8) Py = (m1,...,mN)eNN;Zimi=Nandm1,...,mNZO )

i=1
In the ensemble Py, m; is the number of occurrence of the integer i in the par-
tition of the integer N.The two ensembles Py and P, correspond to different
representations of the clusters distributions. For example, when there are N =9
particles, distributed in two clusters of one particle, two clusters of two and
one cluster of three. Then the distributions are (3,2,2,1,1,0,0,0,0) € Py, and
(2,2,1,0,0,0,0,0,0) € Py.

A sufficient condition to obtain an invariant measure of the steady-state proba-
bility is the reversibility of the CFP [20, 22] where the coagulation-fragmentation
kernel satisfies the detailed balance condition: there exists a function a(i) = q;
such that [12]

) C@, aja; =F(3, jajy .
The functions a; characterize the ratio of the coagulation and fragmentation rates,
and any function of the form a; = a'a; with o # 0 satisfies the above condition.
This condition insures the reversibility of the Markov chain and guarantees the ex-
istence of an invariant measure [12], where the steady-state probability of a given
configuration (m,...,my) € Py, is

1 a"--ay
(10) P’<m1,...,mN>=—1—N,
C N I’I’l] ceeem N!
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where Cy is a normalization constant. An explicit computation of the normal-
ization constant is difficult [31]. Here, we propose to estimate the probability of
occurrence of a certain cluster configuration (m1, ..., my) by limiting the study
to the configurations of a given number of particles.

At this stage, we shall explain the rational for computing expression (10). This
expression is the distribution at equilibrium of particles in clusters, where the dis-
sociation (resp., association) rate is proportional to the number of elements (minus
one) (resp., the number of pairs of particles).

The equilibrium probability distributions associated to the Markov chain con-

figuration (my,...,my) is computed from analyzing the transition between the
two neighboring states (my,...,m; —1,...,m; —1,...,m;;;+1,...,my) and
(my,...,mpy). It is obtained first from the coagulation rate v (i, j) of a cluster of
size i with one of size j, given the distribution (m1,...,my). The rate ¥ (i, j) is
given by

(1D w(l,j)=§C(l,j)m,~mj ifi #j

(12) =C(,i)mi(m; — 1) otherwise.

The factor % accounts for the symmetric cases (i, j) and ¥ (j, ). The fragmenta-
tion rate ¢ (i, j) from i + j to (i, j), that accounts for the transition from the con-
figuration (my,...,m; — 1,...,mj — 1,...,m,-+j +1,...,my) to (mq,...,mpy)
(Figure 1) is

(13) ¢, j)=FGa j)miyj+1).

(ml,...,mi—1,...,mj—1,...,m,-+j—|—1,...,mN)
‘Coagulation C@, jymim;

(miy,...,my)
‘Fragmentation Fk,i —kym;

my,....mi—p+1,...omp+1,....mi—1,...,mpy)

Fi1G. 1. Markov chain representation of the transitions. Starting with a configuration
(my,...,mp), m; is the number of clusters of size i and N is the total number of particles. The frag-
mentation rate of a cluster of size i into one cluster of size k and one of size i — k is F(k,i — k)m;,
while the rate of formation of a cluster of size i + j from two clusters of size i and j is equal to
CG, jymim;.
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Thus, the stationary probability 7" satisfies the relation

Jr/(ml,...,m,- —1,mj —1,m,~+j—|—1,...,mN)
w'(my,...,my)
(14) Ry AL
¢, J)
_ 1CG, j) mim; . laijaj mim;
2F@, ymivj+1  2aiyjmiyj+1
A direct computation shows that the probability P’(m, ..., my) defined in equa-

tion (10) satisfies equation (14) (see Figure 1).

1.2. Cluster partitions with a finite number of particles. To determine the
cluster distribution at equilibrium, we compute here the probability of a config-
uration when the number of clusters K is fixed. We also find the probability of
having K clusters. The number of distributions of N particles into K clusters is
the cardinal of the ensemble

K
(15) Py g = {(nl,...,nK)eNK;Zn,-=Nandn1 >...>ng > 1},
i=1

which is also the ensemble of the partitions of the integer N as a sum of K integers.
This ensemble is in bijection with

N N
(16) PI’V’K={(ml,...,mN)eNN;Zim,-=Nand Zm,-:K},
i=1 i=1

where the transformation Py g — Pz/v x defined by

K K
a7 (y,...,ng)=> (my,...,my) = <Zl{n,~=1}, -~-aZl{n,~:N}>
i=1

i=1

maps the partition (ny,...,ng), where N is written as a sum of K positive in-
tegers, to the number of occurrence of each integer into the image partition. The
partitions of N are written as

(18) Py=|JPvk and Py=|]JPy k-
K K

In Sections 4, 5 and 6, we derive explicitly expressions for the probabilities of
configurations in Py .
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1.3. Statistical moments for the cluster configurations when the number of clus-
ters is fixed. We show now that the probability of configuration (m1,...,my),
when the total number of clusters is equal to K, is given by

"V
I... |
(19) pmy,....my|K) =220
Cn.k
where
mi my
a -..a
20 C — a N
(20) N.K > YR

(mi)GPI/\,YK

The normalization factor of equation (19) is computed using the following result.
REMARK 1. We consider the functions
(X) .
(21) Sx)=)Y aix'
i=1
and the partial sums
N .
(22) Sn(x) =) aix'.

i=l

The Kth-power of these functions, that is, S K and S 115 have the same Nth-order
coefficient and this coefficient determines Cy g . Moreover, the function

(23) g(x, y) =exp(S(x)y)

is a generating function of the Cy k.

PROOF. The number of configurations (m1, ..., my) that satisfy the condi-
tions ), m; = K and )_; im; = N is the Nth-order coefficient of the multinomial
expansion

(arxi +---+anxn)®

- ¥

(my,...my), > m;i=K

(24) .

————— (axp)™ - (ayxy)"™V.
my!---mpy!

Using the N-tuple (x1, x2,...,xn) = (X, X2,..., X"), we obtain

(a1X+“'+aNXN)K az"m >iim;

S m;!
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We can group the terms by the exponents of X, which are equal to ) ; im;. In
particular, for a partition (m1,...,my) € PI’V k- the exponent is ), im; = N, and
the Nth-order coefficient in expression (25) is equal to

(26) > e _ Cn k-

mil---mpy!
(ml,...,mN)EPI/V’K 1 N

More generally,

S Ma™ .
@ O DD D T

(28) =3 Y Gukxn

It follows that the function defined by

(29) g(X,Y) =exp(S(X)Y)
>, SK(X)

(30) =23 i Yk
K=0

31) =Y > CuxX"¥X
K=0n=K

is a generating function of the Cy g. U

REMARK 2. The coefficients Cy k defined by relation (20) satisfy the induc-
tion formula:

N—K+1
(32) (N+DCng1k= Y. (k+ Dagy1Cn—r k-1
k=0
with
Cyy= L
(33) N,N — ms
CN,1 =dapN.

PROOF. We start with the formulas (33). The coefficient Cy y is obtained
from the unique partition in Pz/v, ~» Which is givenby m; = N and m; =0if i > 1.

N
Therefore, Cy, y = % The coefficient Cy j is obtained from the partition my = 1
and m; =0if i < N, and thus Cy 1 =ap.
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S (x)

We now prove relation (32). Differentiating the function o (x) = =¢7=, we get
SK—I (x)
/ o
(34) o(x)=S8 (x)i(K O

We evaluate the left-hand side of (34) using equation (28), and obtain

G/(x) = <Z Cn,Kxn)
n=K

o0

(35) = Y (14 DCopr k¥
n=K-—1

e}
=157+ K)Cork kX",
n=0

We evaluate the right-hand side of (34) using the definition of S (21) and we obtain

o’(x)=<2(i+1>a,~+1x">< > c,-,lel)
=K-1

i=0

)

(36)

[ele] n
=xK1y <Z(k + 1)ak+1an+K1,K1>x"-

n=0 \k=0
Thus, by equalizing the Nth-order coefficient of o’ (x), we have

N—-K+1

37) (N+DCns1k= Y, (k+Dary1Cn_rx-1. -
k=0

Next, we estimate various moments when the number of clusters is fixed. We
summarize the main result in the following.

THEOREM 1.1. When the number of clusters is equal to K for a total of N
particles, the mean number of clusters of size i is

CN_ik—
(38) (Mi)n k = a; KL

’

Cn.k
where a; and Cy k are defined in (9) and (20), respectively.

PROOF. The mean number of clusters of size i when the total number of clus-
ters is K is given by the following sum:

(39) (Mi)n.xk = ) mip'(my,....,my)

/
PN,K
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my my
1 Zm ay ---ay

= i
CN,K m1!---mN!

Py k
1 aml...ami_l...amN
(40) = a;—1 l N
CN’KP/ . mil---(m; —D!---mpy!
N,K*ml>0

where the subscript Pz/v, x»M; > 0 in the sum characterizes the partitions in lev, K
containing at least one occurrence of the integer i. By considering the partitions
of P]/\,’ x Where i appears at least once and removing one i, we obtain exactly
the partitions of Py_; g—1, except for the number of occurrence of i, where the
corresponding partitions in both sets have the same number of repetitions, i.e.

41) Vji#i,m; in (ml,...,mN_i)eP]/vf[’Kfl
is equal to
(42) m;j in (ml,...,mN)eP]/VJ(
and m; in (my,...,my_;) € Py,_; p_, is equal to m; + 1 in (my,...,mp) €
'\ k- There are no clusters larger than N — i in the partitions [m; = 0 for
j>N—ifor(my,...,my) € Py g, m; >0]. Thus
i—1 m
1 aml...aml ...a N
1 N
<M1>N’K:C a"mv...(mf_l)!...m 1
N,K Pl xomi>0 1 i : N:
mi m; my
a; a e d: ceea
(43) — l 1 l N
Cn.k Pyk my!l---mil--ompy!
_ Cn—ik-1
= —.
Cnk O

We further have the following.
REMARK 3. (M) x =0ifi >N - K + 1.

PROOF. When the N particles are distributed in K clusters, the largest cluster
contains at most N — K + 1 particles. The corresponding partition in Py,  is given
bymi =K —1,my_g4+1 =1,and m; =0 otherwise. []

In the following, we determine the second moment of the number of clusters of
sizei:
mi my
1 2 al e aN

4 M=o S

)

"my!eomy!
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and the covariance of the number of clusters of size i and j
my

Cl -a
mej 1 -
empy!

(45) (M7 )y & =

THEOREM 1.2. The second moment of the number of clusters of size i is

Cn—_2i k-2 Cn—i k-1
(46) (MP)y ¢ =af ————=ta———,
: Cn Cnk
and the covariance is
Cn_i—j k-2
(47) (M7 )y x =aiaj———L=—.
Cn.x

PROOF. The variance of the number of clusters of size i is given by

> 1 2y - ay”
M: = E mi———
M7l x Cn.k ¢ tmpleomy!
miePN,K
1 al't-oaiN
1 N
(48) E [mi(m; — 1) +m;] ————
Cn.k . mi!---mpy!
’ miEPN,K
1 5 aTl...ami_z...a[n\/;N
1
= a; + (M)n k-
Cn.k 2 Tyl (mi —2)! - my) (Midw,

m;€Py ,mi>1

Using an argument similar to the proof of Theorem 1.1, we obtain

1 amlnnnami.--amN
2 244 j N
<M")NJ<ZC Z aim!...n;.l...m  t {Mi)n.k
N.K yiePy aika 1° b N
(49)
2 CN_2i k-2 a_CN—i,K—l
i i .
Cn k Cnk

The covariance of the number of clusters of size i and j is obtained from the term

2 1 a;nl'“alr\r;}v
(50) (M? )y = mim j——N_
LJIN,K CN,]( P/Z ml!---mN!

N.K

which, by the same reasoning, leads to

(5D (Mi2,j>N,K =a;aj
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2. Distribution of the number of clusters. In the previous section, we com-
puted the probability distribution of a cluster configuration and determined the
statistical moments for a fixed number of clusters. In this section, we study the
statistics of the entire cluster configurations. We focus here on the probability
distribution of the number of clusters and we shall compute the time dependent
probability density function

52) P (t) = P{K clusters at time ¢},

which is a birth-and-death process that we investigate using a Markov chain.

The probability of having K clusters at time ¢ + At is the sum of the probability
of starting at time ¢ with K — 1 clusters and one of them dissociates into two
smaller ones plus the probability of starting with K + 1 clusters and two of them
associate plus the probability of starting with K and nothing happens (Figure 2).
The first probability is the product of Pgx_; by the transition rate sx_1Af to go
from state with K — 1 clusters to K, while the second is the transition from K + 1
to K, which is the product of Pk by the transition rate fgx 1At of going from
K + 1 clusters to K. Thus the master equations are given by

Pi(1) = =51 P1(1) + 2 P2 (1),
(53) P (1) = —(fk +sk) Pk (1) + fk+1Pk+1(t) + sk -1 Pk -1 (1),
Pn(t) = —fnPn(t) + sn—1 PN—1(2).
In Sections 4, 5 and 6, we will solve this system of equations explicitly at steady-

state for particular formation and separation kernels. We now derive a general for-
mula for the steady-state probability

(54) Mg = lim Px(t)
I—00

of having K clusters at steady-state and express it in terms of the a;. The steady-
state probabilities of the number of clusters are solution of the system

0=—s51I11 + foIa,
(55 0=—(fx +sx)x + fxr1gr1 +sg1g_1,
0=—fnIIy+sy—1TIy_1,

fn fn-1 fn-z fnes
SN-1 Sn-2 Sn-3 SN-4

FIG. 2. Markov chain representation for the number of clusters. sg (resp., fx) is the separation
(resp., formation) rate of a cluster when there are K clusters.
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with the normalization condition
N
(56) Z Mg =1.
K=1

The probabilities [1g are given by the ratio

Mg  sg—
g1 fx
and the coefficients sx and fx are the mean-field separation and formation rates,
respectively. Whereas the cluster configurations when the number of clusters is
fixed depend only on the kernel a;, the statistics of the number of clusters de-
pend on the cluster fragmentation and coagulation rates F' and C. In the follow-
ing, we will focus on the coagulation condition C(i, j) = 1 and the fragmentation
F(@,j) = % to state the following.

(57)

for K >2

THEOREM 2.1. When C(i, j) =1 and F(i, j) = Ziaf, the separation rate

i+j
when there are K clusters is given by

N i—1
i=12j=14jdi—jCN-i k-1

Cn,k

(58) Sk =

and the formation rate when there are K clusters is
_ KK -1)

(59) Ik 5

PROOF. The total dissociation rate d(n) of a cluster of size n is obtained by
summing over all the possible sizes resulting from the dissociation and is given by

n—1
d(n)=Y F(i,n—1i)

i=1

(60)
n—1
. Z aidn—i
i=1 9n
The rate at which a given configuration (mi,...,my) € Py ; dissociates is

ZlNzl d(i)m;. The separation rate for K clusters is thus

N

sk =Yy d@imp'(my,...,my)
Pl ¢ i=1

(61) y
=Y d(i){M;)n k-
i=1
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Using relation (43), the separation rate becomes
N d()aiCn—i k-1

(62) Sg =
Cn k

The separation rate of a distribution of K clusters equation (62) can thus be ex-
pressed as a function of the Cy -

N §i-l
im1 2 i ajai—jCn_j k-1
(63) sk = i=1 2 j=19j%—] i .
Cn.k
For K =1, the only cluster is of size N and the separation rate is
(64) s1 =d(N).

The formation rates are given by

(N
fe=Y E(Zmi(mi . l)C(i,i)—I—Zmiij(i,j))
Py i=1 i#]j
(65) ’

x p'(my,...,my|K).

For a distribution of K clusters, this is equal to the number of cluster pairs

K(K—-1)
(66) fxk = -5 O
We are now in position to study the statistics of the entire cluster configurations.
Indeed, using Bayes’ rule, the probability of a configuration (m,...,my), that
contains K clusters is the product of the conditional probability p’(my, ..., my|K)
by the probability of having K clusters
(67) p'mi,....my,K)=p'(mi,....,my|K)g.

The mean number of clusters of size i is thus

N
(68) (Mi)y =) Hg(Mi)nk.
K=1

3. Invariant of clusters dynamics. We introduce and compute here several
measures of the cluster configurations that appear when the system is in a global
steady-state. First, we compute the probability to find two particles in the same
cluster, and second we measure two time scales associated to particle dynamics
in an ensemble of clusters: (1) the mean time that two particles spend together
before they separate and (2) the mean time that they spend separated before they
meet again for the first time (Figure 3). The probability that two given particles are
together is of interest in several cell biology examples: for instance, some genes
can be silenced if the telomeres that carry them are forming a cluster [28].
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Time Tg Time Ty
[
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A oo > > oo > = e
¥ Y N o r
° o

F1G. 3. Cluster formation and dissociation. The time to separation Tg is the mean time for two
specific particles (black) to spend in the same cluster. Before physical separation, the cluster can
aggregate with other clusters (grey) or some particles except either of the two can be separated. The
time to association Tg is the mean time the two particles meet again after separation for the first
time.

3.1. The probability to find two particles in the same cluster. When the mean
number of clusters has reached its equilibrium, particles can still be exchanged
between clusters. To characterize this exchange, we compute the probability to
find two particles in the same cluster.

When the distribution of the clusters is (n1, ..., ny), the probability P>(ny, ...,
ny) to find two given particles in the same cluster is obtained by using the prob-
ability to choose the first particle in the cluster n;, which is equal to the number

of particles in the cluster divided by the total number of particles ”ﬁ’ The prob-
ni—1
N—1

ability to have the second particle in the same cluster is
possibilities, we get

K K
) P =y sl 2N
ny,...,AN) = — = ny — .
2 VT NN -1 NV -D\&=T

. Summing over all

1)

This probability is similar to Simpson’s diversity index [29], a measure frequently
used to quantify the diversity of ecosystems. We note that

N N
(70) Zn? :Zizmi.
j:l

i=1
Thus, when the distribution (n1,...,ny) contains K clusters, we use (ny,...,
nk) € Py k and obtain by summing over all configurations of K clusters

K N
(71) Yo pmu..nglK)Y 5= > plm)Yy j*m;
j=1 j=1

(n1,...nx)EPN K (mi)ePy g

(72) =Y % > mp(m)

j=1
N
(73) = > X Mj)n k.
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where (M )y k is the mean number of clusters of size j, when there are N par-
ticles distributed in K clusters [equation (38)]. Taking into account all possible
distributions of clusters, we obtain that the probability (P,) to find two particles in
the same cluster is

N
(74) (P)=)" Py(ny,....ng)pn)Ig,

K=1(ny,...ng)ePy K
which can be written, using expressions (69) and (73) as
1 al al 1
(75) (P2)=MN7_1)K2=:1HK;]'2<Mj>N,K—ﬁ-

This approach can be generalized to the probability of having n > 2 particles to-
gether.

3.2. Mean time for two particles to stay together in a cluster. We define the
mean time to separation (MTS) as the mean time between the arrival of two given
particles in a cluster and their separation after dissociation of the cluster. We first
compute the probability of a configuration (my,...,my) conditioned on having
two particles in the same cluster. We then derive the transition rates from this
particular configuration to any of the states accessible by a single dissociation or
association event (see Figure 1). The accessible states are divided into two classes:
first, the configurations for which the particles are not initially in the same cluster
(separated state) and second the ones where they are together. The current state
is the configuration (mq, ..., my), for which the particles are in the same cluster.
Upon a coagulation event, the particles stay in the same cluster. A dissociation
event can either occur for a cluster that did not contain the tracking particles or for
the cluster that contained the particles. In the latter case, there are two possibili-
ties: either the particles stay together after dissociation, or they are redistributed
to two different clusters (separated state). The rate of dissociation from the en-
semble (mq,...,my)to (my,....m;+1,....mp_;+1,....mp—1,...,mpy) is
2F (i,k —iymy if i # k/2 and F(%, £)m otherwise.

PROPOSITION 1. The probability that two particles in a cluster of size k,
given a configuration (my, ..., my) € Py g separate after a dissociation is

1 1 k—1
T RE D S i, & T DEGk =D,

i=1

(76)  pstk;my,...,mpy)

PROOF. The probability that two particles in a cluster of size k separates after
any dissociation event is equal to the product of the probability that the particles
are in the cluster multiplied by the probability that this dissociation results in the
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effective separation of the particles. The first probability is obtained by consider-
ing the total dissociation rate d(n) of a cluster of size n [see equation (60)]. The
probability that the cluster containing the two particles effectively dissociates is
thus proportional to d(k) and is normalized by the total dissociation rate for the
cluster configuration (m1, ..., my):

d(k)
YiLid@m;
The probability of an effective separation Pgep is the complementary of the prob-
ability that the two particles stay together. When the two resulting clusters are of
size i and k — i, this probability is equal to
it—D4+®k—=i)k—i—1)
k(k—1) '

The probability that the two particles initially in a cluster of size k will be separated
is thus equal to

(77)

(78) Psep =1-

diky k= ii—D+k—i)k—i—1)
PR = Sk (1 - k(k—1 )
i:]d(l)mi i=1 (k—1)
F(G,k—1i)
79 _—
(79) 0
= . F@,k—10)iQk—1).
k(k—1) YN | d(iym; ; O
The transition probability from the state (my,...,my) to the separated one

equals the sum of the probabilities pg(k) to be separated over all cluster sizes k,

K

(80) Ps(my,....my) =Y _ ps(k)my.
k=1

To derive the MTS, we first write the transition matrix of the Markov chain repre-
senting the transitions between the configurations of separated and nonseparated
states, and second, we determine the mean transition times between the states.
Ordering the configurations (m1, ..., my) by arbitrary indices I, we define the
transition matrix 7 of size (g(N) + 1) x (g(N) + 1), where g(N) is the total
number of different partitions of the integer N. The elements of T of the first
q(N) rows and columns are the transition probabilities between states where the
two particles are together, while index g (/N) + 1 represents the separated state.
ForI,J e(1,...,q(N)), the matrix entries [T]; ; are either the coagulation or
dissociation rates given above (see Figure 1), while the transitions [T']; 4(n)+1 are
equal to the rates to the separated state. Because the separated state is absorbing,
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we finally set [Ty (n)+1,q(v)+1 = 1. Additionally, the matrix is normalized into a
stochastic matrix such that

qg(N)+1

(81) \78 Y IThy=1
J=1

We now estimate the mean time the two particles stay together. The mean
time t(mp,...,my) from a configuration (m,...,my) to any configuration
(mf, ..., mly) accessible by a single coagulation or fragmentation event is the re-
ciprocal of the sum of all transition rates

N -1

KK —1)

(82) r(ml,...,mm:(Zd(k)me) :

k=1

where K = Z,N: 1 m; and the coagulation kernel is constant C(i, j) = 1. We repre-
sent the transition times in a vector T

T(N,0,...,0)
t(N—=2,1,...,0)

(83) T=
7(0,...,0,1)
We shall now compute the vector
t(N,0,...,0)
t(N-2,1,...,0)
(84) t= )
t©,...,0,1)
which is the MTS for an ensemble of cluster configuration (mq,...,my): it is
related to the vector T by [25]
o
(85) t=>y T't.
n=0
The vector ¢ is computed using the matrices
(86) A=l —T
and
(87) A* =[Agm+1]7,

where Ag(ny+1 1s the matrix A from which the g(N) + 1 row and column were
removed. Equation (85) is equivalent to

(88) t=A%t.
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The MTS averaged over the equilibrium configuration distribution is
(89) Ts = p*'t,

where p*T = [p*(m, coos N my,...my) @and p*(mq, ..., my) is the probability
distribution of the configuration (my, ..., my) when the two particles are in the
same cluster. Using Bayes’ theorem, the probabilities p*(m1, ..., my) are given
by

Py(my,...,my)p(my,...,mpy)

(90) pr(my,....my)= P) :

where we recall that p(mq,...,mpy) is the probability of the configuration
(my,...,mpy), (P>) is the probability that two specific particles are in the same
cluster [see computation equation (75)], and P>(my,...,my) is the probability
that the two particles are in the same cluster configuration (m1, ..., my). The con-
ditional probability p*(m1,...,my) to select two particles in the same cluster,
conditioned on the distribution (m1, ..., my) is larger for clusters of larger sizes.
We conclude this section with the following.

REMARK 4. The time that two particles spend separated T can be similarly
determined, only the absorbing state in the transition matrix is the state at which
the two particles are in the same cluster. Interestingly, the probability two particles
are together is the fraction of time they spend together and is given by the ratio

Ts

o1 (P) = Tot Tr

In the rest of the manuscript, we apply the previous analysis to three examples
of coagulation-fragmentation with a finite number of particles.

4. Example 1: The case a; = a. We consider the case of a constant kernel
a; = a. To compute the separation and formation rates sx and fx, we use that
F(i, j) =a and C(i, j) = 1. This fragmentation kernel corresponds to the follow-
ing model: a cluster of size n dissociates at a rate Z;’:_ll F(i,n—i)=(m—1)a and
the sizes of the resulting clusters are uniformly distributed between 1 and n — 1.
When there are N particles and a total number of clusters K, the partition of clus-
ters is denoted (11, ..., ng) € Py k. The total transition rate from a configuration
of K to K + 1 clusters is the sum over all possible dissociation rates

K
(92) sk = _(nj—Da=(N—K)a.
i=1

The formation rate is proportional to the number of pairs

K—-1 K K(K —1
93) k=Y Y Connp="E0

i=1 j=i+1
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Following relation (53), the steady-state probability IT1x for the number of clusters
of size K satisfies the time independent master equation
siIT = foll,
%94) (fk +s)k = fr1 k41 +sk-1Tlk—1,
vy =sy—1Ty-1,
which leads to the relation
(N —1D)! -
K(K+DI(N—-K—-1)!

Using the normalization condition ) g [1x = 1, the probability IT; can be ex-
pressed as a hypergeometric series

(95) Mgi1 = Qa)k .

1
(96) I = ;
1F1(—N +1;2; —2a)
where
o0
(@) 7"
97 Fi(a;b;7) = —,
97) 1F1(a; b;2) Z:(b)nn!
n=0
is Kummer’s confluent hypergeometric function ([1], pages 503-535) and
(98) Xp=xx+1)---x+n-1)

is the Pochhammer symbol. The average number of clusters at steady-state

N
pi(a) =) Kl
K=1

(99) J
=11 d—Z(ZIFl(—N +1; 2; Z))|z=—2u‘
The derivative of the Kummer’s function is
d a
(100) — 1Fi(a;b;2)=— 1Fia+ 1;b+ 1; 2).

dz b
Finally, the mean number of clusters is expressed as

1F1(—N +2;3; —2a)
1Fi(—=N +1;2; —2a)

=14a(N -1)Gy,

pi(@ =1+a(N —1)

(101)

where we note G the function defined by

_ 1F1(—N—|—2;3; —261)
| Fi(=N+1;2; =2a)°

(102) G
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More generally, we introduce the functions G; defined by

_ 1Fi(—=N+1+1i;2+1i; —2a)

(103) G;
1Fi1(=N +1;2; —2a)

Following the procedure presented above, all moments of the probability distribu-
tion [Tx can be computed and the nth-order moment u,, is expressed using the
operator H defined by

d
(104) H(N@ =2/ (@),
Z
by
N H™W (G FI(=N + 152;2)) ;24
(10> “”:,;K M= RN+ 12 —20)

Using the differentiation formula for the hypergeometric function (100), the mo-
ments [, can be written as

(N -1

n
106 =)o ka6
(109 Hor gak(k+l)!(N—l—k)! “ ok
n
11
107 = r——G
(107) ;Oak 0, Ck
where the coefficients o are given by
k/2 n . n
k+1— 1
k!Z(—l)J( + (Ii) —:'(]—i_ ) if k is even,
— —J])
=0
U=\ G
k+1=H"—G+D"
iy it (15) _)'(” " ifkis odd,
._ —7])
j=0

and aj = a;; = 1. We can thus obtain the variance of the number of clusters, given
by

(Vool@) = pa — 11

—a(N — )G (a, N)
(108)

T %aZ(N — D(N =2)Ga(a, N)

—a*(N —1)2G3(a, N).
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4.1. Asymptotic formulas for the mean and variance of the cluster number. We
provide here approximations for the functions G, defined in equation (103). Kum-
mer’s function can be expressed in terms of generalized Laguerre polynomials

n!
Ly (@),
(P
where n is an integer. The asymptotic behavior of Laguerre polynomials for
large n, fixed x > 0 and «, is given by [30]

o 1 X

ni i e 32 / a+1
LY(— 2 e
W70 = 27 1 5+1 exp< x(n+ 2 ))

m/2
X (1 +> Con ™+ O(n_m/2)>,

v=1

(109) 1F1(—=n;b;z2) =

where m is a positive integer and C,(x) is a regular and bounded functions for
x > 0, independent of N. Using the leading order term in the expansion for m = 2,
we get

o

o 7__ - o+ 1
L, (—x)= 2\/_x% iexp<2 x<n+ > ))
x (14 Ci(x)n~ 1?4+ O(n_l)).

We can now evaluate G| by using the asymptotic expansion for | Fi(—N +
1;2; —2a) and | F1(—N + 2; 3; —2a). For large N, we have

1 (N=DV4 ¢

(ST

(110)

1F1(—=N + 1; 2; —2a)=ﬁ N (Za)3/4exp(2v2aN)
(111) |
1+ 0| —
X( " (m))
and
PN 423 2ay= L N=27 e
(112) e a)_N<N—1> 2y (a)d*
x exp(2y/2a(N — 1/2))(1 + 0(\/%))
Finally,
2 1
s Gl(a,N):\/%exp(Z,/Za(N— 1/2)—2\/2aN)<1+0<\/—N)>

N 2 ( a)_é( )
TVan TP\ T o)) T
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Similarly, the present computation can be generalized to obtain the asymptotic
approximation G, for the functions G, valid for large N and fixed n,

~ _ (m+ 1! a
(114) Gn(a,N)~WGXp<—n ﬁ)
In Figure~4, we compare the exact value of G [defined in (102)] with the approx-
imation G given by expression (113). The approximation is more accurate for
intermediate values of a [see Figure 4(B)]. In addition, the error function %
has a~discontinuity in the derivative for a = 10. Indeed, at a = 10, the function G
and G cross each other, and thus |G| — G| has a singular derivative, shown by a

cusp type behavior in Figure 4(B). Moreover, the function G is always decreasing

A

100,

0 50 100 150 200

0 50 100 150 200

N

FI1G. 4. Approximation of G1. (A) Plot of G (black) and approximation Gl [red, equation (113)]
versus N for a =1,10,100 and 1000. (B) Comparison of the values of G| and G, measured as
1G1—=Gil

G
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with N, however, its approximation G is nonmonotonic [Figure 4(A)]. Finally, by
using the asymptotic expression (113), we find the approximation of the number
of clusters for large N,

(115) 1@ ~ 1 +«/2aNexp(— /%)

To obtain a numerical approximation of G| for small a, we used the finite con-
tinued fraction decomposition for the ratio of hypergeometric functions | Fy [19],
and obtain

1F1(—N +2;3; —2a)
1F1(=N +1; 2; —2a)
1
N+1)a/3
1+ ¢ (Nf);;z{/é
s

a/(N—1)2N-3)
“Ifa/(N-1)

Gi(a,N) =

(116)

-
We obtain the Taylor expansion of G for small a from the continued fraction,
Gi(a, N)
N+1 ((N+1)(N—2) (N + 1>2> >
=1—- a a

3 18 9
(117)
B ((N + 1)(N —2)(N +2) L (NADW - 2)? LN+ 1)3)03
180 108 27
+o0(a®).
This expression is computed from the continued fraction G written
Gi(a) :
1@a)=———-—
14 Fi(a)a
(118) 1(a)
_ 1
=T _ha
I+ +I‘1”za(a)

where the general term of the sequence F, is

fn
1+ Futi(a)a

with F,11(a) = O(1). G can also be written as

(119) Fu(a) =

(120) Gi(a)=—7F—.
1+ ajzfz
1+ +m
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To obtain a third-order Taylor expansion of G, we simply used Fi, F;, F3 and we
have truncated the rest of continued fraction to obtain

(121) Gi(a) =1 — Fi(a)a + F{(a)a* — F{(a)a® + o(a®).
The expansion of F is
Fi)=—
1+ F(a)a

= fi(1 = Fa(a)a + Fj(a)a®) + o(a?)
= fi(l = /(1 = fsa)a+ f(a)a®) + o(a?)
= fi— fifa+ (fifafs + f1f})a* +o(a?).

Using F expansion into G, we finally get

(123) Gi(a)=1— fia+ (ff + fif)a® — (fifafs + fLfi + f)a’ +o(a?).

(122)

4.2. Statistics for the number of clusters of a given size. We now compute
several moments for the size of clusters when there are N particles. Using relation
(38), we first obtain the expression for the mean number of clusters of size n when
there are K clusters

(Mp)nk= Y, mup (mi|K)
(mi)eP,(,!K
(124)
CN_nk-1

~ Cwnk
Determining this relation requires computing the normalizing constant C g given
in equation (20). The normalizing constant Cy_ g is the Nth-order coefficient of
SK where S is the generating function (21)

0.¢]
: X
125 Sx)= ix' = .
(125) ) ;alx ar—
The coefficient Cy g is thus equal to the (N — K)th-order coefficient of % &
(Remark 1). We obtain this coefficient by differentiating N — K times —L_ and

(1-x)k
estimating the derivative at x = 0. We obtain that

1 1
_gﬁ (N —1)!
T K!' (K =DUN=K)!

(126)
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Thus, by combining (124) and (126), we obtain that the number of cluster of size n,
when the N particles are distributed in K clusters is

(N—n—-1DIKI(N —K)!
(N—DI(K -2 (N—-n—K+ 1V
which we remark to be independent of a. The mean number of clusters of size 7 is
obtained by summing over all possible configurations with K clusters,

(127) (Mp)n.kx =

N
(My) = (M) .k Tk
(128) K=l
_(N—n—l)! K(K —1)(N — K)!

(N —1)! ;(N—n—l(-i-l)! K-

Using expression (95) for [1g, we obtain
1Fi(=N +1+4n;2; —2a)

129 M,) =2 ifn <N
(129) (Mn) = 20— TN T 1.2 20 =

and
1
1Fi(—=N +1;2; —261).

The mean number of clusters of size N is exactly equal to the probability I1;(N)
of having one cluster when there is N particles [see equation (96)]. Indeed this is
the only configuration where a cluster of size N can appear. The mean number of
clusters of size n is 2a HH&S,N ) L which means that it is given by the ratio of the
probability of having one cluster when there are N particles over the probability
of having one cluster when there are N — n particles.

The number of clusters can also be written using the function G defined in

(103),

(130 (My) =

)k+1

B « 2a n!
(30 WMn) = ,;)( D et —om %t
(132) —2aZ( pyk e 1)

[My(n )

where I1i(n) is the probability of having k clusters in a system of n particles. To
summarize this analysis, we plotted in Figure 5 the mean number of clusters of
size n for N =5 particles.

4.3. Probability to find two particles in the same cluster. 'We now evaluate the
probability to find two particles in the same cluster for a constant kernel. When
there are N particles, we first prove the following.
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A a=.05 a=.5 a=5
c
5 My S 3 [ I |:| D
» —————e— <M> v
S 4 5B M 22°|
7 - = = - <My D 5l
S 1, <M,> @
5 _e_e_e_<M5> %1.5*
— 2 S
[} o1
2. 5
% e Alils ol
= 0 N S S 0 J_’—\A_\—
2 0 2 Z
10 10 10 0 1 2 3 4 5
a Cluster size n

FI1G. 5. (A) Mean number of clusters of size n as a function of the parameter a for N =5 particles
[equation (130)], and total number of clusters 1. (B) Mean number of clusters (M) as a function
of the cluster size n, fora =0.05,a =0.5 and a =5.

LEMMA 1.
N
N—-—K

133 i2(M =N +2N ,
(133) ;M Nk =N 42N
where

(N —j — DIKI(N — K)!
(134) (Mj)nN.k /

TIN—DIK—2IN—j—K+1)!
is given by relation (127).
PROOF. Using formula (127), we have

20— 2 (N—j—1D!K!(N—K)!
;J (MJ)N—;J (N—-DUK -2 N —j—K+1)!

_ KK —1)(N —K)!
N (N —1)!

(135)

N—K+1 (N—j—1)

2
x ; PN K+

To determine the sum in equation (135), we introduce the sum

N—K+1 .
L (N—j—1)!
136 Sve= Y. Jj° :
(136) A TR e
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and prove now that

N ON — K +1
TIN-K)!(K-DKEK+1)

(137) SNk

We first obtain a recurrence relation between Sy1 x and Sy k

N—-K+2
SN+1.K = Z jz(N—j)(N—l—j)...(N_K+3+j)
=1

N—K+1
= Y (GHD)WN—j—-DWN—-j—2)-(N-K+2+))
j=0
(138) :M
(N—K+1)!
N—K+1
+ > (PH2 DN == DWN = =2 (N—K+2+ )
j=I
= WD gk +at28B
_(N—K+1)!+ N.K +A+25,
where
N—K+1
139) A= Y (N—j—-DIN—-j—-2)--(N=K+2+)
j=1
and
N—-K+1
(140) B= > j(N—j—DWNN—=j=2)---(N=K+2+j).

j=1

We first use a change of variable for A and find

N-2
A= ) jG=D-(—-K+3)

j=K-2
(141)
N-2 j! N-2 J
- L —(K-2)! .
j:;_z (j— K +2)! ( )j:;_z (K—2>

Using the binomial relation

n . 1
£()-(7)
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=(K — 2)’(N B i)

B (N —1)!
T (N=K)WK =1

we obtain

(143)

Similarly, we obtain for B

- % o DGk

j=K-2
N-=-2 .
=NA— Z Ll)"
j:K—z(J_K+2)'
N—1 J
(144) —NA— (K —1)! ( )
2 k-
N! N!
T (N—K)WK—-1 (N—K)K
N!

T (N—K\K - DK’
Finally, we obtain the induction relation for Sy g

N! (N -1)!

SN+1,k = SNk +2(N — KWK — DHK + (N-K)NK —-1)
) -
(N—-K+ 1)
N!Q2N — K +2)

=9 .
NETINZK+DI(K - DK

Using that Sk x = (K — 2)!, we finally evaluate the sum

1 NG -D2j-K)
(K—l)K; (j — K)!

Sn.k =

j! NG -
(j—K)! (K—l)v 2 (j— K)!

T(K- 1> Pt

N

K 50

N . N-1 .
(146) =2(K — 2)!2( )—(K—2)! > ( / )

y S \K -1
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N +1 N
:2(1(—2)!([“r ]> — (K —2)!<K)

(k-2 (2(N+1)! _ﬁ’)
(N—KNW\"(K+1! K!
N! 2N — K +1

TWN-KNV(K-DKEK+1D)

which is formula (133). O

THEOREM 4.1. The probability to find two particles in the same cluster is
(147) (P2) =G,

where G is defined in (102).

PROOF. Using equation (75) and Lemma 1, we can now compute the proba-
bility to find two particles in the same cluster

N N
1
P I 2(Mj)N K — ——
(Py) = N<N—1>K21 K 2T My K — 5
(148)
al N—-K 1
ZHK<N+2N )- :
N(N—I)Kl K+1) N-1
Thus,
2 X N-K
P —
Pl N—1K2::1 KK +1
(149)
2 N+1 & 1

=— 2 Mg.
N1 N—1KX::1K+1 K
Following formula (99), the sum in equation (149) can be expressed by integrating

the Kummer’s function

1 g M aREN+120dz
—K+1 72 2

(150)

z:2a

Integrating the hypergeometric series gives

(151) leFl(—N—i- 1;2;2)dz =220 F2(—N +1,2;2,3; 2),
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which leads to

N _ 12 (=N +1,2;2,3; —2a)
KXZ:] K1 K= RN+ 1.2 —2a)
(152)
_ I1Fi(=N+1;3;—2a)
T2, F (=N +1;2;-2a)°
By combining equations (149) and (152), we obtain
2 N+11Fi (=N +1;3; —2a)
N—-1 N-1{Fi(—N+1;2;-2a)’
The three-term recurrence relation for Kummer’s function ([1] equations 13.4.1—
13.4.6) gives

(153) (Py) =—

N
1F1(—N+1;3;—261)=N 1F1(—=N +2;3; —2a)

1
(154) +
Fi(—=N +1;2; —2a).
tx 1! 1(—N + a)
Finally, using equation (102), we obtain
(155) (P2) =Gy g

To finish this section, we note that the large N asymptotic of the probability that
two particles are in the same cluster is

[ 2
(156) (Py) ~ v

Many results presented in this section can be used to study the distribution of
clusters in biological systems such as telomere organization in yeast. We provided
here the explicit derivations of the exact and asymptotic formulas that can be used
to analyze experimental and simulation results [14].

5. Example 2: The case a; =a fori <M and a; =0if i > M. In this sec-
tion, we consider N particles that can associate or dissociate at a constant rate, but
in addition they cannot form clusters of more than M particles. The configuration
space for distributions of N particles in K clusters of size less than M is

M M
(157) Py ko = (mdi<iem; Y _imi=N,> mi=K .

i=1 i=1
First, the minimal number of clusters is necessarily bounded by K > N /M, since
the opposite would imply a cluster of at least M + 1 particles. The probability of a
configuration (my,...,my) € P]/\,’K’M is equal to

1 1
' 9

158 Pr{(my,...,mpy) € Py =
( ) {( 1 M) N,K,M} CN,K,Mml!“'mM-
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where the normalization constant Cy g u is the Nth-order coefficient of

(aX+aX2+-~-+aXM)K—aKXK(&Y

B X -1
X \K& (K

(159) :aK<—) Z( )(—D"X"M
1—-X o\

1 K (K
— Kiz — 1P x"M+K
¢ (1-Xx)kK n:o(n)( . .

Then the Nth-order coefficient of the polynomial is obtained by finding the (N —
nM — K)th-order coefficient of (1 — X)~X

K
K 1
C — K}: —1)" pN—nM+K))
NKM = n:0<n)( SN M T K

1
% ((1 - X)K)|x:o’

where we write D" (f) as the nth-order derivative of some function f. Thus,
setting Ko = LN;MKJ, where | -] is the floor function, we have

(160)

Ko

(161) Cnxm=a"K)"
n=0

(N—nM—-1)!

(K —n)!(N — (nM + K))!(_l) '

For M = N, we find Ky = 0 and the normalization constant

K (N —1)!
(K — DI(N - K)!'

(162) CnknN=a

is equal to the normalization constant Cy g obtained for the constant kernel in
Section 4.

The mean number of clusters of size i < M conditioned on the number of clus-
ters K is

(M)k= Y. mipmi,....mpy)

/
miEPN,K,M

(163)
aCN—i,K—l,M

Cn.k.M
To find the probability to have K clusters, we now redefine the formation rate. In
Section 4, the formation rate was proportional to the number of pairs of particles
since all of them could form a new cluster. In the present case, two clusters of size
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i and j can form a new cluster only if i 4+ j < M. The formation rate when there
are K clusters is thus

fk= Y.  plmi,....my)

(mi)ep;\/,K,M

M/2 mi(mi _ 1) M
X ( E T + E mimj>.
i=1 i,j=1
i+j<M;i#j

(164)

The formation rate can be written as a function of the coefficients Cy g a as

(165) H=Cnp2m,
and for K > 2
. M N—K+2
KK —1™e 2
fk=—7— Y. Cnozik-a2m
=1
(166) 'l(M 1LN=K+1)
K(K — 1) MM =R
— > CN—i—j.K—2.M-
i,j=1
i+j<M

The separation rate remains unchanged sx = (N — K)a, and the probabilities at
steady-state are given by

_ Jk+1
=
A simple expression is certainly hopeless, but the limit a — 0 is informative: con-
trary to the previous case with a constant kernel (M = N), where the particles
form a single cluster of size N, the present system contains multiple steady-state
distributions. The clusters grow independently and reach either their limit size M
or are configured such that the sum of the sizes of each pair of cluster is larger than
M. All possible configurations contain exactly [N /M1 clusters, where [.] is the
ceiling function.

We illustrate the limit case a — 0 for N =9, M = 4 (Figure 6). Because a > 0,
all partitions are accessible, but as a — 0, the steady-state configurations are dom-
inated by the configurations with the largest possible cluster size (4,4, 1), (4,3, 2)
and (3, 3, 3). Applying formulas (161) and (163), we obtain the limit cluster con-
figuration probabilities

(167) Mg [Mgy1.

3
45491 = T

p( )=10

(168) (4.3,2) = 0
p ) £ - 105

1
3,3,3) = —.
p( ) 10
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A a=105 | a=05 ~ a=10
4
C o8 08 0.8
2
= 0.6 — 0.6 0.6
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8 0.4 0.4 0.4
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FIG. 6. (A) Distribution of the number of clusters Tl for N =9, when cluster sizes are limited
(M =4, black) and not limited (M =9, red). There is a minimum of [N /M7 clusters. From left to
right : a = 107, a = 0.5, a = 10. (B) Mean number of clusters of each size (My). For a — 0, for
N =9 and M = 4 the clusters organize in three different cluster configurations, while for M = N a
single cluster containing N particles is formed.

These steady-state probabilities do not depend on the initial particles configura-
tions as long as a # 0. For a = 0, there are three possible configurations (4, 4, 1),
(4,3,2) and (3, 3, 3): once equilibrium is attained, the clusters will remain un-
changed. The probability to get to equilibrium depends on the configuration and
the order of clustering events. When there is no limitation in the cluster forma-
tion (M = N =9), a single cluster containing all particles is formed (Figure 6, left
panel). For large values of a, most clusters are very small, and the distributions are
similar for M =4 and M =9 (Figure 6, right panel).

The probability for two particles to be in the same cluster provides a good esti-
mation for the cluster distribution for various values of the parameter a (Figure 7).
When a is large, most particles are contained in very small clusters and the prob-
ability (P») is similar for the cases M =4 and M = 9. When a — 0, particles
tend to form larger clusters. A single cluster containing all particles is formed and
(P2) = 1 when M =9, but the maximal value of (P,) is less than 1 when the
maximal cluster size is limited. We can explicitly compute (P5) in the limit case
a — 0. For example, for M = 4, using equation (69), and summing over all possi-
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F1G. 7. Probability (Py) that two particles are in the same cluster. The parameters are N =9 and
M =4 (black), M =9 (red). For large values of a > 1, only small clusters are present and the
steady-state distributions are similar for the cases M =4 and M = 9. When a — 0, the clusters
organize in three different cluster configurations, while for M = N a single cluster containing N
particles is formed.

ble configurations (168), we obtain

(P)=p@&,4, )HP(4,4,1)+ p4,3,2)P>(4,3,2) + p(3,3,3)P»(3,3,3)
3 24 6 20 1 18
=107zt Ton
7
S

6. Example 3: Application to the case a; = ai. We finally consider the case
a; = ai. It has been shown [12] that the number of clusters of size i is asymptoti-
cally

(169) (M;) = aie™ V2N
The generating function S [equation (21)] is given by
X
170 Sx)=a——=,
( ) (x) a (1 _ X)Z

which gives that
1 1
pN-kK -
(N —K)! (I =x)** x=0
K 1 (N+K-1)!
(N—-K) Q2K -1)!

_ k(N+E-T)
N-K

CN,K =aK

(171) —a
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We thus obtain using formula (43) that

(N i+K— 2)
(172) (Mi)n g =i R,
Cnk )
To obtain the number of clusters of size i, we determine the probability of a distri-
bution of K clusters ITx. We consider the coagulation kernel C (i, j) =1 and the

fragmentation kernel F (i, j) = aH_—., and obtain that
173) o ”X‘E im—i) am®—1)
n)— a = .
i=1 n 6
The separation rates are
N?—1
(174) g2 =D
6
and for K > 2
YN K A ai Oz k-1
SK =
Cn.k
475 = aZimt i - DEIT
- N+K—1
6 Chvok )
1 1 NEHI@E-DWN—-i+ K -2)

a
€(N+K ) 2K —3)! (N—i—K+1)!

i=l
To go further in the determination of s, we evaluate the sum

1 NEH @B -h(N—-i+K—2)

2K —3)! ; (N—i—K+1)!

(176) ¢N.K =

After the change of variables j = N —i — K + 1 in the sum, we obtain

N—K
oNK="— > (N—K—j+1>—(N—K—j+1)
(21(—3)!1.;
(j +2K —3)!
X—.‘
177) J
- B 3 . j+2K =3
;W K—j+1)—(N-K ]+1))< 21<—3>

+K—

3 . J
Z (N+K—-2—)) —(N+K—2—]))<2K_3).
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We expand the sum and write ¢y g, with G(N, K) =N + K — 2, as

G(N,K)—1 J
onk =(G(N,K)’ —=G(N.K)) Y. <2K 3>
j=2K-3 -

G(N,K)—1 .
+(1-3GWV,K) Y j( / )

j=2K-3 2K =3
(178)
G(N,K)—1 j
+3G(N,K) > j2( )
Py 2K -3
G(N,K)—1 .
EL)
2K -3 2K —3
We evaluate the sums using the formulas
n .
J n—+1
17 =
o 060
j=k
n .
AJ n+2 n+1
180 =((k+1 — ,
(180) J;kf@ (k+ )(k+2> <k+1>
1 2j n+3
' =k+1)k+2
J;J (k) (k+ 1k + )<k+3)
(181)
n+2 n+1
=3k +1 )
w0+ ()
n .
.3 ] n+4
=k+1D)k+2)(k+3
/;kj (k) (k+ 1)k +2)(k + )(k+4>
n+3
182 —6k+1)(k+2
(182) (+)(+)<k+3>
n+2 n—+1
Tk +1 — .
en(i)-(0)

So the sum @y g is equal to

G(N,K
on.k = (G(N,K)’ —G(N, K))( ( ))

2K =2
2K —1

+(1=3G(N,K))2K —2) (G(N’ £+ 1)
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G(N.K
—(1-3G(N, K))( 2(1< B 2)>

+3G(N,K)(2K —2)(2K — 1)<G(N, K)+ 2)

2K
(183)
G(N,K)+1

- 92K —2)G(N, K)( 2K — 1

)+3G(N, K)(G(N’ K))

2K -2
2K +1

— 2K —2)(2K — 1)2K(G(N’ K+ 3)

+6(2K —2)(2K — 1) (G(N’zg) + 2)

_70K —2) (G(N, K)+ 1) N <G(N, K)),

2K —1 2K -2

which can be simplified into

_ (G(N.K) 3
PN K = ( 2K 2 )(G(N, K)’+5G(N, K))
_6(G(N, K)+1

K )(1 +2G(N, K))(2K —2)

(184)

G(N.K)+2
+3( (N,K) +
2K

)(G(N, K)+2)2K —2)2K — 1)

B (G(N, K)+3

2K + 1 )(2K —2)(2K — 1)2K.

We now use that (Zj[}) = 44 (}) to write gy x as a function of (XK. Using

equation (175), we obtain

_a 2K — 1

~ 6G(N,K)+1
—a(14+2G(N,K))(2K —2)

SK (G(N,K)* +5G(N, K))

(185) 2K —2)2K — 1)
a 2 — _
+7(GW, K) +2) K
. 2K — (2K - 2)
—5(CWN.K) +2)(GIN. K) +3)————
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The formation rates are given by

K(K —1)
(186) fk=—7—
and the probability of having K clusters is given by the relation
(187) Me = 25 e,

SK

7. Conclusion. In this paper, we investigated a certain class of discrete
coagulation-fragmentation processes with a finite number of particles. We de-
termined the steady-state probability distribution when the number of clusters is
fixed. We studied the cluster distributions using the partitions of the total number
of particles with a given number of clusters. We computed the distribution proba-
bility function in terms of multinomial coefficients.

This approach allows computing various statistical quantities and moments, in-
cluding the mean number of clusters of a given size conditioned on the total num-
ber of clusters. However, computing other quantities, such as the size of the largest
clusters cannot be derived from the present results and requires novel methods of
calculation.

Finally, we defined two new times to characterize the cluster dynamics: the first
one is the mean time that two particles spend together and the second is the mean
time they spend separated. We computed here the fraction of these times, which
is the probability that two particles are in the same cluster. We have applied these
results to specific coagulation-fragmentation kernels. For the constant kernel, we
obtained exact expressions of the number of clusters in terms of hypergeometric
function. When the size of the cluster is limited, we obtained a model of nucleation
in the limit @ — 0 and found multiple steady-state distributions, depending on the
initial number of particles and the limit size.

Our study on coagulation-fragmentation of a finite number of particles was mo-
tivated by stochastic processes in chemical reaction theory and in molecular and
cell biology of the cell nucleus organization. When the clusters and free particles
evolve in a homogeneous region in dimension 2 or 3, the time two particles spend
separated (recurrence time) is exactly the reciprocal of the forward rate of a chem-
ical reaction. However, when the region is not homogenous so that clustering can
occur preferentially in some subregions, this is not anymore the case, and the re-
currence time can be shorter than the meeting time, as discussed in the context
of telomere clustering in yeast [17]. In that case, clustering favors encounter. The
time that two particles stay in the same cluster is an indicator of the possible ex-
change of genetic information between clustered telomeres, a process that remains
to be studied both experimentally and theoretically.

Acknowledgments. David Holcman thanks the Institute of Mathematics, Ox-
ford University, for its hospitality.
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