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Abstract. We present a coalescent process where three particles merge at each
coagulation step. Using a random walk representation, we prove duality with a
fragmentation process, whose fragmentation law we specify explicitly. Further-
more, we give a second construction of the coalescent in terms of random binary
forests and study asymptotic properties. Starting from N particles of unit mass,
we obtain under an appropriate rescaling when N tends to infinity a well-known
binary coalescent, the so-called standard additive coalescent.

1. Introduction

Generally speaking, a stochastic coalescent is a Markov process describing the
coagulation of particles characterized by their size only. The rate at which particles
merge depends just on the members involved. Conversely, fragmentation processes
describe a Markovian evolution of particles which split independently into new
particles (branching property). The goal of this paper is to study the stochastic
coalescent with ternary coagulation kernel

k(rys,t)=r+s+t+3, ryst>0,

to which we will simply refer to as ternary coalescent or ternary coalescent process.
Here, three particles of sizes (masses) r,s,t coagulate into a new particle of size
r+ s+t at rate r + s+t + 3. Although at first glance, the kernel x may look
somewhat arbitrary (for example, it is not scale invariant), the corresponding pro-
cess enjoys rather interesting properties. Similarly to the additive coalescent, that
is the coalescent where two particles with masses s, t merge at rate K(s,t) = s+,
the state chain of the ternary coalescent admits different representations. In the
spirit of Bertoin (2001), we show how it can be obtained by looking at excursion
intervals of a one-dimensional conditioned random walk. As a by-product of our
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representation, we establish duality with a fragmentation process via time-reversal.
We stress that this is a unusual feature, because the branching property normally
fails when time is reversed in a coalescent process. Section 7 of Bertoin (2006a)
gives a brief overview over cases where such a duality relation has been proven. See
also Chapter 5.5 in the lecture notes of Pitman (2006) for further discussions.

Using the same construction, we study asymptotic properties of the ternary
coalescent starting from N particles of unit mass. Properly rescaled in space and
time, we observe in the limit N — oo the so-called standard additive coalescent,
which has been obtained by Evans and Pitman (1998) as the weak limit n — oo of
the (binary) additive coalescent, started at time —(1/2)Ilnn with n atoms of size
1/n. Here, the characterization of Bertoin (2000) of the dual fragmentation process
connected to the standard additive coalescent by time-reversal plays a pivotal role.
We emphasize that even though & is a ternary coagulation kernel, we end up in the
limit with a binary coagulation process.

We also highlight a second construction of the ternary coalescent involving ran-
dom binary forests, following the ideas of Pitman (1999). In a final remark, we
point out that this representation could instead be used to work out our results.
Moreover, we outline a possible extension of the results to certain k-ary coalescent
processes.

The rest of this paper is organized as follows. In the first section, we describe the
semigroup of the ternary coalescent and derive some further properties. We finish
this part by computing the one-dimensional statistics for the underlying state chain
starting from an odd number of particles of unit mass. Its special form already hints
at a connection to hitting times of a one-dimensional nearest neighbor random walk,
which we elaborate in the next section. There we prove duality via time-reversal
with a fragmentation process, using an explicit construction of the coalescent in
terms of ladder epochs. In the third part, we turn our attention to random binary
trees and find a second interpretation of the ternary coalescent which is based on
random binary forests. Finally we use again the random walk representation to
study asymptotic properties of the coalescent in the last section.

2. Some basic properties
Throughout this text, let
N={1,2,...}, z2={...,-1,0,1,...}, Z;=Nu{0}.

The coalescent process will take values in the space of decreasing numerical se-
quences with finitely many non-zero terms

St = {s=1(s1,82,...):81 =83 >...> 0,8, =0 for k sufficiently large} .

We may think of elements of a sequence s € St as (sizes of) atoms or particles and
simply identify s with its non-zero components. If we write s = (s1,...,s;), the
non-zero components of s are precisely given by s1,...,s,. If s = (s1,2,...) € S
and 1 < i < j < k, we use the notation s*®®F for the sequence in S* obtained
from s by merging its ith, jth and kth terms, that is one removes s;, s;, s; and
rearranges the remaining elements together with the sum s; + s; + s in decreasing
order.

Let us define the object of our interest. Recall the kernel x from the introduction.
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Definition 2.1. The ternary coalescent with values in S* and kernel & is a contin-
uous time Markov process X = (X(t), t > 0) with state space S} for an appropriate
subset S} of S*, and jump rates

D S

1<i<j<k, s >0

This definition can be adapted in an obvious way to other coagulation kernels,
leading to different stochastic coalescent models, for example the additive coalescent
with kernel &(s,t) = s+ t.

Before looking at concrete realizations, we collect in this section some basic prop-
erties which can be read off from the kernel x and the very definition of jump-hold
processes of the above type. Denote by X = (X(t), ¢ > 0) the ternary coales-
cent, started from a finite configuration r = (r1,...,7y5) € S*, where N = 2n + 1,
n € Zy. We write M = r1 4+ ...+ ry for the total mass in the system. For every
k=0,...,n+1, let T be the instant of the kth coagulation, with the convention
To = 0, Tj,41 = co. The state chain or skeleton chain X’ of the coalescent process
is given by X} = X(T}), k = 0,...,n. We use the expression #(t) for the number
of particles at time ¢, whereas J(t) = max{k € Z, : T, < t} stands for the number
of jumps up to time ¢t. Note that #(t) = N — 2J(t).

2.1. State chain and semigroup.

Proposition 2.2. In the preceding notation, the following holds true.

(1) The sequence Ay = Ty, — Tr—1, k = 1,...,n, of the waiting times between
two coagulations is a sequence of independent exponential variables with
respective parameters

1
2

In particular, the sequences {T }o<k<n and {X]}o<k<n are independent.
(2) The sequence {X}}o<r<n is a Markov chain with transition probabilities

s;+s;+ s, +3
all+1) 7
where 0 <1 <n, 1<i<j<k<N-2l,ands=(s1,...,5n_21) EStisa

generic finite configuration with total mass sy + ...+ sy_or = M such that
P(Xx/ =s) > 0.

a(k) = (M + N +2—2k)(N + 1 — 2k)(N — 2k).

P (X, =s% | ) =5) =

Proof: Let 0 < < n,and put L = N —2[. By construction, the time A;;; between
the Ith and the (I + 1)th coagulation given X/ =s = (s1,...,5sz) is exponentially
distributed with parameter

Z (si 455+ sk +3)

1<i<j<k<L
I 1 L L L
- 3<3) +5 ijzkzl(sﬁsj + k) —3231- -3 Z (25 + s5)
sy v= 1= ’h;;j 5

_ %(M—i—L)(L— (L —2) = a(l+1).
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Therefore, the waiting times {Ay}1<x<n do not depend on the states {X}}1<p<n.
The rest follows from the construction of our process. O

We turn to a description of the semigroup. Recall that X starts from X'(0) =
r=(ry,...,rn). In the following, I" denotes the Gamma function.

Proposition 2.3. In the notation above, consider a partition w of {1,...,N}
into N — 2l (non-empty) blocks Bi,...,Bn_a, each of odd cardinality. Denote
by ALL(N — 21) the event that the N — 21 atoms of X result from the coagulation of
particles {r; :1 € B;}, j=1,...,N —2l. Then, withrp, = Ziij ry,

P (AL (N —21)) =

i lefl T ((rp, +|B;| +2)/2) (1B;| — 1)!
a(l)---a(l) = T((rs, +3)/2) (1B —1)/2)!
Proof: The first coagulation involves three particles with labels in the block B;
with probability
> oo +rotrin+3 (5 + (BB - D(B)[ - 2)
a(l) 2a(1)

i<i/<i" €B;

Now consider an arbitrary sequence (ki,...,k;) taking values in {1,..., N — 2[}
such that for every j =1,...,N =2, [{i <1 :k; = j}| = (|Bj| — 1)/2. Using the
Markov property of X/, we see that the probability that for all 7 = 1,...,1, the ith
coagulation affected only particles formed from initial particles with labels in By,
equals

1 N (e, + | Bj] +2)/2) ,
II (1B = 1.
a(l)---al) 1 T((rp, +3)/2)
Observe that the number of such sequences (k1,...,k;) is
( l ) B I
(|1B1] = 1)/2,....(|IBn-21| —1)/2 ((|B1] = 1)/2)t - ((|1By-2| = 1)/2)F
This proves the statement. ([l

In the setting of the proposition, denote by A (t) the event that X'(t) has N —2I
atoms, each resulting from the merging of {r; : i € B;}, j =1,...,N — 2. Since
the sequence of coagulation times and the skeleton chain X’ are independent,

P(An(t)) = P (T} < t < Tiyy, AL(N = 20)) = P(#(t) = N — 20) P(AL(N — 20)).

In particular, the semigroup of X is described by the preceding proposition and the
distribution of the number of particles at time ¢, which is computed in the following
lemma.

Lemma 2.4. In the notation above, forl =0,...,n andt >0,
41, i I+1
a(j)e a0t a(k)
P(#(t) =N —-2l) = —_— _
e | Sy

Proof: We use
P(#(t) = N = 20) = P(Tiyy > £) — P (T > £).
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Note that Ty is distributed according to Zle a(i) " 'e;, where a(i) is as in the
statement of Proposition 2.2, and ey, es,... is a sequence of independent stan-
dard exponential variables. As a general fact, a sum of k independent exponential
variables with pairwise distinct parameters a(i) > 0 follows the hypoexponential
distribution, that is the probability distribution with density

k k .
fl@)=>"a@)e O ] %
- AL SG=awm
= J=1,j#1
Integrating the density and regrouping terms result in the statement of the lemma.

O

2.2. The monodisperse case. We turn to the situation where X(0) =r = (1,...,1),
that is the coalescent process is started from the monodisperse configuration con-
sisting of N = 2n + 1 atoms of unit mass. In this case, the total mass M equals N,
so the rates a(i) simplify to

a(i) =(N+1—-4)(N+1-2i)(N —2). (2.1)
If s = (s1,...,5,) € S* we denote by v(s) the number of different m-tuples that

can be built from the elements s; (recall that by our convention s; > 0). To put
it into a formula, if {s;, }1<i<p is & maximal family of pairwise disjoint non-zero

elements from the sequence s, and k; = [{j =1,...,m : s; = s;, }|, we define
m
v(s) = <k:1kp>
In other words, the ranking map
rk: U N™ — St
m=1
which orders (rq,...,rm) € N™ decreasingly satisfies |rk=!(s)| = ~(s) for each

s # (0,...) € St. As a corollary of Proposition 2.3, the one-dimensional statistics
for X’ look as follows.

Corollary 2.5. Let 0 <1 <n ands = (s1,...,5x_21) € S* with s; € N odd for all
i, and s1+ ...+ sny_2ot = N. Then, in the situation described above,

—1 N-21
. N (N\ ! 1( si
P(‘Xl - S) - W(S)N . 2l Z H S 5’7';-1 .

i=1

Proof: The starting configuration is given by (r1,...,ry) with r; = 1 for each i.
Thus, if Xl' has N — 2] atoms of the sizes s; > ... > sy_o, then there is a partition
mof {1,...,N}into N —2I blocks By,..., By_g of cardinality | B;| = s;, such that
the atoms of X} evolved from merging the particles {r; : ¢ € B;}. Denote this event
by Al (N — 2l). Since
NI(N —-1)!
al)-al) = momv =1

we obtain from Proposition 2.3 (note that here rp, = |B;| = s;)

P (A (N - 20)) = W (7)1 fol(si - 1)'(})

i=1
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The number of such partitions 7 is given by

T o e )

By multiplying the last two expressions together, we arrive at the stated expression.
O

As the reader may already check at this stage, &] has the same distribution
as the decreasingly ranked sequence of N — 2] independent copies &; of the first
hitting time of —1 of a simple random walk, conditioned on & + ... +&n_9y = N
(see Section 3.3 for a definition of these quantities). Indeed, if £ denotes the kth
order statistic of &1, ..., &x_a;, then for s = (s1,...,sny_9;) € S

P ((&n=at)s---&n) = (51, sn—a) |G+ ...+ Env—2r = N)
= )P (&, €n—21) = (51, .., s8v—2) &4+ ... +&n_21 = N),

and an application of Lemma 3.2 affirms that the last expression coincides with that
obtained in the corollary. The connection between random walks and the ternary
coalescent will become much clearer in the next section.

3. Duality with fragmentation via random walks

Our intention of this section is to prove duality of the ternary coalescent with a
fragmentation process. Let us begin with an informal description of such processes.

Conversely to the phenomenon of coagulation of particles, one often observes
in nature or science processes of fragmentation. In these systems, particles are
broken into smaller pieces as time passes. As an example, one may think of DNA
fragmentation in biology or fractures in geophysics. Just as for coalescent processes,
one needs to impose constraints on such systems to make them mathematically
tractable. First, one assumes that the process has no memory in the sense that
the future does only depend on the present state and not on the past. Second,
one supposes that a particle is entirely characterized by its size, that is by a real
number, and third, one requires the system to fulfill the branching property, which
means that particles split independently.

Naively, one might first guess that a coalescent process can always be turned into
a fragmentation process by reversing time. However, even though the memoryless
property is preserved under time reversal, the branching property is typically not
fulfilled. In fact, there are only few examples known where a duality relation holds
(see Bertoin (2006a) Section 7 for an overview).

In view of our informal characterization, it is natural to call a Markov process
with values in S¥ a ternary fragmentation process, if each particle splits at a certain
rate according to some dislocation law into three smaller pieces, where both the
rate and the dislocation law depend only on the particle size s, and the sizes of
the newly formed elements sum up to s. Ranked in decreasing order, these three
particles together with the ones that did not split form the next state of the process.
In particular, different particles split independently.

For our ternary coalescent starting from N = 2n+1 atoms of unit mass, we shall
prove
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Theorem 3.1. Reversing the coalescent chain {X} }o<p<n in time results in the
state chain of the fragmentation process, whose dynamics are given in Proposi-
tion 5./.

We will derive our result from an explicit construction of the skeleton chain X’
in terms of (lengths of) excursion intervals of a conditioned random walk. This
representation will also be useful for studying asymptotic properties in the last
section.

3.1. From configurations to paths to mass partitions. We first show how subsets of
{0,1,...,2n} can be identified with certain paths of nearest neighbor walks on Z
of length 2n + 1. The excursion intervals above two consecutive (new) minima of
such paths partition the space Z/(2n + 1)Z into discrete arcs. Taking the ranked
sequence of their lengths, we obtain the main object of our interest.

To begin with, define the configuration space C,, to be the set of all subsets of
{0,...,2n} which have cardinality less or equal to n. We often represent x € C,, by
the vector (x(%))o<i<2n, Where

. 1, iex
z(i) = { 0, i¢x
Under this identification, we may regard x as a mass distribution. We use the

terminology that a site ¢ is occupied by a mass if 2(i) = 1 and vacant otherwise.
The number of occupied sites (the cardinality of the subset x) is denoted by

|x| = |{i € {0,...,2n} : x(i) = 1}].

We identify a configuration = € C,, with a path of a nearest neighbor walk of length
2n 4+ 1 on Z in the following way. Starting from the origin at time zero, the walk
goes one step up if site 0 is occupied, i.e. z(0) = 1, and down otherwise, then
above if (1) = 1, down if 2(1) = 0 and so on, up to time 2n. More precisely, the
corresponding path S(x) is given by S(z)o =0 and for 1 < j < 2n + 1,

j—1
S(z); =2 <Zm(i)> —J.

i=0
Notice that by definition, S(z)an+1 = 2(|z] — n) — 1. Clearly, the mapping
Cn, >z — S(z) is one-to-one.

As we show next, the excursion intervals of such a path provide us with an
element ;(x) in the space of cyclically ordered partitions of Z/(2n + 1)Z into
discrete arcs,

Pypi1 = {s®=(s1,...,8m) : there exist a1 <az <... < ay, <2n+1,
m,a; € N, such that for 1 <i<m—1,s; = [a;,a;41) NN,
Sm = ([am,2n +1)U[0,a1)) NZ,}.
Take z € Cp, and let M = —S(z)2p+1. With m(z) = ming<j<oni1.Sj(x), define
the first time at which S(z) reaches m(z) +k, k=0,...,M — 1,

mp(S(z)) =inf{j > 0: S;(z) = m(z) + k}.
Fori=1,...,M, put a; = mp—;(S(x)).
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FiGUureE 3.1. The black dots represent the configuration z =
{0,4,7,8,9,11,12} C Cg. The corresponding path S(z) starts at
zero and ends in —3 at time 17. It is periodically extended up to
time 20 to better recognize the excursion intervals 1 (x). They are
visualized by the dashed line above the z-axis, where the crosses
mark the endpoints of the intervals, i.e. ¢1(x) = (s1, 82,83) with
s1=[3,4)NN, s =[4,7) NN, s3 = ([7,17)U[0,3)) N Z,.

We construct a sequence s° = (s1,...,sn) € Ps, ;1 by setting s; = [a;, a;11)NN
fori=1,...,.M—1, sy = ([aps,2n + 1) U[0,a1)) NZ4. In other words, if we look
for k =0,...,2n at the shifted path 6;(S(z)) defined by

On(S(2)): = S(x)itr — S(z)k , 0<i<2n+1-k
k t S(I)i+k_(2n+1)+8($)2n+1—S(I)k, 2n+1—-k<i<2n+4+1 ’

then the element s° corresponds to the M successive excursion intervals of
Oy, S(x) above two consecutive (new) minima. The length |s;| of such an in-
terval is also referred to as a ladder epoch. We let ¢1(x) = s° and define ¢y as
the function which sends s° = (s1,...,sm) € P3, 4 to its arc lengths {|s;|}1<i<m,
arranged in decreasing order. In this way, we obtain an element in the space of
mass partitions

m
P%nH:{s:(sl,...7sm):sl>32>...>5m,m,sieN,Zsi:2n+l}.
i=1

By filling up with an infinite sequence of zeros, we will often identify mass partitions
with elements in S*. To summarize our construction, the concatenation map ¢

© ©
cp:gogowl:(fn—lfPQOnH —2>’P2¢n+1C8l.

sends configurations = € C, via their path representations to partitions of
Z/(2n + 1)Z and then to mass partitions.

3.2. Random evolution. Our purpose here is to randomize the input of the map
w:Cp— P%n 41 to obtain (a sequence of) random mass partitions. More precisely,
we construct two Markov chains on C,, running from time zero up to n as follows.
Let X = {X}o<k<n be the Markov chain with Xy = () and transition probabilities

1 . .
_ | mE x Cyand y\x = {i} for some i € {0,...,2n}\x
px(.y) { 0 , otherwise
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In words, (Xy, ..., X;) is obtained by occupying successively [ sites from {0, ..., 2n},
chosen uniformly at random. From the point of view of sets, X; is uniformly
distributed on the space of all l-subsets of {0,...,2n}. By identifying with the
random path S(X;), we will also think of X; as simple random walk up to time
2n + 1, conditioned to end at position —2(n — 1) — 1.

Let Y = {Yi}o<k<n be the Markov chain with Yy being uniformly distributed
on the space of all n-subsets of {0,...,2n} and transition probabilities
ﬁ , ¥y Cx and z\y = {i} for some i € {0,...,2n}\y

py(z,y) { 0

In words, (Yp,...,Y;) is obtained by removing successively [ masses chosen uni-
formly at random from the starting configuration Y;. In terms of sets, Y; is uni-
formly distributed on the space of all (n — 1)- subsets of {0,...,2n}. As above, Y]
can be identified with simple random walk up to time 2n + 1, conditioned to end
at —2] — 1. Note that by construction, we have the duality relation

(X0, Xp) S (Y, ...\ Yo). (3.1)

, otherwise

3.3. Realization of the skeleton chains. We are not interested in X and Y them-
selves, but rather in p(X) = {p(Xk)}o<k<n and ¢(Y). As we will show in Propo-
sition 3.5, the former is the state chain of the ternary coalescent starting from
N = 2n + 1 atoms of unit mass. The latter is characterized by Proposition 3.4 as
the state chain of a fragmentation process starting from a single particle of mass
N.

We need some preparation. Recall that simple random walk on Z is the Markov
chain S = {S;,}m>0 with Sy = 0 and S,, = (1 + ... + {m, where (1,(a,... are
independent random variables with P({; = +1) = 1/2. For k € Z, the first hitting
time of k is denoted by

Hy=inf{m >1:85,, =k}
The following result on the distribution of Hy is classical.

Lemma 3.2. Let k € Z, k #0, and m € N. Then
M m —m _
0 ) k # m[mod 2]

Moreover, if m =2n+1 and k is a fized odd number, as n — 0o,

1 /1

Proof: Clearly, for the probability to be different from zero the numbers k£ and m
must have the same parity. Then, using the hitting time theorem (see for exam-
ple Kemperman (1961)) in the first equality,

k| k| ( m ) -
P(Hy = =—P(S,,=k)=— 27,
(Hi =m) = 2B )= N+ k)2
The second statement follows from Stirling’s formula for the factorial. O

Before looking at ¢(X) and ¢(Y) in detail, let us give an indication that the
former is the skeleton chain of the ternary coalescent. Recall Corollary 2.5 and the
connection between X’ and hitting times. Let N = 2n+ 1, 0 <[ < n, and take
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N independent copies §; of the hitting time H_;. Denote by §) the kth order
statistic of &1,...,&N—oa;.

Proposition 3.3. (X)) is distributed according to (§n—21), - --,&1)) conditionally
oné& +...+&n-—2r = N, i.e. the one-dimensional distributions of p(X) and X’
started from N atoms of mass one agree.

Proof: We identify X; with simple random walk S(X;) up to time N, conditioned
to end at —(N —2[). For notational simplicity, let us write S instead of S(X;). Also
recall the definitions of 0y (.S) and my(S) from Section 3.1. By Theorem 1 of Bertoin
et al. (2003), if v is a uniform random variable on {0,..., N — 2] — 1} independent
of S, then the chain 6,,,(S) has the law of S conditioned on H_(ny_g) = N.
Moreover, the index m,, is uniformly distributed on {0, ..., N —1} and independent
of the chain 6,,,(S). Denote by 6, X, the shifted configuration defined by 6 X; (i) =
Xi(i4+k[mod NJ). Clearly, o(X;) = ¢(0;X;) for each k. From Theorem 1 of Bertoin
et al. (2003) we thus infer that for (sq,...,sn_2) € St,

P(o(X1) = (s1,. .-, sn-2)) = P (00, X1) = (s1,-.., Sn-21))
= P((Ew-21)s---:&1)) = (51,-- ., sn—2) |[&1+ ...+ En_a = N).
[l

For the moment, we leave p(X) aside and first turn to ¢(Y). In the sequel it
is convenient to use the notion of multisets, which we distinguish from normal sets
by using double braces. For example, {{a,b,c,c}} contains the elements a, b each
with multiplicity 1 and the element ¢ with multiplicity 2. The cardinality of this
multiset is 4, the order of elements is irrelevant, as for sets.

Let &1, &2, &3 be three independent copies of the hitting time H_;. To state the
transition mechanism of p(Y") in a concise way, we define a family p1=(ps, s > 30dd)
of probability laws, supported on

Qs ={R={{r1,re,r3}} : 7 €Nodd, r1 + 73 + 73 = s},
by setting
ps(R) =P ({{&1,&, &} =R & +&+E&=s3). (3.2)

More explicitly, applying Lemma 3.2 results in the expression

—1
- S 1 T2 T3 S
) =g (i) () (20 [()] oo

where 7 is the number of triplets (75, 7;, 7)) that can be formed from R={{ry,72,73}}

6 5 |{7"1,T'2,T3}| =3
Y= 37 |{T‘1,7’2,7‘3}|:2
L, Hri,re,rstl =1

Proposition 3.4. ¢(Y) = {¢(Ys)}o<k<n s @ Markov chain. Its transition mech-
anism from time l <n —1 to 1+ 1 is described as follows.
(a) Conditionally on ©(Y;) = s = (81,...,8241) € P%nﬂ, select an index
t€{1,...,2l + 1} according to the law
S; — 1
2(n—1)"

Plo=i| oY) =s)=
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(b) Given o(Y;) =s and v = i, split s; according to the law ug, into three num-
bers and rank them together with s,,, m € {1,...,2l+1}\{i}, in decreasing
order to obtain a new mass partition.

Proof: Fix 1 € {0,...,n —1}. We write ¢(Y)o.; for the vector (o(Yp),...,o(Y;)).
The Markov property will follow from

(1) (Y)ou and ¢(Y;41) are conditionally independent given ¢; (V7).
(2) ¢1(Y;) and ¢(Y;4+1) are conditionally independent given ¢(Y}).

Indeed, assuming (i) and (ii), with roy41 = (ro,...,ri41) € P§n+1 X ... X Pﬁnﬂ,

P (o(Y)o:u41 = ro:41)
= Y P(e(Y)ou =rou | 1(Y) =) P (p(Yip1) =110 | 91 (¥7) =u°)

wipr (20)=r;
x P(p1(Y7) = u°)
= P(p(Yi41) =111 | (Y1) = 1) P(0(Y)0: = rou) -

For (i), the key step is to show that the conditional law of ¢(Y )¢, given Y; only
depends on ¢1(Y;). In that direction, we work conditionally on ¢1(Y;) = s° =
(s1,...,82111) and denote by Ni(i) = |Yi N s;| the number of sites of the arc
s; which are occupied by Yj. Write N, for the family {Ny(i)}1<i<2+1. Let 4
denote the unique index such that the singleton Y;_1\Y; C s;,. In other words, i,
is the unique index 4 such that N;_1(i) = N;(¢) + 1. Then ¢;(Y;_1) results from
v1(Y;) = s by merging the arcs s;;, s;,4+1 and s;4o (with the convention that
indices of arcs are taken modulo 2] 4 1). By iteration, we realize that the sequence
Nou = (No, ..., N;) determines 1(Y)o.; and therefore also ¢(Y)g,;. Hence it now
suffices to check that the conditional distribution of Ny.; given Y; only depends on
©1(Y;) = s°, which is straightforward from the dynamics and the observation that
for every i = 1,...,2l + 1, the arc s; has exactly (|s;] + 1)/2 sites which are not
occupied by Y;.

We are now able to prove (i). Take t € P§n+1 with P (¢1(Y;) = 8°,0(YVi41) =t) >
0. Then

]P)(QD(Y)O:Z = To, Lpl(yrl) = Sov W(val) = t)
= > Pe(Mou=rou | Yi=2Yi =y) PV ==Y =1).

zewfl(s°)1
yee ()

Since Y is a Markov chain, it follows that for 2,y € C,, with P(Y; = z,Y;11 = y) > 0,
Plp(Y)ou=ro1 | Yi=2,Yi41 =y) =P (p(Y)ou =ro1 | Vi =12).

Plugging this into the above formula and using the conditional independence of
©(Y)o. and Y] given ¢1(Y;), we deduce that for 2 € ;' (s°),

P(o(Y)ou =roq | e1(Y1) =8, 0(Yi41) =t) =P (e(Y)ou =104 | Vi =2).

Similarly, one sees that the right hand side equals P(¢(Y )0 = rou | ¢1(Y7) = s°),
and (i) follows. We turn to (ii) and the description of the transition mechanism. We
keep the conditioning on ¢1(Y;) = s°. Note that Y; 41 evolves from Y; by removing
uniformly at random one of the n — [ masses. By identifying Y; with S(Y}), this
amounts to switching one of the upward steps chosen uniformly at random into a
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(13,-5)

FIGURE 3.2. The transition mechanism from ¢(Y1) to ¢(Y2),
where n = 6. Here, at time 1 the chain Y is in the configu-
ration state Y7 = {1,2,6,8,9}. Then the mass at position 8 is
removed. For the corresponding path, this means that the up-
ward step at time 8 is changed into a downward step. The new
path S(Y2) coincides up to time 8 with the old path S(Y7) and is
then indicated by the dashed line. The excursion interval [6,13)
is broken into three intervals [6,9), [9,12), [12,13). Therefore,
©1(Y2) = (s1,82,83,84,85) with s7 = [1,6) NN, s2 = [6,9) NN,
s3=109,12) NN, s4 = [12,13) NN, s5 = [0,1) N Z4 and (Y3) =
(5,3,3,1,1).

downward step. More precisely, under our conditioning, the ith arc s; is picked
with probability
number of upward steps over s;  (|s;| —1)/2

= 3.4
total number of upward steps n—1 (34)

then one of the upward steps over s; is selected with uniform probability and
changed into a downward step. Up to a vertical shift in space, S(Y) restricted to
the arc s; obeys the law of simple random walk conditioned on H_; = |s;| (with
an obvious modification for the last arc sg;41). Given an upward step over s; is
switched, S(Y;+1) restricted to s; can therefore be seen as simple random walk
conditioned on H_5 = |s;|. In terms of p(Y'), we deduce that ¢(Y;41) is obtained
by first picking the ith arc s; with probability given in (3.4), then splitting its length
according to pus,| into three numbers ry, rg, r3 corresponding to the first three ladder
epochs of simple random walk conditioned on H_5 = |s;|, and finally ranking them
together with the numbers |s;|, j # ¢, in decreasing order. In particular, we realize
that for predicting ¢(Y;4+1) out of ¢ (Y7), the additional information given by ¢;(Y)
compared to p(Y;), namely the location of the arcs, is irrelevant. Hence also (ii)
holds. O

Let us now characterize ¢(X).

Proposition 3.5. ¢(X) = {¢(Xk)}o<k<n s a Markov chain. Its transition mech-
anism from timel <n —1 tol+ 1 is described as follows.
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(a) Conditionally on ¢(X;) =s = (s1,...,52(mn—1)+1) € ’Pzinﬂ, select an index
L out of the set of all 3-subsets of {1,...,2(n—1)+ 1} according to the law
L. s;+s;+sp+3
P = k X)) =s)= J .
(=GR o) =9) = G et D~ — 1)

(b) Given p(X;) =s and v = {i,j,k}, rank the sum r = s; + s; + sy, together
with the numbers sy, m € {1,...,2(n—10)+1}\{i, 4, k}, in decreasing order
to obtain a new mass partition.

Proof: From the duality (3.1) it follows that ¢(X) is obtained by reversing p(Y)
in time. In particular, the Markov property carries over from (YY) to ¢(X).

It remains to look at the transition mechanism. The step from [ =n —1 to n
is obvious from the construction of X and ¢. Now fix [ € {0,...,n — 2}, and let
M = 2(n —1) + 1. We work conditionally on ¢(X;) =s = (s1,...,8m) € ,PéLn-i—l'
By construction, ¢(X;4+1) is obtained from ¢(X;) by summing up three numbers
s4,5j,5k, Where 7,7,k are pairwise distinct, and rearranging the sum together with
Smy, m # 4,7, k, in decreasing order. Write s° = (s1,...,s)) for the partition
©1(X;), and let v be uniformly distributed on {0,..., M — 1}, independent of X;.
By the random walk representation and Theorem 1 of Bertoin et al. (2003), the law
of the cyclically ordered arc lengths (|s14,],.-.,|spm+y|) (indices are taken mod-
ulo M) agrees with the law of the M subsequent ladder epochs of simple random
walk conditioned on H_j; = 2n + 1. In particular, the law of (|s14u],-.-,|Sar+0])
is invariant under permutations and therefore equals the law of (sg(l), e Se(M)) s
where o is a permutation of {1,..., M}, chosen uniformly at random and indepen-
dently of X;. Note that this can also be deduced directly from the fact that X; is
uniformly distributed on the space of all I-subsets of {0,...,2n}. The probability
that s;,s;,s; are replaced by their sum is given by the probability that the arcs
So-1(i)4v» So—1(j)4vs So—1(k)+v Merge. This is the case if and only if the arcs adjoin
each other and the singleton X;;1\X; is contained in that arc which is followed in
clockwise order by the other two. More formally, the arcs merge if and only if there
is a permutation p of the indices i, j and k such that X;,1\X; C sg-1(,())4v, and
o p(4)) = o7 p) + 1, o7 (p(k)) = 071 (p(i)) + 2 (both equalities are taken
modulo M). Given X;1\X; C s,-1(;)4, the probability that s;—1(;)4v, So—1(j)4v»
S5-1(k)+v merge is therefore

2 1
M—1"M-2

The probability that X;11\X; C So—1(i)+v is

number of vacant sites in s5-1(;)4, at time [ (si +1)/2

total number of vacant sites at time [ T oan+1-10

Altogether, given p(X;) =s,

P (So—1(i)+v> So—1 (j) 41> So—1 (k)+v MeTge)

 ((sitsj+5p+3)/2 2 y 1
B 2n+1-1 M—-1"M-2
which is the probability in (a) in the case I < n — 1. O

Theorem 3.1 now easily follows. Indeed, from the last proposition we see that
©(X) is equal in law to the skeleton chain {X]}o<k<n started from N particles of
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unit mass. By the duality relation (3.1), reversing ¢(X) in time yields the process
©(Y), which is the state chain of a fragmentation process.

4. Random binary forest representation

In this section, we give a second construction of the skeleton chain of the ternary
coalescent in terms of random binary forests. The connection between random
forests and coalescent processes was first observed by Pitman (1999). In our de-
scription, we are guided by Chapter 5.2.3 of Bertoin (2006b).

4.1. Basic definitions on graphs. We first collect some basic notions on graphs
which will useful for our purpose.

A (undirected) graph is a pair G = (V, E), where V is a finite set and E C {U C
V : |U| = 2}. The elements of V are called vertices, the elements of E edges. The
size of a graph is the number of vertices |V|. A subgraph of a graph G = (V, E) is
agraph H= (V/,E') with V' CV and E' C E.

Now let G = (V, E) be a graph. Two vertices v,w are adjacent, if {v,w} € E.
The degree of a vertex v is the number of vertices adjacent to v. A sequence

(v1,€1,02, ..., Um, €m, Umt1) such that m > 0 v; # v, for i # j and e; = {v;, viz1} €
FE for 1 < i < m is called a path, or also a vi-v,11-path. A cycle is a sequence
(v1,€1,. .., Um,€m,v1) such that m > 2, (vi,e1,...,Vm-1,€m—1,0m) is a path and

em = {Um,v1} € E. We say that two vertices v, w are connected, if there exists
a v-w-path. If there is a v-w-path for any v,w € V, we say that the graph G is
connected. The maximal connected subgraphs of G are its connected components.
A connected graph without a cycle (as a subgraph) is called a tree. In a tree, a leaf
is a vertex of degree equals 1, while the vertices of degree greater than 1 are called
internal vertices.

We are interested in a special family of trees. A binary tree is either a tree
consisting of a single vertex only, called the root of the tree, or a tree where exactly
one vertex has degree 2, which we then call the root of the tree, and all the other
vertices have degree 3 or they are leaves. The height of a vertex v in a binary tree
is the number of edges of the (unique) v-r-path, where r is the root of the tree. If
v is not a leaf, then there are exactly two vertices w,w’ adjacent to v with height
strictly bigger than that of v, the children of v. We call the pair {{v, w}, {v,w’}} the
outgoing edges (from v). Finally, a binary forest is a graph such that its connected
components are binary trees. The leaves or internal vertices of such a forest are
then all those of its tree components.

Observe that a binary forest on N vertices with m tree components has N —m
edges, (N +m)/2 leaves, and (N — m)/2 internal vertices.

Remark 4.1. In the literature, a binary tree in our sense is often called a (rooted) full
labeled binary tree. The term “full” reflects the fact that every vertex other than the
leaves has two children, and “labeled” stresses that the vertices are distinguishable.
However, we will use the term “labeled” to indicate a labeling of internal vertices.

4.2. Dynamics. Our concern here is to describe the dynamics on the space of binary
forests, which will lead to another representation of the ternary coalescent.

As before let N = 2n 4+ 1. We consider V' = {1,2,..., N} as a set of vertices.
Given a binary forest on V, we enumerate its tree components according to the
increasing order of their roots.
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We will assign additional labels to all internal vertices of such a forest. A labeling
of a binary forest on V with m tree components is a bijective map from the set
of (N — m)/2 internal vertices into {1,...,(IN —m)/2}. A labeled binary forest
on V is then a binary forest together with a labeling. Note that internal vertices
are double-labeled, by V' and by the labeling just described. The set of all labeled
binary forests on V with m tree components is denoted by F(m,N). Clearly,
F(m, N) is empty if m is an even number.

For every 1 < k < n, we define a map R : F(2k — 1,N) — F(2k + 1, N) as
follows. For each 7 € F(2k —1, N), select the internal vertex with the highest label
and delete both outgoing edges (and the label, since the vertex is now a leaf). We
obtain a labeled binary forest with 2k + 1 trees, which we denote by R(7).

As the reader might already guess, the map R will be the building block of the
fragmentation mechanism - it breaks the tree with the highest label into three (new)
trees. The reverse dynamic will correspond to the coagulation mechanism: Out of a
binary forest with at least three trees, pick one leaf and connect it by adding edges
to two distinct roots from other tree components. Then, three trees have merged
into one (new) tree, and the selected leaf has become an internal vertex. Before
underlying this procedure with randomness, let us analyze the map R in detail.

Lemma 4.2. For every 1 <k <n, the map R: F(2k —1,N) — F(2k+1,N) is
surjective. More precisely, for every T € F(2k +1,N),

{7 € F(2k —1,N) : R(F) = 7}| = (n + k + 1)k(2k — 1).

Proof: Let 7 € F(2k + 1,N). In order to construct a generic 7 € R~!(7), pick a
leaf ¢ from 7. Write p(i) for the root of the tree component containing i. Then
select two roots j # j’ different from p(i), add the edges {1, j}, {4, 4’} and label the
vertex i with the number n — k + 1. Out of three components, we have obtained a
new labeled binary tree with root p(#), which is part of a forest with 2k — 1 trees.
Clearly, this forest is contained in R~*(7). Moreover, different choices of 4, j, j' give
rise to different forests. To finish the proof, note that there are n + k 4+ 1 possible
choices for a leaf 4, and 2k(2k — 1)/2 possible choices for distinct roots {j,5'}. O

Remark 4.3. Applying the map R at most n times destructs a labeled binary forest
into its single vertices. Due to the recursive structure of trees, this method enables
one to compute various combinatorial quantities. For example, using |F(N, N)| =1
and iteratively the identity

|F(2k —1,N)|=(n+k+1k(2k—-1)|F2k+1,N)|
provided by Lemma 4.2, one obtains for Kk =2,...,n+1

2k=(+)p (2n + 1)1 (2n — 1)! (k — 2)!
(n+ k) (k—1)!(2k — 3)!

|F(2k —1,N)| =

In the case k =1,

27"(2n)!(2n + 1)!
(n+1)!

where C,, = (2n)!/((n + 1)!'n!) is the nth Catalan number. Since there are n!

different labelings of internal vertices, we deduce that the number of binary trees
on V is given by 27"(2n + 1)! C,,.

|F(1,N)| = =27"(2n+1)!n!C,,
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FIGURE 4.3. From left to right (right to left) one step in the coag-
ulation (fragmentation) mechanism is shown. For simplicity, only
the labeling of the internal vertices is depicted. On the left, the
leaf with number 6 on the right is chosen as well as two roots
from different tree components. They are connected by two edges
visualized by the dashed lines on the right side.

4.3. From forests to mass partitions. Denote by R* the kth concatenation of R,
where R is the identity map. We randomize the input by endowing the space
F(1,N) with the uniform probability measure and interpret the maps R* as random
variables

R¥: F(1,N) — FQk+1,N), k=0,...,n.

In words, R¥(7) is the forest with 2k + 1 tree components which arises from 7 €
F(1,N) by picking the k internal vertices with the highest labels and deleting
their outgoing edges. By induction, we deduce from Lemma 4.2 that R* obeys the
uniform law on the space F(2k + 1), for each k. We then consider the random
variables

|RF[Y: F(1,N) — Pypy, k=0,....n,

where for a tree 7 € F(1,N), |RF[* (1) = s = (s1,...,52%41) € P%n_H is the
sequence of the sizes of the tree components, ranked in decreasing order.

Turning back to the ternary coalescent, let X/, k=0, ..., n, denote the skeleton
chain started from N particles of unit mass. Its connection to the sizes of the tree
components is given by

Proposition 4.4. The sequence of random variables {|R"*[*}o<k<n is the state
chain of the ternary coalescent, that is

n n— d
(B R L IRO) = (4G, )

Proof: For each tree 7 € F(1,N), the forest R"(7) has no edges, so |R"|¥ =
(1,...,1) = X}. Note that given |R!|* =s = (s1,...,8241) for some 1 < < n,
the mass partition |R'~!|+ is obtained from s by replacing three elements 54,57 ,5k;
where 7,7,k are pairwise distinct, by their sum. Furthermore, observe that the
random variables Rk, Il < k < n, are measurable with respect to the sigma-field
generated by R!. In particular, by Proposition 3.5, the claim follows if we show
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that for every 0 <[ < n, for every s = (s1,...,52(n—1)41) € P§n+1 and for every
3-subset {i,j,k} C {1,...,2(n —1) + 1},
s;+s;+ s, +3
Cn+1-0D2n—-02Mn-1)—-1)
Take a forest 7 € F(2(n — 1) +1,N). We work conditionally on R"~! = 7. By
our observation above, R"~'~! is uniformly distributed on the set of (2n + 1 —
D(n—1)(2(n — 1) — 1) forests which can be obtained from 7 in the way described
in Lemma 4.2. We write 71, ..., To(n—1)41 for the tree components of 7. For every
3-subset {a,b,c} C {1,...,2(n —1)+ 1}, the probability that the leaf ¢ is picked in
7, and the roots are chosen from 7, and 7. is therefore
|7al +1 " 1
2 Cn+1-Dn-02Mn-1)—-1)

P (‘Rnflflﬁ, _ si@j@k | Rnfl’ |Rnfl|¢ _ S) _

Hence the probability that R"~!~! evolves from 7 by merging the trees 7,, 7, and
Te, that is the probability that the leaf ¢ is picked in either 7, 73, or 7. and connected
to the roots of the other two components is

|Tal + 70| + |7e[ +3
Cn+1-02n—-02Mn-1)-1)

O

As a consequence of Theorem 3.1, the time-reversed process {|RF[*}o<k<n is a
fragmentation chain with dislocation law p.

Remark 4.5. Adapting the proof of Corollary 5.7 in Bertoin (2006b) to our sit-
uation, we find another way to prove Corollary 2.5, based on the binary forest
representation. Namely, with m =2(n—10)+1and s = (s1,...,8m) € Pan_H’ there

are
1 2n+1 (2n+1)!
m! (sl,...,sm> T omlsy) sy
possibilities to partition the set of vertices {1,...,2n + 1} into non-empty disjoint
sets E;, i = 1,...,m, such that |E;| = s, and min E; < minEj; for i < j < m.
Without labeling internal vertices, the number of binary tree structures which can
be attached to E; is |F(1,s;)|/((s; —1)/2)!. Having chosen a binary tree structure
for each FEj;, there are [! possible ways to label the [ internal vertices. Recall that
the tree components of a forest are enumerated in increasing order of their roots.
It follows that the number of binary forests 7 € F(m, 2n+ 1) with tree components
7; such that |7;| = s; is given by

on + 1! 15
( !) H

m

f(]., Sl)|
Sifl :
H(Eg)!
Since R"~! is uniformly distributed on F(m, 2n+1), we deduce from Proposition 4.4
that

|
i=1 S

m

, S 2n 4+ !

7.

FACED]
()Y

where 7(s) has been defined in Section 2.2. Plugging in the values for |F(m, 2n+1)|
and |F(1,s;)| from Remark 4.3 results in the expression obtained in Corollary 2.5.
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4.4. Encoding forests by paths. We conclude our discussion of binary forests by
illustrating a direct connection to the random walk representation. Here, it is more
convenient to consider (rooted unlabeled) plane trees and forests. In a plane forest
vertices are regarded as indistinguishable, but the set of children for each vertex is
ordered, as well as the set of roots of the different tree components. The ordering
induces serveral natural enumerations of the vertices. For example, one of them is
provided by the order in which the vertices are visited by a depth-first search, see
Figure 4.4. More on this can be found in Chapter 6.2 of Pitman (2006).

We will look at (full) binary plane forests. To relate them to the binary forests
considered above, note that the number of binary plane forests on N vertices with
k tree components is equal to

2(N=R)/2f)

since there are 2(N=F)/2 possible orderings of the children of the internal vertices
of a forest in F(k, N), k! orderings of the roots, but neither vertices are labeled
nor there is an additional identification of internal vertices. Clearly the ternary
coalescent with a monodisperse initial configuration can also be realized on the
space of binary plane forests, with the same dynamics.

There are various possibilities to code plane trees and forests by discrete func-
tions. For a (finite) plane tree § on N vertices, one common way is to look at its
Lukasiewicz path {z;}o<;<n. Denoting by v, ...,vy—1 the vertices of 6 listed in
the order of a depth-first search and by k(v) the number of children of vertex v,
one defines

j—1
zj=> (k(v;)—1), 0<j<N.
i=0
Note that zg =0, zy = —1, and

Tj—Tj-1 :k(’l}jfl)—l, 1 S] SN (41)

It is easy to see that there is a bijection between Lukasiewicz paths and rooted
plane trees. A sequence of such trees may then by encoded by gluing together the
corresponding Lukasiewicz paths, retaining the relationship (4.1). In other words,
the coding of the next tree starts if a new minimum is attained.

Turning to random trees, it follows from Proposition 1.4 in Le Gall (2005) that
a Galton-Watson tree with offspring distribution n(k) = 1/2(do(k) + 62(k)), con-
ditioned to have total progeny size N, is distributed according to a tree chosen
uniformly at random among the set of all binary plane trees on N vertices. Fur-
ther, the corresponding Lukasiewicz path tree is distributed as the path of simple
random walk on Z up to time N, conditioned on H_; = N (see Corollary 1.6
in Le Gall (2005)).

We then realize that for an integer 0 < [ < n, the path of simple random walk
up to time N, conditioned on H_(9,41) = N, encodes a forest distributed uniformly
over all binary plane forests on NV vertices with 2/+1 tree components. In particular,
the sequence of the sizes of the tree components is distributed as the sequence of
the ladder epochs of the conditioned random walk path, if both are put in random
uniform order, say. However, the sequence of coding functions induced by the above
dynamics on the space of binary forests is not directly related to the sequence of
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(11,-3)

FIGURE 4.4. On the top a binary plane forest on 11 vertices with 3
tree components is shown, where the vertices are enumerated by a
depth-first search. The corresponding Lukasiewicz path is depicted
below. The crosses indicate where the coding of a new tree starts.

paths of the random walk representation. In this sense, the connection between the
two representations is only static.

5. Asymptotics of the ternary coalescent

Having concrete realizations at hand, we are now able to investigate asymptotic
properties of the ternary coalescent process. Let us write X[Vl = (XINI(¢), ¢t >
0) for the coalescent with kernel x started from the monodisperse configuration
(1,...,1) consisting of N = 2n + 1 atoms of unit mass, and put X;[N] = xIN(Ty),
k=0,...,n. The number of particles at time ¢ > 0 is denoted by #!"(¢), and the
number of jumps up to time ¢ by JIN ().

We will consider the space of mass partitions with total mass bounded by 1,

o0
S<1:{s:(81732,...)1312522...20,Zsi§1},
i=1

and the subset S; C S<; of sequences with Zfil s; = 1. We equip S<; with the
uniform distance. The induced topology coincides with that of pointwise conver-
gence and turns S<; into a compact space. The [;-distance induces a finer topology.
However, if (s,, n € N) is some sequence in S<; converging pointwise to s € Sy,
then the convergence does also hold in the [1-sense, as it can be easily deduced from
Scheffé’s lemma. Therefore, on S; all these types of convergence are equivalent.
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We turn to our main result of this section. Recall that the standard additive
coalescent X = (X(t), t € R) is the unique additive coalescent process such that for
each t € R, X(¢) has the law of the ranked sequence a; > ay > ... of the atoms of a
Poisson random measure on (0, 00) with intensity measure A(da) = e~ 'da/v/2ma3,
conditioned on Y-, a; = 1. We refer to Aldous and Pitman (1998) and Evans and
Pitman (1998) for background.

Theorem 5.1. As n — oo, the S1-valued process

1
ts NX[N](et/NS/Q), teR,

converges in the sense of finite-dimensional distributions towards the standard ad-
ditive coalescent.

Here, the multiplication with 1/N is meant element-wise. At first glance the
convergence may look surprising, since the standard additive coalescent is a binary
coalescent that arises as a limit of additive coalescent processes as follows (Evans
and Pitman (1998)). Let X" = (X["(2), ¢ > 0) be the stochastic coalescent with
binary coagulation kernel

R(r,s)=r+s, 18>0,

started from the monodisperse configuration with n atoms, each of mass 1/n. Then,
as n — 00, the time-shifted processes (X" (t+(1/2)Inn),t > —(1/2) Inn) converge
weakly to X.

However, our convergence result concerns only the finite-dimensional laws. For
the one-dimensional distributions, one might expect a result in this direction if one
compares the one-dimensional statistics of the skeleton chains of the ternary and
the additive coalescent X[™. The states of the additive coalescent can be expressed
in terms of independent standard Borel variables (see for example (30) in Evans and
Pitman (1998)), which have a similar tail behavior as the hitting time Hy,. For the
finite-dimensional laws, an analysis of the first hitting time distribution shows that
a “true” ternary coagulation step, i.e. the event that three particles merge which
are all of a size comparable to n, only occurs with negligible probability. Therefore,
under the rescaling, the process looks more like a binary coalescent.

Let us briefly comment on the scaling in the theorem. To obtain a limit for the
normalized sequence of masses, the number of atoms must be of order y/n. We refer
to Lemma 5.3 for a better understanding. As Lemma 5.2 shows, if the process X'V
runs for time ¢/N3/2, then the amount of particles has typically reduced from N
to about v N /t. Note that when approximating the standard additive coalescent
with the processes X[™ starting from n atoms of mass 1 /m, the macroscopic picture
appears at times ¢ + (1/2)Inn, at which there are about \/n/e’ particles. Here,
roughly speaking, the standard Borel law plays the role of the hitting time distri-
bution. Precise statements can be found in the books of Pitman (2006), Chapter
10.3, and Bertoin (2006b), Chapter 5.3.

We shall present three different ways to obtain convergence for the rescaled
ternary coalescent of which we discuss two in detail. The first more general method
will lead to one-dimensional convergence in Proposition 5.5. It relies on the obser-
vation that the distribution of the hitting time Hj is in the domain of attraction
of a stable(1/2) law. Then a size-biased reordering is used to construct the limit-
ing mass partition. The second method resulting in finite-dimensional convergence
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(and therefore in the proof of the theorem) is more specialized to our situation.
It is based on the identification of configurations with mass partitions via paths,
as described in Section 3.1. Since the two methods do not rely on each other, the
reader in a hurry may safely skip Section 5.2. In a closing remark we outline a
possible third way to establish finite-dimensional convergence, using the random
binary forest representation.

5.1. Number of particles. In order to relate the behavior of XNl to that of its
skeleton chain, we prove a limit theorem for the number of particles. As just
remarked, it will become clear later why we choose the spatial scale factor N—1/2.

Lemma 5.2. For everyt > 0, as n — oo,
#IM(t/N*2)
VN

Proof: Using the relation #N(-) = N — 2JIV(.), the claim will follow once we
show that " 52 U )
JN(E/N N -t~

t/ ) _ ! ) — 0 in probability. (5.1)

VN 2
Remember that JIN(t/N3/2) = max{k € Z, : N3/2T}, < t}, where T} is the

kth coagulation time given by T} 4 Ele a(i)~te;, the rates a(i) = a(i, N)
are as in (2.1) and ej,es,... is a sequence of independent standard exponential

— n in probability.

variables. Heuristically, replacing Tj by its expectation Zle a(i)~!, the num-
ber of jumps JIVI(t/N3/2) should roughly behave as the maximal k such that
N3/2 Zle a(i)~' < t. We will show that with the choice k, = n —t~'v/N /2,

kn

N323 " a(i)™ =t +o(1), (5.2)

i=1
where we agree that the sum runs from 1 to the largest integer below k,. First
note that

k k
" . .
N3/2 Nl —  p3/2

;a(z) ;(N-Fl—i)(N—s—l—%)(N—%)

o
v <z—zl (N - i)(lN _ 2i)2> +0(n"1?).

Furthermore, some simple computations show that for each £ > 0,

ko k
1 " dz 9
;(Nfz‘)(NfQi)Q - /0 N —a)(v —2a2 T O
_ 1 —24e
= Ny T
t _
= W —+ O(n 2+E).
Altogether, we obtain (5.2). Moreover, since

kn
Var (N*2T3,, ) = N* 3 a(i) 2 = O(n™/2),

i=1
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we deduce that N3/2T,, — t in probability. From this (5.1) readily follows. O

5.2. Mass partitions induced by Poisson measures. We now prove one-dimensional
convergence of the ternary coalescent process. The reader who is not familiar with
Poisson random measures and size-biased reorderings is invited to consult Section
2.2.3 of Bertoin (2006Db) first.

Let &1,&,... be a sequence of independent copies of H_;. Recall that by
Lemma 3.2, as | — oo,

1 1
P =204+1) ~ =/ —=. 5.
(&1 +1) o\ (5.3)
For k€ Z,,let ¥opy1 =& + ... + &2x+1, and denote by S@E+LN) 5 random mass
partition distributed as the rearrangement in decreasing order of & /N, ..., g +1/N,

conditionally on Yai11 = N. As a special case of Corollary 2.2 in Bertoin (2006D)
we have

Lemma 5.3. Fiz b > 0. Then SZ*TLN) converges in distribution on S<; as k,
n — oo with k ~ bn'/? to the ranked sequence (a1,as9,...) of the atoms of a Poisson
random measure on (0,00) with intensity A(da) = br—'/2a=3/2da, conditioned on
Z;}il a; = 1.

For the skeleton chain X'Vl we derive the following consequence.

Corollary 5.4. Fizb > 0. Ifn, k — oo with k ~ bn'/?, then (l/N)X;[iV,l converges
in distribution on Sy to the ranked sequence (a1, as,...) of the atoms of a Poisson
random measure on (0,00) with intensity A(da) = br—'/2a=3/%da, conditioned on
Yiai=1

Proof: This follows from Proposition 3.3 together with the last lemma. O

Combining the corollary with the weak convergence result for the number of
particles, we easily obtain one-dimensional convergence.
Proposition 5.5. Fizt > 0. Then
1 .
— N /N3/2
AN/ N2)

converges in distribution on Sy to the ranked sequence (aj,as,...) of the atoms of
a Poisson random measure on (0,00) with intensity
1
V2mra3
conditioned on Zil a; = 1. In particular, the one-dimensional distributions of the
process

da, a>0,

1
ts NXN(et/NW), teR,
converge to those of the standard additive coalescent.

Proof: Let k, =n — JWI(t/N3/2). Then XVI(t/N3/2) = X;L[ivlln7 so we may show
convergence for (1/N )X;L[iv,ln. From Lemma 5.2 it follows that as n — oo,

-1

o~~~

— in probability. (5.4)

SF
S



On a ternary coalescent process 583

Furthermore, we know from Corollary 5.4 that if [,, is a deterministic sequence of in-
tegers with I,, ~ /nt~'//2, then we have the asserted convergence for (1/N)X, N]

It therefore remains to argue that we may replace l,, by the random seqt?enlge
kn. To this end, recall that S<; is a compact metric space, so by Prohorov’s
theorem (see Billingsley (1968), Section 6) the space of probability measures on
S<; is relatively compact, and we only have to show convergence on S<; in the
sense of finite-dimensional distributions. Since all our random mass partitions lie

in S; almost surely, this leads to convergence in distribution on S;. Denote by

[N] the ith component of (1/N ) ] . Finite-dimensional convergence on S<; is
equlvalent to say that for each j € N
(I[l ] [N]Jr [ ] _ 7:E[lN]Jr er[N])
converges in distribution towards (a;,a; +ag,...,a; + ...+ a;). This follows if we

show that for allj € Nand \; >0, as n — oo,
lexp( Z)\ ( ) C”EN}))

Denote by f:S<1 — (0,1] the function

exp( Z)\ a; +. +al-)>

(5.5)

j
f(s —exp< Z)‘Z (s1+. —|—si)>, s = (s1,82,...) € S<1.

Note that f((l/N)X[N](t)) > f((1/N)X[Nl(s)) almost surely whenever ¢t < s.
By (5.4) we can find deterministic sequences of integers I, and [} such that
I7 ~ It ~ /nt™'/v/2 and the probability of the event {I; < k, < I}} tends
to 1 as n — oco. But on this event, we have by monotonicity

RV /[N] pYity
() = s (eith) = (0%

The expectations of the outer quantities converge to the right side of (5.2). This
finishes the proof. O

5.3. Convergence of ladder epochs. Aldous and Pitman (1998) have shown that
the exponential time change

F(t) = X(~Int), t>0,

with F(0) = (1,0,...) transforms the standard additive coalescent into a fragmen-
tation process which is self-similar with index ov = 1/2. In Bertoin (2000) one finds
an explicit construction of this fragmentation process in terms of ladder epochs of
Brownian excursion with drift, and our result on finite-dimensional convergence for
the ternary coalescent will be based on this identity.

Let us introduce some notation. We denote by C0,1] the space of continuous
real-valued paths on [0, 1], endowed with the uniform topology. For an arbitrary
path w € C[0, 1], its ladder time set is given by

L(w) = {s €10,1] : w(s) = Eg}sf]w}.

Since L(w) is a closed set, there exists a unique decomposition of [0, 1]\L(w) into
a countable union of disjoint (open) intervals. We denote by G(w) the ranked



584 Erich Baur

sequence of their lengths. By filling up with zeros, we may always interpret G(w)
as a mass partition in S<;. Note that G(w) € Sy if and only if £(w) has Lebesgue
measure zero.

The construction of the dual fragmentation process F' in Bertoin (2000) can
be summarized as follows. Let € = (e(s), 0 < s < 1) be a positive Brownian
excursion. For every ¢ > 0, consider the excursion dragged down with drift ¢, that
is 1(s) = e(s) —st, 0 < s < 1, and its ladder time set L(e;), which has almost surely
Lebesgue measure zero. Then, the law of (G(et), t > 0) and (F'(¢), t > 0) coincide.

In light of our representation of the ternary coalescent in terms of ladder epochs,
it seems natural to establish convergence of these objects. In this direction, the
main step is to prove convergence of the underlying random paths, with the origin
placed at the first instant when their minimum is attained, towards a Brownian
excursion with drift.

To begin with, take a process (J,,(t), t > 0) distributed as (JIN(¢/N3/2), t > 0),
and independently of this a Markov chain {X;}o<;<, as defined in Section 3.2. Let
us first fix ¢ > 0, and write J,, = J,,(t). Remember that given J,, we may identify
X, with simple random walk up to time N, conditioned to end at —(2(n—J,)+1),

j—1
S(Xy,); =2 (Z XJ,,L(¢)> —j, 0<j<2n+41.
i=0
By linear interpolation, we define the corresponding continuous random path S, +
on the unit interval,
[Ns|]—1
Sna(s)=2[ > X, (i) + (Ns—[Ns|)X,,(INs|) | —Ns, 0<s<L
=0

We shall now prove convergence of the finite-dimensional laws of the C[0, 1]-valued
process (N1/28, ;. ¢t > 0). The limiting object (BY",, t > 0) is distributed as
(BUy, t>0) L (B"(s) —st™,0< s <1),t>0), (5.6)

where B is a standard Brownian bridge on the unit interval. In particular, for
each fixed t, the distribution of Bffl on C]0,1] is that of a Brownian bridge from
0 to —t~ 1.

Lemma 5.6. The C[0, 1]-valued process (N_l/QSn,t, t> O) converges in the sense
of finite-dimensional distributions as n — oo to (Bffl, t > 0).

Proof: Let us fix t > 0 as above and first prove one-dimensional convergence. For
0 < s <1, define

[Ns]—1
Wa(s) =2 > Xn(i)+ (Ns—[Ns))Xn([Ns]) | = Ns,
1=0
[Ns]—1
Dn(s) =2 > (Xn(i) = X;,() + (Ns — [Ns]) (Xu([Ns]) = X, (INs]))
=0

We may then express S, + as S, = W,, — D,,.
The process W, (-) is linear interpolation of simple random walk up to time N,
conditioned to end at —1. We deduce from a conditioned version of Donsker’s
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invariance principle (see Dwass and Karlin (1963)) that (N~Y2W,,(s), 0 < s < 1)
converges weakly in C[0, 1] to the standard Brownian bridge B*".
Concerning the drift part D,,, we let

[Ns|]—1
DM(s) = Y (Xuli) = X, (0),
=0
DP(s) = 2(Ns—|Ns|) (Xa(Ns]) — X, (INs])),
so that D,, = 2D + D). Now fix s € [0,1]. A moment’s thought reveals that
conditioned on J, = n — k for some k € {0,...,n}, the random variable Dﬁll)(s)

follows the hypergeometric distribution. More precisely,

(3 ()

gk
(%)
where max{0,k + | Ns| — N} < j <min{k, | Ns]}. As a consequence,

E [D;U(s) | Jp=n— k] = kLN—]\fJ Var (D;U(s) | Jp=n— k) <k = (57)

P(DD(s) = | Ju=n—k) =

Let k, =n — J,. Choosing € > 0 arbitrarily small, we have for large n by the law
of total probability

P (N_1/2|Dn(s) — 2ks| > s)

Lvnt~']
< Yp (N—1/2|D,gl>(s) —E[DW(s)| > /3| kn = k) P(k, = k)
k=0

+ P (ky > v/nt™")
= o(l),
where the last line follows from (5.4), (5.7) and Chebyshev’s inequality. Since
by (5.1), N='/22k,s converges in probability to t~'s, so does N=1/2D,(s). In
particular, the finite-dimensional laws of (N~'/2D,(s),0 < s < 1) converge to
those of (t71s,0 < s < 1). Moreover, D,(s) is increasing in s, and a similar
computation entails that for A large enough, as n — oo,

P (N*l/QDn(l) > )\) = o(1).

Using Theorem 8.4 of Billingsley (1968), we conclude that the distributions of
N=1Y2D,,(-) form a tight sequence. It follows that (N~1/2D,(s), 0 < s < 1) con-
verges in probability to (t71s, 0 < s < 1). Applying now Theorem 4.4 from Billings-
ley (1968) together with the continuous mapping theorem finishes the proof of the
one-dimensional convergence.

The arguments obviously extend to finite-dimensional distributions. Indeed, the
bridge term W, is the same for all ¢, and the drift term D,, converges in probability,
for each t. Therefore, finite-dimensional convergence follows again from Theorem
4.4 of Billingsley (1968). O

As for discrete paths, we introduce for v € [0, 1] the shift operator 6 on C[0, 1],

] w(s+v) —wv) , 0<s<1—w
(va)(s)—{ wis+v—1)—w)+w(l)—w0), 1-v<s<1
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Define H : C[0,1] — [0, 1] as the first time when the global minimum is attained,

H(w) = inf {s €[0,1] : w(s) = [inf]w} .
0,1
Clearly, H is not continuous on the whole space, but it is so restricted to the subset
of paths which uniquely attain their minimum. It is well-known and also implied
by the subsequent Lemma 5.8 that the distribution of Bffl is fully supported on

this subset. Further, the shift operator is continuous as a map
0:C[0,1] x [0,1] = C0,1], O(w,v) = O,w.

Setting Ogw = Oy (,)w, it then follows from the above lemma and the continuous
mapping theorem that for n — oo,

(N"120880, t>0) = (9Bl t > 0)

in the sense of finite-dimensional distributions. Recall (BT, (s), 0 < s < 1) 4
(B’ (s) —st™!,0 < s < 1), where B is a Brownian bridge (the same for all t).
Denoting by € a standard Brownian excursion, it has been proven by Vervaat (1979)
that
GHBbT i €.

Since 6, 0 0, = 0, for w = u + v[mod 1], we have g = 0y o 6, pathwise for every
0 < v < 1. Therefore, if u denotes the almost surely unique instant when B®"
attains its minimum,

Ou B O of, (B —st™,0<s<1)

= Oy (OB —st™',0<s<1)
L e (5.8)

Here, as above, €,-1(s) = €(s) — st ! is the Brownian excursion dragged down with
drift !, Since ;-1 attains its minimal value almost surely at the endpoint, we
have proven the following

Corollary 5.7. In the notation above, (N’l/QGHSnvt, t > 0) converges in the sense
of finite-dimensional distributions as n — oo to (e;-1, t > 0).

The convergence of the ternary coalescent is now easy to establish. As last
preparation, let us recall a technical result. Call a point z € [0, 1] a local minimum
of w € C[0, 1], if there exists 6 > 0 such that for all y € [max{zx—d,0}, min{zx+4, 1}],
w(z) < w(y). The following statement is true for all real ¢.

Lemma 5.8. With probability one, all local minima of (e:(s),0 < s < 1) are
distinct.

Proof: By (5.8), we may show the statement for (BY"(s), 0 < s < 1) instead. Since
for the time-reversed process, it holds that
(B"(1—s)—(1—s)t,0<s<1) < (B"(s)+st—t,0<s<1),

it suffices to show that for some 1/2 < r < 1, (B! (s),0 < s < r) has almost
surely distinct local minima. However, if F,. denotes the filtration generated by
the canonical process . on C[0,1] up to time » < 1, Q denotes the law of BY"
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and, for a moment, P is Wiener measure and p the Gaussian transition kernel, it is
well-known that Q is locally absolute continuous with respect to P,

pl—r(xrv _t)
Qlr, = B,

Y41 (07 _t)
Since the local minima of Brownian motion on [0, 1] are distinct almost surely (see

for example Theorem 2.11 in the book of Morters and Peres (2010)), the lemma is
proven. O

|]:r'

Proof of Theorem 5.1: In view of the result of Bertoin (2000), the claim follows if
we show that the finite-dimensional laws of

1
t— NX[N](t/Ng'/?), t>0,

converge to those of (G(g;-1), ¢ > 0). Remember the map ¢ constructed in Sec-
tion 3.1 sending configurations to mass partitions. With J,(t) = JIN(t/N3/2)
defined as above, we have already seen that

1 1
(N@(XJ"(t)), t> 0) 4 <N/'\f[1\[](t/N3/2)7 t> 0) _

Let ¢ > 0, and assume that conditionally on J,,

1
NSO(XJ,,,(t)) = (81,5 82(n—pn(t))+1)s

where Ns; € {1,3,5,..., N} with > s; = 1. Then by construction of both ¢, G
and linear interpolation,

GINTY201S01) = (g1, > G2(n—tn (1) +1)>
with g; = s; —1/N for all 4. Thus, the theorem follows if we show finite-dimensional
convergence of (G(N~1/20gS,,,), t > 0) to (G(g,-1), t > 0). Tt is easy to check that
G : C[0,1] — S<; is continuous on the subset of those paths which attain their local
minima at unique points. By Lemma 5.8, the distribution of £;,-1 assigns mass one
to this subset. Therefore, Corollary 5.7 and the continuous mapping theorem yield
convergence of the finite-dimensional distributions on S<1, and since G(g;-1) € Sy
with probability one, we obtain finite-dimensional convergence on S;. O

Remark 5.9. (i) For the proof of Theorem 5.1 we used the random walk repre-
sentation. Let us point out another possibility to derive convergence, using the
random binary forest representation. Following the construction in Section 4, the
state chain of the ternary coalescent starting from N particles of unit mass can be
realized in reversed time by deleting successively pairs of outgoing edges from a
random tree uniformly distributed over all binary plane trees on IV vertices. Such
a random tree can be seen as a Galton-Watson tree with offspring distribution
(k) = 2(80(k) + 62(k)), conditioned to have total population size N. One finds
oneself in the setting of Theorem 23 (in the sublattice case) of Aldous (1993). In
particular, if 71V denotes the uniform binary plane tree on N vertices, where mass
1/N is assigned to each vertex and the edges are rescaled to have length 1/ VN,
then 71Vl converges weakly as N — oo to the Brownian continuum random tree
(CRT) introduced in Aldous (1991). By splitting the skeleton of this tree into sub-
trees according to a Poisson process of cuts with some intensity ¢ > 0 per unit
length, Aldous and Pitman (1998) derived from the CRT an S;-valued fragmen-
tation process of ranked masses of tree components, indexed by the intensity ¢.
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Further, they showed that the time change ¢t — e~! turns this process into the
standard additive coalescent. As in Aldous and Pitman (1998), it should be pos-
sible to approximate the Poisson process of marks on the CRT by the process of
deleting edges from the binary plane tree. This would lead to another proof of
Theorem 5.1.

(ii) Recall the random walk representation introduced in Section 3. Fix an integer
k of size at least 3, and define the configuration space C* as the set of all subsets of
{0,...,(k — 1)n} with cardinality less or equal to n. Now identify a configuration
x € C¥ with a path of a walk that goes up k — 2 steps if a site is occupied and one
step down otherwise, i.e. S®)(z)g =0 and for 1 <j < (k—1)n+1,

j—1
S®(z); =k (Zmn) —J.

i=0
By imposing an analogous dynamics, i.e. by occupying successively n sites cho-

sen uniformly at random from {0, ..., (k — 1)n}, the sequence of ladder epochs of
the corresponding new paths is now a realization of the state chain of the k-ary
coalescent process with kernel kg (s1,...,8%) = s1 4+ ...+ sp + k/(k — 2), started

from (k — 1)n + 1 particles of unit mass. As for the case k = 3, running this pro-
cess backwards in time yields a fragmentation process. Moreover, Kemperman’s
formula applies also to first hitting times of such asymmetric random walks, so
that their distributions can easily be computed. With some minor modifications,
and under a different rescaling of time, one again obtains convergence of the finite-
dimensional laws of this k-ary coalescent process towards those of the standard
additive coalescent.

Not surprisingly, there is an analogous random (k — 1)-ary forest representation
of this process. Indeed, when glueing (full) (k — 1)-ary trees by picking uniformly
at random one leaf and k£ — 1 roots from different components, in a similar way as
described in Section 4 for the case k = 3, the ranked sequence of the tree sizes is
another realization of the state chain of the k-ary coalescent with kernel xy.

This remark shows that our ternary coalescent process is only one particular
process out of a family of k-ary coalescents that can be studied by the same means.
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