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Abstract

We consider a superprocess with coalescing Brownian spatial motion. We first point out a
dual relationship between two systems of coalescing Brownian motions. In consequence we can
express the Laplace functionals for the superprocess in terms of coalescing Brownian motions,
which allows us to obtain some explicit results. We also point out several connections between
such a superprocess and the Arratia flow. A more general model is discussed at the end of this
paper.
Résumé

Nous considérons un super-processus avec mouvement Brownien spatial coalescent. Nous
soulignons dabord une relation de dualité entre deux systémes de mouvements Browniens coa-
lescents. Il en résulte une expression des fonctionnelles de Laplace pour ces super-processus en
termes de mouvements Browniens coalescents, ce qui nous permet dobtenir certains résultats ex-
plicites. Nous soulignons aussi plusieurs relations entre un tel super-processus et le flot d’Arratia.
Un modele plus général est discuté en conclusion d’article.
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1. INTRODUCTION

In this paper we mainly consider the following branching-coalescing particle system which
can be described intuitively as follows. A collection of particles with masses execute coalescing
Brownian motions. Meanwhile the masses for these particles evolve according to independent
Feller’s branching diffusions. Upon coalescing the two particles involved merge together to one
particle where the mass of the new particle is the sum of the masses of the coalescing particles.

The above-mentioned particle system can be described using a measure-valued process Z.
More precisely, the support of Z; represents the locations of the particles at time ¢, and the
measure Z; assigned to each supporting point stands for the mass of the corresponding particle.
This process Z, which we call the superprocess with coalescing Brownian spatial motion (SCSM),
was first introduced in [5]. It arises as a scaling limit of another measure-valued process, which
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was referred to in [3] as the superprocess with dependent spatial motion (SDSM). SDSM arises as
a high density limit of a critical branching particle system in which the motion of each particle
is subjected to both an independent Brownian motion and a common white noise applied to all
the particles. More precisely, the movement of the i'" particle is governed by the equation

dai(t) = o ()B(0) + [ hy =)W (dy. o)

where (B;) is a collection of independent Brownian motions which is independent of the white
noise W3 see [3]. A similar model was also studied in [14].

It was shown in Theorem 4.2 of [5] that, after appropriate time-space scaling, SDSM converges
weakly to SCSM. A functional dual for SCSM was given in Theorem 3.4 of [5]. In addition, using
coalescing Brownian motions and excursions for Feller’s branching diffusion, a construction of
SDSM was found in [5], an idea that initially came from [4]. In this paper we always denote
such a SCSM as Z.

One of the most interesting problems in the study of a measure-valued process is to recover a
certain duality relation concerning the measure-valued process. Such a dual relationship often
leads to the uniqueness of the measure-valued process; see [12] for some classical examples on
super Brownian motion and related processes. It is not hard to show the existence of Z as a
high density limit of the branching-coalescing particle systems. The main goal of this paper is to
propose a new way of characterizing the measure-valued process Z via duality, in which the self-
duality for coalescing Brownian motions plays a key role. To this end, we first point out a rather
general duality on two coalescing Brownian motions running in the opposite directions. With
this duality we can express certain Laplace functionals for Z in terms of systems of coalescing
Brownian motions.

We could carry out some explicit computation thanks to the above-mentioned duality. In
particular, we first show that, starting with a possibly diffuse initial finite measure Z,, Z;
collapses into a discrete measure with a finite support as soon as t > 0. Then we can identify
Zy interchangeably with a finite collection of spatially distributed particles with masses. When
there is such a particle at a fixed location, we obtain the Laplace transform of its mass. The
total number of particles in Z; decreases in t due to both branching and coalescing. When there
is only one particle left at time ¢, we also recover the joint distribution of its location and its
mass. Eventually, all the particles will die out. We further find the distribution of the location
where the last particle disappears. Coincidentally, super Brownian motion shares the same near
extinction behavior.

Connections between superprocesses and stochastic flows have been noticed before. In [11] a
superprocess was obtained from the empirical measure of a coalescing flow. Arratia flow serves
as a fundamental example of a coalescing flow. In this paper we point out several connections
between Z and the Arratia flow. More precisely, the support of Z; at a fixed time ¢ > 0 can
be identified with a Cox process whose intensity measure is determined by the Arratia flow. A
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version of Z; can be constructed using the Arratia flow. The general Laplace functional for Z
can also be expressed in terms of the Arratia flow.

Replacing the Feller’s branching diffusion by the square of the Bessel process (BESQ) to
incorporate immigration, we introduce and discuss a more general model at the end of this
paper. Since dimension is a parameter for BESQ representing the immigration rate, in addition
to the measure-valued process for the mass, in the model we introduce another measure-valued
process to describe the dimension. The simultaneous mass-dimension evolution of such a model
can also be characterized by coalescing Brownian motions.

The rest of this paper is arranged as follows. As a preliminary, we first state and prove a
duality relation on coalescing Brownian motions in Section 2. In Section 3, we define the process
Z as a weak limit of the empirical measures for the branching-coalescing particle systems. Then
we proceed to prove the duality between Z and coalescing Brownian motions. The uniqueness
of Z follows from such a duality immediately. We continue to study several properties of this
process in Section 4. We further discuss the connections between the Arratia flow and Z in
Section 5. At the end of this paper, we propose a more general model and establish its duality
in Section 6.

2. COALESCING BROWNIAN MOTIONS AND THEIR DUALITY

An m-dimensional coalescing Brownian motion can be described as follows. Consider a system
of m indexed particles with locations in R that evolves as follows. Each particle moves according
to an independent standard Brownian motion on R until two particles are at the same location.
At this moment a coalescence event occurs and the particle of higher index starts to move
together with the particle of lower index. We say the particle with higher index is attached to
the particle with lower index, which is still free. The particle system then continues its evolution
in the same fashion. Note that indices are not essential here, the collection of locations of the
particles is Markovian in its own right, but it will be convenient to think of the process as taking
values in R™ rather than subsets of R with at most m elements. For definiteness, throughout
this section we will further assume that the particles are indexed in increasing order of their
initial positions: it is clear that the dynamics preserve this ordering. Call the resulting Markov
process X = (X1,..., X;n).

Write 1{B}(.) for the indicator function of a set B. The distribution of X(t) is uniquely
specified by knowing for each choice of y; < y2 < ... < y, the joint probabilities of which
“balls” X1(t), Xa(t), ..., Xm(t) lie in which of the “boxes” |y1,v2], y2,y3], -, ]Un—1,yn). That
is, the distribution of X(t) is determined by the joint distribution of the indicators

L7 (ty) == H{X;(t) €lyj, yj+1]}

for1<i<m,1<j<n—-1landy=(y1,...,Yn)



Suppose now that Y := (Y7,...,Y},) is another coalescing Brownian motion. The distribution
of Y (t) is uniquely specified by knowing for each choice of 21 < 2 < ... < z, the distribution
of the indicators

I (8,%) := Wi €]Y;(t), Vi (0]}
for1<i<m,1<j<n-—1landx=(21,...,Zm)-
The next “balls-in-boxes” duality is crucial in characterizing the distributions of the measure-
valued processes considered in this paper.

Theorem 2.1. Suppose in the notation above that X = (Xi,...,X,,) is an m-dimensional
coalescing Brownian motion and Y = (Y1,...,Y,) is an n-dimensional coalescing Brownian
motion. Then for each t > 0 the joint distribution of the m x (n — 1)-dimensional random array
(I;7 (t,Y(0))) coincides with that of the m x (n — 1)-dimensional random array (I (t, X(0))).

Theorem 2.1 can be seen from Theorem 8 of [15], which concerns a more elaborate duality on
a system of Brownian motions. In such a system, some Brownian motions run forwards in time,
and the others run backwards in time. Those Brownian motions running in the same direction
coalesce whenever they meet, and those running in the opposite direction reflect on each other.
Theorem 8 of [15] shows that the order of coalescing and reflecting does not change the joint
distribution of the system. Other dualities on coalescing-reflecting Brownian systems can also
be found in [16].

In this paper we will give a direct proof of the “balls-in-boxes” duality. We first prove
the counterpart of Theorem 2.1 for continuous time simple coalescing random walks, which is
interesting in its own right. Notice that X is a coalescing Brownian motion if and only if X is
a (F)-Brownian motion for each 1 < i < m, and (X; — X;)/V/2 is a (FX)-Brownian motion
stopped at 0, where (FX) denotes the filtration generated by X. Then Theorem 2.1 follows from
a straight forward martingale argument proof of the convergence of the scaled random walk to
Brownian motion.

For discrete time simple coalescing random walks the “balls-in-boxes” duality is evident from
Fig. 7 of [15]. But the duality seems to be less apparent for continuous time simple coalescing
random walks.

A p-simple random walk on Z is a continuous time simple random walk that makes jumps
at unit rate, and when it makes a jump from a certain site it jumps to the right neighbor
with probability p and to the left neighbor with probability 1 — p. An m-dimensional p-simple
coalescing random walk is defined in the same way as the coalescing Brownian motion at the
beginning of this section. When p = 1/2 we just call this particle system a simple coalescing
random walk.

Some notation is useful to keep track of the interactions among the particles in the coalescing
system. Let P, denote the set of interval partitions of the totality of indices N,,, :== {1,...,m}.
That is, an element m of Py, is a collection m = {A4;(w),..., Ap(m)} of disjoint subsets of N,
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such that | J; Ai(7) = N,,, and a < b for all a € A;, b € Aj, i < j. The sets A(m),... Ap(m)
consisting of consecutive indices are the intervals of the partition w. The integer h is the length
of m and is denoted by [(7). Equivalently, we can think of P, as a set of equivalence relations
on N, and write ¢ ~ j if ¢ and j belong to the same interval of w € P,,,. Of course, if i ~ 7,
then i ~; k ~, j forall i < k < j.

Now we want to introduce the state space for the simple coalescing random walk. Given
T € Pp, define

a;(m) := min A;(7)
to be the left-hand end-point of the i*" interval A;(r). Put
727 ={(x1,...,xm) €Z™ 21 < ... <y and z; = x; if i ~p j}

and

~

7y =A{(z1,...,xm) €Z™ 21 < ... <z and z; = x; if and only if i ~; j}.

Note that Z™ is the disjoint union of the sets Zﬂm, T € P
Write X = (X1,...,X,,) for the p-simple coalescing random walk. If X(t) € Z?, then the
free particles at time ¢ have indices a1(7), ..., o) (7) and the it particle at time ¢ is attached

to the free particle with index
min{j: 1 <j<m, j~g i} = max{og(m) : ax(m) < i}.

In order to write down the generator of X, we require a final piece of notation. Let {ei-C 1<
i < k} be the set of coordinate vectors in Z*; that is, ef is the vector that has the i*" coordinate
1 and all the other coordinates 0. For m € P,,, define a map K, : Z" — ZM™) by

Kr(x) = Kp(21,...,2p) = (mal(ﬂ), e ,:Ualw(ﬂ))

Notice that K is a bijection between ZI" and {x € ZHT) g <y < ... < xl(ﬂ)}, and we write
K1 for the inverse of K. For brevity, we will sometimes write x, for K, (x).

Write B(Z™) for the collection of all bounded functions on Z™. The generator G of X is the
operator G : B(Z™) — B(Z) given by

U(m) I(n)
Gf(x):==pY fol; (xr+e")+(1-p) Y fok  (xs —e™)
=1 i=1

—U(m)f o K7 (xx), [ €B@Z™), x€L", 7€ Pp.

() and x,; — el-(w)

;. are all in

This expression is well-defined, because if x € Z;”, then x,, x, + ei
{l’ c Zl(ﬂ-) rrp < a9 <... < xl(w)}'
I(r)

Note: From now on we will suppress the dependence on dimension and write e; "’ as e;.



Write Z' := 7Z + % ={i+ % : 4 € Z}. An n-dimensional g-simple coalescing random walk on
Z'" and its generator H can be defined in the obvious way. Such a process, with ¢ = 1 — p, will
serve as the process dual to the p-simple coalescing random walk on Z™ in the following way.

Fixx€Zm witha; <...<zpandy € Z" withy; < ... <wy,. Put

L7 (ty) == H{Xi(t) €lyj, yj+1]}
and
Iy (¢, x) := Ha; €]Y;(t), Vi (4]}
forl<i<mand1<j<n-—1.

Lemma 2.2. Suppose in the notation above that X = (X1,...,X,,) is an m-dimensional Z™-
valued p-simple coalescing random walk and Y = (Y1,...,Ys) is an n-dimensional Z'™-valued
(1 —p)-simple coalescing random walk. Then for each t > 0 the joint distribution of the m x (n—
1)-dimensional random array (1;7 (¢, Y (0))) coincides with that of the m x (n — 1)-dimensional
random array (I (t,X(0))).

Proof. For a bounded function g : {0, 1}m("_1) — R, a vector x € Z™ with z; < ... < xp,, and
a vector y € Z'" with y; < ... < y,, set

g(X; Y) =g (1{]3/1, 3/2]}(331)3 R 1{]yn713 yn]}(l'l)a R 1{]3/17 92]}(xm)7 ) 1{]yn*17 yn]}(:z:m)) .

We may assume that X and Y are defined on the same probability space (2, F,P). We need to
show that

(2.1) Plg(X(#); Y (0))] = P[g(X(0); Y (£))]-

For x € Z™, put g«(-) := g(x;-), and for y € Z'™, put gy(-) := g(:;y). In order to establish
(2.1), it suffices by a standard argument (cf. Section 4.4 of [7]) to show that

(2.2) G(gy)(x) = H(gx)(y)

(recall that G and H are the generators of X and Y, respectively).
Fix x € ZT’? andy € Zﬁg for some 7w € P, and w € P,. Put
. . 1 .
I :={i:1<i<Um), Taym) + 5 = Yoy () for somel < j <I(w)}

and

I" ={i: 1 <0 <U7), Tay(r) — % = Yo, (w) for somel < j <I(w)}.

Similarly, put
1
J = {.7 1<y < l(w)a Yoj(w) — 5 = L, (n) for somel <7 < l(ﬂ-)}
and

. . 1
Jt = {j:1<j<l(w), Yoj(w) T 5

5 = Lai(n) for somel < i < [(m)}.
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For each i € I there is a unique j € J~ such that T (m) T % = Yo, (w) and vice versa. Fix
such a pair (4,7), we can verify that

Ty © K ' (%r + i) = gx 0 K ' (v — )
by considering all the possible scenarios. In addition, it is easy to see for i’ & I'T that
gy o K (xx + €)= gy 0 K (Xx)
and for j/ & J~ that
gx 0 K5 (ye —e) = gx 0 K5 (y=)-

Similarly, for any i € I~ there exists a unique j € J* such that Toy(m) — % = Yo, (w) and vice

versa. For such a pair (i,j) we have

y o K (xr —€) = gx 0 K (e + €)).
Furthermore, we see for ¢/ ¢ I~ that
gy o KM (xr — €) = gy o K (xr)
and for j' ¢ J* that
gx o K2 (yw +ej) = gx 0 K (y).
Lastly, note that
Gy o K7 ' (%r) = G(x:y) = Gx 0 K ()
and so

G(Gy) (%) — H(@x)(y) =p Y _ (Fy o K7 '(xx + &) — y 0 K ' (xx))

el t

+(1=p) Y (Gy o Ky (xx — ) — gy 0 K (%))
i€l

- D Z (gx o Kgl(y'w - ei) —gx© K;I(YW))

jeEJ~

- (1-p) Z (gx © K;I(YW +€;) —gxo K;I(YW))

jeJt
-0,

as required. O



3. EXISTENCE AND UNIQUENESS

A construction of Z was given in [5] using Feller’s branching excursions. In this paper we
adopt a weak convergence approach, which is commonly used in the study of measure-valued
processes.

Recall that a nonnegative valued process £ is a Feller’s branching diffusion with initial value
x > 0 if it is the unique strong solution to the following stochastic differential equation

Et)=x+ /0 VAE()dB(s),

where 7 is a positive constant and B is a one-dimensional Brownian motion. (£(t))i>0 is a
martingale. Its one-dimensional marginal can be characterized by its Laplace transform
2 \x
3.1 Plexp{-\(t)}] = expd ————~ L.
(3.1) el-a0)] = e { -5 20|
its extinction probability is then given by
2x
P{&(t) =0} = —— 7
(e =0y e {- 2}

see Sections II.1 and II.5 of [12].

Observe that independent Feller’s branching diffusions are additive; i.e. if £ and n are two
independent Feller’s branching diffusions (with the same parameter «y), then £ + 7 is also a
Feller’s branching diffusion. This fact will be used repeatedly in our discussions.

Write Mp(R) for the space of finite measures on R equipped with the topology of weak
convergence. For any p € Mp(R) and any real valued function f on R, put

wh = [ " f@)uldo).

Given Zy € Mp(R), put z := Zp(R). For any positive integer m, let (ém), .. ,&(nm)) be a col-
lection of m independent Feller’s branching diffusions each with initial value zZ/m. Choose
(z1,...,2m) to be iid. samples from distribution Zy/z. Let (X{m),...,XT(nm)) be an m-
dimensional coalescing Brownian motion starting at (z1,..., %, ). Moreover, we always assume
that (ffm)) and (Xi(m)) are independent. Let 0, denote the point mass at © € R. Then

=1

defines a Mp(R)-valued process. From now on we will suppress the dependence of m in both
(m) (m)
& ~and X
Recall that a collection of processes {Z“ «a € I} with sample paths in D(Mp(R)) is C-
relatively compact if it is relatively compact and all its weak limits are a.s. continuous. The
proof of the next lemma is standard; see, e.g. the proofs for Lemma 3.2 of [18] and Proposition
I1.4.2 of [12].



Lemma 3.1. {Z(™)} is C-relatively compact.

Proof. We first check the compact containment condition. For any € > 0 and T' > 0, choose a
compact set Ko C D(R) such that P{X; € K§} < €2. Let K := {x; : v € Ko,t <T}. Then K
is compact in R, and

P{X,(t) € K¢, 3t <T} <P{X; € K§} < €.

Define
Ig :={1<i<m:X;t)e K3t <T}
and put
Npp = #I =Y 1{X;(t) € K°,3t < T},
=1

where #1x denotes the cardinality of the index set Ig.
Conditioning on Ny, by the additivity for Feller’s branching diffusions, we see that ;. &i(t)

is a Feller’s branching diffusion with initial value N,,z/m. Then by Doob’s maximal inequality,

N3
P< sup Z&(t)>e Ny b < =M%

me

Therefore,

PN,z
P< sup Zt(m)(Kc) >ep <PQ sup Z &i(t) < [Nom]2 < Ze.
0<t<T 0<t<T /T me

For any f € CZ(R), we are going to show that {(Z(™), f)} is C-relatively compact in D(R).
By It6’s formula, we have

Z™, f) = 1[ () / F(Xi(s))dei(s / (5) 1 (Xi(s))dXi(s)

af 5i<s>f"<Xi<s>>ds]

The additivity for &;(t) gives that if

0<s<t .

P| su i(s)| <oo and P | su i < oo, t >0,
[0<Sgt25()] p Zﬁ $)&;(s)

i,7=1
then {37, [o&(s)f"(Xi(s))ds} is C-relatively compact following from Arzela-Ascoli theorem
and Proposition VI.3.26 of [8].

Note that the quadratic variation

<ZZ;/0 &i(s)f'(Xi(s)) >

3 / ()5 (3) 1 (Xi(3)) £ (X (5))d( X, X5 s,

7,7=1
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where (X;, Xj)s = s —Tj; As and Tj; == inf{s > 0 : X;(s) = X;(s)}. By Arzela-Ascoli theorem
again, {310, [, &(s)f'(Xi(s))dXi(s)).} is C-relatively compact. Theorem VI.4.13 and Proposi-
tion VI.3.26 of [8] then imply that the collection of martingales {> "7, [; & (s) f'(Xi(s))dXi(s)}
is C-relatively compact.

Similarly, {d°7", [; f(Xi(s))d&(s)} is also C-relatively compact. Moreover,

m

Zf(:m) — (Zo, f) as..

=1

1
m

{(Z.(m), f)} is thus C-relatively compact. Consequently, by Theorem I11.4.1 of [12] we can con-
clude that {Z.(m)} is C-relatively compact.
]

Write Z for the weak limit of {Z(™)}. The Laplace functional of Z can be obtained from the
duality in Theorem 2.1. As a result, its uniqueness is settled.

In the sequel we always write (Y1,...,Ys,) for a coalescing Brownian motion starting at
(Y1, .- Yy2n) with y1 < ... < yo,. Given (a;) and ¢ > 0, put

n

(3.2) he() =) a{]Yaj-1(1), Yo; (O]} ()-

=1
Theorem 3.2.

(i). Any limit point Z of {Z™} in C(Mp(R)) satisfies the following duality relation: given
a; >0,7=1,...,n, for any y1 <y2 < ... <y2p and any t > 0, we have

(3.3) kap{—(Zhh@}]:EDFxp{——<Z 2hy >}].

02 ~thy

(ii). Any limit point Z of {Z™} in C(Mp(R)) has the Markov property.
(iii). The family {Z™} has a unique limit point Z in C(Mp(R)).

Proof. We might assume that (Y;) is independent of (&;). First conditioning on (§;(t)), by
Theorem 2.1 we have

P | exp —ZZ&(t)ajl{]yzj_hij]}(Xi(t)) (&i(1))
i=1 j=1
(3.4)

=P |exp{ = > ) &i(t)a;1{]Vaj-1(t), Yo (D]} (i) ¢ | (&i(8))

i=1 j=1

Now take expectations on both sides of (3.4) and then condition on (x;) and (Y;(¢)). Since
&1(t),...,&n(t) are independent of each other, and they are independent of (z;) and (Y;(t)), it
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follows from (3.1) that

P [exp {—<Zt(m), ho>H =P _]P’ [eXP {— i fi(t)ht(fﬂi)}
- f[ oo { - }]
e (B o]

_pll% o 22 "
o\ z7 P m(2 + ythy) '
Let m — oo in (3.5). Then

Jin  [exn (=2 Y] = i | (1= (20 s ) )|

ool (s

Let Z be any limit point of {Z(™}. To prove (3.3) it suffices to show that

(36) P lexp {~(Z0. ho))] = lim P [exp { (2" ho) }].

—00

(i), (Yi(t))

To this end we can suppose that y; < y2 < ... < ya,. Then for small enough € > 0, similar to
(3.5) we have

exp Za] (Jy2j—1 + €, y25 — €])

—P |exp{ — Z ath(m) (]y2j—1 —€Y25 + 6])

(3.7) B n
_ _ 7(m) o , L A
<1—-P |exp Z a;Zy (]92]—1 €,Y25—1 + E]U]y% €, Y25 + 6])

__p _<Z0 { 22’2 i=1 ajl{]Yzl] 1(8)s Yzlé 1 (¢ )]U]}/é/‘](t)7y2l‘;(t)]} }>m]
o )1

2P Mt S a0V (6, Y3 (B]0]Y; (1), Y

<1—P{m Y () =Y ()} ),

where (Y{, Y/, ..., Y] Yy ) is a coalescing Brownian motion starting at (y1 —€,y1+¢€, ..., yan —
€,Yan + €). Clearly, the right hand side of (3.7) converges (uniformly in m) to 0 as € — 0+.
Therefore, (3.6) follows readily.

By the Markov property for (X;) and (§;), and arguments similar to (3.5) and (3.6) we can
show that, for any 0 < ¢; < ... < t; < t and any nonnegative bounded continuous functions
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(fi), we have

k
P [exp {— Z(Zti, fi) — <Zt>h0>}]

=1

1 <

k
= T’%i_rpoo]? exp {—Z(Zt(:n),fi) — <Zt(m),h0>}
L i=1
r k
= lim P |exp {— > iz, m} P [exp { (2™, o) }| (&i(s)), (Xi(9)), s < tk]]
L i=1
_ . ) (m) 2hy—t
= P eXp{_;<Zti =fi>}eXP{_<Ztk 72+’Y(ttk)httk>}]

=P [exp {— g<Ztiv fi>} exp {_ <Zt’“’ 2+ V(chi_ttZ)ht—tk >}] .

The Markov property for Z follows readily.

Since all the limit points of {Z(™} have identical marginal distribution because of (3.3), by the
Markov property they also have the same joint distribution. We thus establish the uniqueness
for Z. See Theorem 4.4.2 of [7] and Theorem 3.3 of [18] for similar proofs.

O

Remark 3.3. The duality (3.2) also gives, for any 0 < s < t,
Plexp {—(Zi—s, hs)}] = Plexp {—(Zs, ht—s)}] -
The moments of Z can be obtained immediately from (3.3).
Proposition 3.4. Givena; >0,5=1,...,n, for any y1 <y2 < ... <ya, and t > 0, we have
P[(Zt, ho)] = P [(Z0, ht)]
and

P [(Zy, ho)?] =P [(Zo, hu)?] + AP [(Zo, b)) .

Martingale problem is often used to characterize a superprocess. Z is the solution to the
martingale problem (see [5]): for any ¢ € C?(R),

1 t
Mi(w) = (Z00) = (Zo) = [ (Zt)as, 120

is a continuous martingale relative to (F:):>0 with quadratic variation process

(M) = /0 (Zay?)ds + /0 s /A (@) () Zo(d) Zo(dy),

where A = {(z,z) : z € R}.
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But a remarkable feature of such a martingale problem is that its solution is not unique.
For example, let &5 and & be two independent branching diffusions each with initial value 1.
Let By and By be two independent Brownian motions. Assume that (£1,&2) and (B, Ba) are
independent. Then Z} := &1(t)0p, (1) +&2(t)dp, (1) is another solution to this martingale problem;
also see [18] for a similar counter example.

Uniqueness of the solution to a martingale problem is often established by finding an appro-
priate dual process via the method of martingale duality; see Section 1.6 of [6] for an introduction
of such an approach. Notice that the duality (3.3) is not a consequence of the martingale du-
ality corresponding to the above mentioned martingale problem. Not surprisingly, it can not
guarantee the uniqueness of the solution.

4. SOME PROPERTIES

Our first result in this section is a straight forward consequence of Theorem 3.2.

Proposition 4.1. For any y1 < y2 < ... < yo, and t > 0, we have
n
P lexpq =AY Zi(lya2j-1,y25])

(4.1) =

P exp{ a7 Zo( Va1 (8), Yoy () § [ A > 0.
7=1

24+ Myt =

Proof. Observe that the function 377 | 1{]Ya;_1(¢), Y2;(#)]}(-) takes values either 0 or 1, then
(4.1) follows readily from (3.3).
U

Proposition 4.1 allows us to carry out some explicit computation on Z. We are going to first
study the probability that Z; does not charge on an arbitrary finite interval.
Throughout this section, for any z,y, a and b, we write

_ b . b—
(4.2) =2 Y5 TtV 2%0 gf.=2"0

Proposition 4.2. Given a < b and t > 0, we have

Pz t) =0} = 5 | Z da /0 ” dyexp{—zzo(t]jaﬂ]) (@ ;taﬁ}

2 7\2
43) (p{_@%b)} _exp{_@;b)D

+ 2 /Oodxe { 1:2}
— Xp4—— ¢ -
V2rt Ji Pl
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Proof. Letting A — oo in (4.1) we have

B {Zi(a,b]) = 0} = P [exp {—jtzoqn(t),n(tn)}]
_p [exp {—jtzoﬂmt), Y2<t>1>} Vi(t) # Y2<t>] LPY() = Ya(0)),

where (Y1, Y2) is a coalescing Brownian motion starting at (a,b).

To find the distribution of (Y7,Y3), one could rotate the coordinate system anti-clockwise by
7/4. Under the new coordinate system (Y7,Y2) becomes a process (Y{,Yy) such that Y/ is a
Brownian motion starting at a, Y, is a Brownian motion starting at b and stopped at 0, and
Y{ and Yj are independent. Since Y7 = (Y] — YJ)/v/2,Y2 = (Y{ + YJ)/v/2 and Y;(t) = Ya(t) iff
Y5(t) = 0, then (4.3) just follows from the reflection principle for Brownian motion.

g

Write S; for the support of Z;. Intuitively, starting with particles with total initial mass
Zy(R), as soon as t > 0 the particles near —oo and oo will die out due to branching. Z; is then
expected to be supported by a finite set because of coalescence. The next two results concern
the cardinality of Sj.

Proposition 4.3. Given a < b and t > 0, we have

P[#S:M]a, b]]

44) b- Zo(17,9) _ (x—V22)° +4°
S T N e B e

Proof. Tt is easy to see from (4.3) that for any z € R,

P{Z:(dz) # 0}

(45) de e (% [ 220(3,3) _ (@ = V22 +
_\/ﬁ_ﬂﬂtzfoodmfo dyyeXp{_ 0m B y }

Then (4.4) is obtained by taking integrals on both sides of (4.5) from a to b.

Proposition 4.4. With probability 1, #5; < oo, Vt > 0.
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Proof. Given s > 0, we first claim that P[#Ss] < oo if Zy has a bounded support. Suppose that
Zo(] = b,b]) =1 for some b > 0. Then by (4.5),

Pisid = [ P(z.() 0}

s e [ [ (1o { D ) [ e B
= g [ e [ (1o {2 e {

< [T /_@;*_“Z iy {2}

< 0

Our claim is proved.

Now given any integer j, let 7;(s) be the Feller’s branching diffusion with initial value 7;(0) :=
Zo(]4,7 +1]). Since

o0 o0

3 Pl(s) £0y= Y (l—exp{—%io)}) < i 277;-20) :Z,

j=—00 j=—00 j=—00

by Borel-Cantelli lemma we have that, with probability 1, 1;(s) # 0 for only finitely many values
of j.

Therefore, for any ¢ > 0, with probability 1, Z; », must have a bounded support. The Markov
property for Z, together with the claim from the first part of the proof, implies that #S5; < oo
a.s..

Finally, by the Markov property for Z we conclude that P{#S; < co,Vt > 0} = 1. O

By Proposition 4.4, as soon as t > 0, S; becomes a finite set. For any z € Sy, we associate it
with a particle located at z with mass Z;({z}). We can thus identify Z; interchangeably with
a collection of spatially distributed particles with masses. As time goes on, the total number
of particles decreases either because two “alive” particles coalesce into one particle, or because
each particle disappears due to its branching.

Since #5; < oo, a small neighborhood of z contains at most one particle in Z;. When there
is such a particle, we want to find the distribution of its mass. Formally, we are looking for an

expression of
Plexp{-AZ({z})}; Z:({z}) > 0].
Until the end of this section we put
q(+) == H{V1(t), Ya($)]}(-),t > 0,

for the coalescing Brownian motion (Y7, Y2) starting at (a,b).



16

Proposition 4.5. For any z € R and t > 0, we have
P lexp{—AZi(dz)}; Zi(dz) > 0]

wo  “vam ] (e R e )
exp {_(a: — \/52)2 +y2} .
2t

Proof. We fix (§;(t)) first. Apply Theorem 2.1 to random variable

exp {—)\Zfi(t)qO(Xi(t))} 1 {Z&(t)qO(Xi(t)) > 0} :
=1 =1

Then condition on (Yi(%), Y2(t)) and take an expectation with respect to (&;(¢)). Similar to the

proofs for Theorem 3.2 and for Proposition 4.1 we have that

exp { A Z gz QO } Z gz QO > 0]

=P exp{ )\Zﬁz qt :E@} Z t)qe(x;)

=P exp{_)‘zgi(t)%($z }] [Zﬁz Qt Jh = ]
L =1

.l 225" ) 22", )
=P eXp{_Q_i_)\'yt —P exXp —T .

Recall that Z,7,a and b have been defined in (4.2). Therefore,
Plexp{=AZ(la, b])}; Z(Ja, 0]) > 0]

ool A 2w
I e R
{52 o {0527 {202

So, (4.6) is obtained by letting b — a+.

O

At a fixed time t > 0, with a positive probability there can be only one particle (with a
positive mass) left. When this happens, we are interested in the joint distribution of the mass
and the location of that particle. More precisely, we want to find an expression for

P lexp{—A\Z:(R)}; Zi(R) # 0, S; C dz] .
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Proposition 4.6. For any z € R and t > 0, we have
P exp{—AZ:(R)}; Z,(R) # 0,S; C dz]

2220(2,9)  220(%,9)°)  (x = v22)* + ¢
(4.9) f 7rt2/ d:U/ dyyeXp{ 2+ Myt vt - 2t }

— ——expy—— -
= p{ vt}
Proof. For x; :== X;(0) we put

B = {;gml{w),n( (i) = o} - {st (1= qulas)) = 0}-

=1

It follows from Theorem 2.1 that

[eXp{ )\Z& } &GO 1{a, b HX(1) > 0, &(1)1{]a, b H(X(t) = 0]
i=1 =1
=P |exp {—AZ&;U)} ;Zﬁz‘(t)%(xi) >0,B
L =1
(4.10) =P exp{ )‘Z& qi(x; },Zfl qt(x;) > 0,B

i=1
-P Z&(t)qt(mi) =0;B

=P |exp {_)\Zfi(t)%(xi)} ;B
L i=1 =1
i AEST ) gr(ws) 2237 (1 — gi(ws) VA
=F _exp{— m(2 +1Awt) }exp{ myt H _P{Z&(t) _0} ’

where in obtaining the last equation we have used the fact that, given (Yi(t),Y2(t)) and (x;),

2
random variable exp {—AY ", &(t)qi(x;)} and event {> ", &(t)(1 — ¢¢(z;)) = 0} are indepen-
dent.

Now letting m — oo in (4.10) we have

Plexp{—AZ(R)}; Zi(R) # 0, 5; C (a,b)]

el 2 e 1)
- % o / dyexp { 2A2Zi fyfb 220(5?@%)}6}{1) {_(:c;ta)z}

)

w2 wr
(] 052} 022
\/%exp{ jt}/oodxexp{_;i}_exp{

+

27
vt
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Finally, (4.9) is obtained by letting b — a+ in (4.11).

Remark 4.7. Let A =0 in (4.11). We then obtain a result on the range of S;.

The total number of particles in Z will decrease one by one. Put
7:=1inf{s > 0: #S, = 1}.

Then 7 < oo is the first time when there is exactly one particle left. The distribution of 7 is
given in the following Proposition.

Proposition 4.8.

00 [ee] o] 7. 1€ T — 22 2
]P’{Tgt}:/_oodz< 1 /_Oodx/o dyyexp{_2Zo(] 1) ( x/§)+y}

V2mt2 vt 2t
1 { 2z }) n { 2z }
——exXpy—— expqy —— -
VTt P vt P vt

Proof. Observe that
Pir <t} = / P{Z(R) £0, 5, C dz} + P{Z(R) = 0},

(4.12)

then (4.12) follows from Propositions 4.6 and 4.1.

Let
T :=inf{t > 0: Z;(R) = 0}.
T is the time when all the particles disappear. Its distribution can be easily found from Propo-
sition 4.1.

P{T < t} = P{Z(R) = 0} = exp {—Z} .

Note that super Brownian motion has the same extinction time distribution.
Let F' denote the location of the last particle immediately before extinction, i.e. {F'} = Sp_.
We could recover the explicit distribution for F.

Proposition 4.9. F' has the same distribution as X7, where X s a Brownian motion with

initial distribution Zy/z, and X and T are independent.

Proof. We first assume that
m
Zo =) ibu;, ¢ >0,i=1,...,m.
i=1
Then by Theorem 3.2,
m
Zy = &(t)dx,m, t >0,

i=1
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where (&;) is a collection of independent Feller’s branching diffusions with initial values (¢;),
(X;) is a coalescing Brownian motion starting at (z;), and (&;) and (X;) are independent.
Write
Ti:=inf{t >0:&(t) =0}, i =1,...,m.
Then

T = max T;.
1<i<m

Therefore,
F=> Xi(T,-)YT =T} = Xi(T){T =T}.
i=1 i=1

Qur first observation is that

QCZ'

P{T < 1} = P{&(1) = 0} = exp {—w} |

Put ¢ := > ¢ Then P{T = T;} = ¢;/c, and F = X;(T) with probability ¢;/c. Our
second observation is that conditional on {T" = T;}, the distribution for 7" is the same as its
unconditional distribution. So, F' has the same distribution as the random variable obtained by
running a Brownian motion X with initial distribution P{X (0) = z;} = ¢;/c,i = 1,...,m, and
stopping it independently at time T'. As a result, F' has the desired distribution.
By conditioning on Z. and letting ¢ — 04, the conclusion in the proposition also follows for
any general initial measure Zj.
O

Remark 4.10. This near extinction behavior is the same as that for super Brownian motion (see
Theorem 1 of [17]), which appears to be coincidental.

5. CONNECTIONS WITH THE ARRATIA FLOW

Arratia flow is a stochastic flow which describes the evolution of a continuous family of
coalescing Brownian motions on R. We refer to [1] for a detailed account and [2] for a survey on
stochastic flows. We also refer to [10] for more recent work on stochastic flows. By definition,
the Arratia flow is a collection {¢(s,t,z) : 0 < s < t,x € R} of real-valued random variables
such that

e the random map (s,t,z) — ¢(s,t,x) is jointly measurable,

for each s and x, the map t — ¢(s,t,x), t > s, is continuous,

for each s and ¢t with s < t, the map = — ¢(s, ¢, ) is non-decreasing and right-continuous,
for s <t <wu, ¢(t,u,-)od(s,t,-) = o(s,u,-),

for u >0, (s,t,2) — ¢(s + u,t + u,x) has the same distribution as ¢,

for z; < ... < @, the process (¢(0,t,21),...,¢(0,t,2m))e>0 has the same distribution

as a coalescing Brownian motion starting at (z1,...,Zm).
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Fix t > 0, it is known that {¢(0,¢,x) : x € R}, the image of R under the map ¢(0,t,.), is a
discrete set (see Theorem 12 of Chapter Three in [1]). In this section, let ... < z_1(t) < zo(t) <
x1(t) < ... be a sequence of random variables such that

(5.1) {6(0,t,) :x e R} ={x;(t) ;i =...,—-1,0,1,...}.
Since Brownian motion has continuous sample paths, the Arratia flow is order-preserving; i.e.
6(0,t,21) < ... < ¢(0,t,xy,) whenever 1 < ... < zp,. Set
Hz(t) = sup{q: : ¢(Oata IE) = xz(t)}
Write ¢~1(0,t, x) for the pre-image of x under map ¢(0,t,.) Then (II;(t)) determines a partition
on R such that ¢=1(0,¢,2;(t)) = [[L;_1(¢), IL;(#)[.
The Arratia flow is closely associated to the process Z studied in the previous sections. We

first want to show that the Laplace functional of Z; for a continuous test function can be
expressed in terms of (z;(t)) and (IL;(¢)).

Proposition 5.1. Given any nonnegative bounded continuous function f, we have fort > 0,

(5.2) P lexp {—(Zu )] = P |exp d — { 20,2
| ’ "2 4 Ath] ’

where b (-) := 33 FOL(6)1{J2i(t), 21 (8)]}(-).
Proof. For y; = j/2", Theorem 3.2 yields
n2"
Plexpd — > f)Ziyj-1.95))

(5.3) g=—n2®

. [ { < 22?3:712" f(yj)l{]¢(0>t7yj—1)v¢(O>tvyj)]} >}]

=P |exps —( Zp, —5m .

2+t Zj:—n?” (yj)l{]¢(07 2 yj—l)v #(0,¢, yj)]}

Observe that ¢(0,t,y;-1) # ¢(0,t,y;) if and only if y;_1 < II(t) < y; for some k. Letting
n — oo in (5.3), (5.2) follows from the continuity for f and the finiteness for Zp.

O

We then consider the support Sy for Z;. Since S; is a discrete set, we can identify it with a
measure-valued process by placing a unit mass on each point of S;. For any y; < yo < ... < yop,
by Proposition 4.1,

(54)  P{Z(UJyzs1925]) = 0} = B [exp {,ftz()(uy_m1<t>,Y2j<t>]>}] .

We thus get the following characterization of the avoidance function for S;.

65 PSOUdnm] = 0) = P e { - 2 20U a0, 10D}

Consequently the distribution of \S; is uniquely determined by (5.5); see Theorem 3.3 of [9].
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(5.5) suggests a connection between S; and the Arratia flow. Let I;(dy) be a random measure
on R such that

2 n
I (Up_ilyzi1, y25]) = p > Zo (1600, t,y25-1), 90,1, 525)]) , 11 <2 < ... < yon.
j=1
Proposition 5.2. Given t > 0, S; can be identified with a Cox process with a finite random
ntensity measure I.
(5.4) also leads to a result on the occupation time for Z. For any Borel set B in R,
t t
/ dsP{Zs(B) =0} = / dsPlexp {—Is(B)}].
0 0

A particle representation for Z; is available by using the image of the Arratia flow as a skeleton.
Given (z;(t)) asin (5.1), let (n;(t));=_ ., be independent non-negative random variables such that

P lexp{- (0} (i) = exp { - 2L

Proposition 5.3. Given t > 0, we have

[ee]
D
(5.6) Zy = Z 1i(£)02,(t)-
i=—00
Proof. Define
m2™
Zt(m) = Z Uz(m)(t)%(o,t,i/zm),
i=—m2™m
m2™
where (ngm)) ' ) is a sequence of independent Feller’s branching diffusions with initial values
1=—m2™
(Zo([(i — 1)/2™,i/2™)**" ,m, and in addition, (n§m)) is independent of {z;(t)}.
For any a; > 0,7 = 1,...,n, and y1 < ... < y,, by the same argument as in the proof for

Theorem 3.2, we have

lim P {exp {—(Zt(m), h())H

R 270 ([(i = 1)/2™, /2" Dhe(i/27)
= P _i_l_mlzm P {_ 2 4 ythy(i/2m) }

_— S 2%0([(i = 1)/2m, /2" Dha(i/27)
= m F _eXp {_ i:%;m 2+ ythy(i/2m)

e
=P lexp {— (Z, ho)}].

Therefore,
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Further, by the definition of (z;(¢)) and the additive property for Feller’s branching diffusions
we obtain that

o0

z" = > > Uﬁ-m)(t)&:i(t) o > i), 0)-

i=—00Tl; 1 <j/2m<Il; i=—00

Putting these together gives (5.6).
O

This interplay is remarkable. On one hand, Z can be constructed using the Arratia flow; on
the other hand, Z tells us how an initial measure Zj is transported over time under both the
Arratia flow and the branching.

6. A MORE GENERAL MODEL

As Steven Evans pointed out to me that the proof of Theorem 3.2 only uses the branching
property of the Feller’s diffusion. This suggests that we can replace the Feller’s branching
diffusion by the square of the Bessel processes (BESQ) to incorporate immigration. We are
going to carry it out in this section.

For x > 0 and 6 > 0 the square of §-dimensional Bessel process starting at x, denoted by
BESQ’(z), is a non-negative valued process & which solves the following stochastic differential

equation

t
ft =x+ / V 'Y{sst + 6t7
0

where B is a one-dimensional Brownian motion.
Applying Itd’s formula we obtain the following partial differential equation for V(A,t) :=
P lexp{—A& }],
oV ANV
T LS\ = 2.0) = —Az}.
a1 + 5 I +0AV =0, V(A 0)=exp{—Az}

Then we can recover the Laplace transform for & as

(6.1) Plexp{—\&}] = <2_}_2)\’7t>2jexp{—2_2:\;7t}.

Notice that the Feller’s branching diffusion is just BESQ". We refer to Chapter XI of [13] for a
more detailed introduction on the Bessel processes.

It is easy to see from (6.1) that BESQ’(z) is additive in both § and z; ie. if {&,i =
1,... ,m}:,is a collection of independent processes such that each &; is BESQ® (z;). Then > " &
is BESQ =1% (327 ay).

Now we are going to modify the process Z defined in Section 3 by letting the masses of the
particles be governed by BESQs. Since the dimension is an additional parameter for BESQ, we
need to introduce another measure-valued process A to describe the evolution of the dimension.
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As in Section 3, we first consider two systems of interacting particles. Given Zy € Mp(R),
write Z := Zo(R) and Zy := Zy/2z. For any m, choose x1,...,Z,, to be i.i.d. random vari-
ables with common distribution Zy. Given Ag € Mp(R), write § := Ag(R) and A := Ag/é. Let
2y, ..., 2!, beiid. random variables with common distribution A. Let (X1, ..., X, X1, ..., X))
be a 2m-dimensional coalescing Brownian motion starting at (x1,...,2m, 2}, ..., 2),).

Let (&1,...,&m) and (d1,...,dm,) be two collections of m independent processes such that &;
is BESQ’(2/m) and §; is BESQS/’”(O). We further assume that (z;) and (z}) are independent,
and (X1,..., Xm, X],...,X},), (&) and (9;) are all independent.

Now we are ready to define the two Mp(R)-valued processes

Zt(m) = Z &i(t)0x, ) + Z 0i(t)ox1 (1)
i=1 i=1

and
m N~ 0
AE )= z; EéX{(t)'

Similar to Lemma 3.1 we can show that both {Z(™} and {A(™} are C-relatively compact in
D(Mp(R)). They have unique weak limits by Theorem 6.1, which we will prove shortly.

Let Z and A be the weak limits for {Z(™} and {A™}. Intuitively, {(Zo(B),Ao(B)) :
B € B(R)} describes the initial mass-dimension distribution on R, and {(Z;(B),A((B)) : B €
B(R),0 <t < oo} describes the simultaneous mass-dimension evolution for such a model, which
we call a super square of Bessel process with spatial coalescing Brownian motion.

As before, write (Y7,...,Ys,) for an 2n-dimensional coalescing Brownian motion starting at
(Y1,--.,y2n) with y1 < ... < y9,. For any nonnegative constants a;,b;,j =1,...,n and t > 0,
let h; be defined as in (3.2) and let

hy(-) := ijl{]y%—l(t)a Ya; (0] }H(:)-

The next result determines the joint distribution for (Z;(B), Ai(B)), B € B(R).

Theorem 6.1. For any a;j > 0,b; > 0,5 =1,...,n and any y1 < ... < Yo, we have

P [exp {—(Zs, ho) — (A, ho) }]

“eleo{- (o) - (20 dm (0 75) )]
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Proof. We might assume that (Y;) is independent of (§;) and (d;). To prove (6.2), again, we first
fix (6;) and (&;). It follows from Theorem 2.1 that

Plexp{—(Z"™, ho) — (A, hy)}]

(6.3) =P [eXp {— ST EOho(Xi(t) = > 8i(Hho(X[(8) = > <Wo(;f’(t))}]
| ! =1 i=1
[eXp { Z GiEh ) — Dol — 3 D H |
=1 i=1

We then fix (z;) and (), and take expectations with respect to (§;) and (d;). By (6.1) the right
hand side of (6.3) is equal to

. 2 o 2% hy () 5hL ()
P [ _ _ i
E <2 - vtht(x;)> P { m@+Ath(z)  m

S _ m

. 2zhy " ythy\ oh

=P |{Z B Ao, 1+ 5% 2
<°’exp{ m(2+vtht>}> < °’< T ) exp{ m ’

where we condition on (Y;) to obtain the equality.
Let m — oo in (6.4). We finally have

P [exp {—(Z:, ho) — (A, h6>}]
= lim P _exp{—<Z( ™ v ho) — }

m—00

}

e ) (o (-2 )

B T SR
e (g2 {3 2 1222) )

- [ {< 2+7tht> <A°’i <1+7t2ht>+h;>H'

Remark 6.2. Notice that A is just the process Z in Theorem 3.2 with v = 0.

(6.4)

The generalized model considered in this section will not die out if 4 > 0. Many of the
properties in Section 3 and 4 can be discussed in a similar fashion. But we leave the details to
interested readers.

Acknowledgement: The author is grateful to Steven Evans for a suggestion that results in
Section 5 of this paper. The author thanks Carl Miiller for a helpful comment. He also thanks
an anonymous referee for very helpful comments.
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