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RANDOM PARTITIONS OF THE PLANE VIA POISSONIAN
COLORING AND A SELF-SIMILAR PROCESS OF
COALESCING PLANAR PARTITIONS

BY DAVID ALDOUS!
University of California, Berkeley

Plant differently colored points in the plane; then let random points
(“Poisson rain”) fall, and give each new point the color of the nearest ex-
isting point. Previous investigation and simulations strongly suggest that the
colored regions converge (in some sense) to a random partition of the plane.
We prove a weak version of this, showing that normalized empirical measures
converge to Lebesgue measures on a random partition into measurable sets.
Topological properties remain an open problem. In the course of the proof,
which heavily exploits time-reversals, we encounter a novel self-similar pro-
cess of coalescing planar partitions. In this process, sets A(z) in the partition
are associated with Poisson random points z, and the dynamics are as fol-
lows. Points are deleted randomly at rate 1; when z is deleted, its set A(z) is
adjoined to the set A(z’) of the nearest other point z’.

1. Introduction. The work in this paper has several motivations. We focus
below on the most concrete motivation; more broadly, as indicated in Sections 1.2
and 5.2, we will encounter a kind of spatial analog of well-studied nonspatial mod-
els of stochastic fragmentation (in forward time) or stochastic coalescence (in re-
versed time). A minor variant of the process below has been considered indepen-
dently by several researchers (see Section 1.2), but without any published results.

As the “elementary” variant,2 choose k > 2 distinct points z1, ..., 2 in the unit
square, and assign to point z; the color i from a palette of k colors. Take i.i.d.
uniform random points Uy, Ug42, ... in the unit square, and inductively, for j >
k+1,

give point U; the color of the closest point to U; among Uy, ..., Uj_|

where we interpret U; = z;, | <i <k (there is a unique closest point a.s.; through-
out the paper we omit the “a.s.” qualifier where no subtlety is involved). This de-
fines a process S, = (S, (i), 1 <i < k), where S, (i) is the set of color-i points
among (Uj,1 < j < n). Simulations (see Figure 1) and intuition strongly sug-
gest that there is (in some sense) an n — oo limit, which is a random partition
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ZWe mean that the model definition is elementary.
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FI1G. 1. A realization within part of the unit square. Line segments indicate parent-child relation.

of the square into k colored regions. Simulations (see Figure 2) also suggest that
the boundaries between these (presumed) limit regions should be fractal, in some
sense, though intuition is less clear here (see Section 5.3).

What can we actually prove? For rigorous study, it is more convenient to con-
sider a slightly more sophisticated model. On the infinite plane R? and the infinite
time interval —oco < t < 00, there is a space—time Poisson point process (PPP),
which we will envisage as the times and positions of arriving particles, such that
the set of particles which arrive before time ¢ forms a spatial PPP on R? with in-

FI1G. 2. A close-up of the boundary between partition components suggests the boundary is fractal.
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tensity e’ per unit area. Within this process (more details and notation for what
follows in this section will be given next in Section 1.1), imagine assigning a dif-
ferent color to each particle present at time #;, and then as ¢ increases suppose we
color each newly arriving particle by the previous rule, that is, by copying the color
of the nearest existing particle. Intuitively, what we see in the unit square within
this model, at large times ¢, must be similar (up to boundary effects) as in the ele-
mentary model with a Poisson(e’!) number of initial particles and with n ~ ¢’ total
particles.

The advantage of this more sophisticated model is that we can exploit the exact
self-similarity property of the underlying space—time PPP. In particular, by revers-
ing time the “line of descent” by which a particle acquires its color from previous
particles can be studied. Moreover, suppose the first intuitive suggestion is true.
That is, after assigning different colors to particles at positions z at time ¢{, sup-
pose there is a t — oo limit random partition A(#;) of R? into regions A(t1, z)
occupied by particles with the color of the particle at z at time #;. This (supposed)
partition valued process (A(f1), 00 > t; > —o0) has a simple intuitive descrip-
tion in reversed time. Given .A(#1) and the time-#; particle positions z, we obtain
A(t; — dt) by the rule

delete each particle with probability dz; for each deleted particle, at position z say, let
7’ be the nearest other particle position, and replace A(t1,z’) by A(t1,z') U A(t1, 2).

The purpose of this paper is to prove two intertwined results; that the random
partition A(#1) does exist as a certain type of limit of the coloring process (Theo-
rem 2); and that the resulting reversed-time process (A(f1) : 00 > f; > —00) is a
self-similar version of the process defined by the rule above (Theorem 1).

1.1. Notation and more detailed outline. Write R x R? for the set with ele-
ments (z, z), interpreted as “time” t € R and “position” z € R?. Write E for the
Poisson point process on R x R? with mean measure e’ df dz. All the random
objects considered in this paper will be constructed from E. We write a typical
“point” of E as & = (fg, z¢) or { = (t;, z¢). We consider & as the label for an

immortal particle with arrival or “birth” time #¢ at position z¢, and so
Ex={cE: 1 <1}

denotes the set of particles which are alive at time 7. Define E _; analogously. Write
Z={ze:§ € B4}

for the positions of the particles at time ¢. Of course, Z<; and Z.; are Pois-
son point processes on R? with rate ¢!, that is mean measure ¢’ dz, because
fioo e* ds = ¢'. The self-similarity properties of the PPP—that Z -, is distributed
as a spatial rescaling of Z;,—will extend to self-similarity for the process
(A(t) : 00 > t] > —00) outlined in the previous section.
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To each particle &, let us assign a parent particle ¢ = parent(¢), defined as the
particle in &y, for which the Euclidean distance [|z; — z¢|| is minimized. This
defines a (genealogical) tree process. So for each particle & there is an ancestral
sequence of particles, written (parent[i, £],7 > 0), defined by parent[0, £] = & and
then recursively by

parent[i + 1, &] = parent(parent[i, £]), i>0.
The associated line of descent indicates the ancestor of & at each time 7 < f¢, that is,

ancestor(t, £) = parent[i, £]
(D

for i > 1 such that Iparent[i,&] = < Iparent[i—1,£]>
where for completeness we define
ancestor(z,&) =& for ¢ > t¢.

The first part of the proof (Proposition 4 in Section 2) shows that for a typical parti-
cle & present at time 0, the distance to ancestor(—t¢, &), the ancestor at time —¢, is of
order ¢!/, which is the same order as the distance to the nearest particle present at
time —¢. In the second part of the proof (Section 3) we first consider two particles
present at time O and distance r apart. Their lines of descent merge at some ran-
dom past time —7;-, and we need an upper bound (Proposition 13) on the tail of the
distribution of 7. The methods in these sections are very concrete—calculations
and bounds involving Euclidean geometry and spatial Poisson processes—though
rather intricate in detail.

The limit result we seek involves descendants (rather than ancestors) of typical
particles, and we set up notation as follows.? For t; <1, and { € E<;,, define

) Descend(r1, 12, ¢) := {§ € E<, : ancestor(r, §) = ¢ }.

This is the set of particles born before #, whose time-#; ancestor in the line of
descent was ¢. In the coloring story, this is “the set of particles at time #, which
have inherited the same color as ¢, if we gave all the particles at #; different colors.”
Then, still for t; <t and ¢ € E<;,, define

Wiy.1,¢ 1s the measure p putting weight e 72
3)

on the position of each particle in Descend (1, 12, ¢).

SO fis, 1,.c is a random element of the space M (R?) of finite measures on R?,
equipped with the usual topology of weak convergence. To obtain the limit theo-
rem, we first show (Proposition 24 in Section 4.2) that there exist f, — oo limits

3For ancestor-descendant pairs, we systematically write ¢ for the ancestor and & for the descendant.



2004 D. ALDOUS

in probability [as M (R?)-valued random variables]; that is, there exist random
measures {/s co,¢ : § € E< } such that

“4) Wity .0 —> Miy,00,¢ in probability as r — 00 (V¢ € E<,).

The proof essentially relies on Proposition 4 and self-similarity. We then use
Proposition 13 to show that a limit 144, o,¢ is in fact Lebesgue measure restricted
to some random set A(?, ¢), implying that the collection {A(#1,¢) : ¢ € E<4} is
necessarily a partition of R,

For fixed ¢, we can regard

20 = {(z¢, A(t,8)) : £ € B

as a marked point process. As ¢ increases, the process (Z"), —oo < t < 00) evolves
in a way one can describe qualitatively:

new points arrive randomly at rate ¢’ per unit area per unit time; when a point £ arrives
at time ¢, the region A(t, ¢) associated with the closest existing point ¢ is split into two
regions A(t +dt,¢) and A(t +dt, &).

But the probability distribution over possible splits depends on Z*) in some com-
plicated way which we are unable to describe explicitly.

However, the key feature of this process is that as t decreases the regions merge
according to the simple rule stated earlier. To summarize (see discussion below for
the formalization of random measurable set), we have the following.

THEOREM 1. The space—time PPP {(tg,z¢) : & € E} can be extended to a
process {(tg, ze, A(t,8),t > tg) : § € E} with the following properties:

(a) Foreach —oo <t < 00, the collection {A(t,§) : & € E<,} is a random par-
tition of R? into measurable sets.

(b) The distribution of the entire time-varying process {(tg,ze, A(t,8),1 > t¢) :
£ € B} is invariant under the action of the Euclidean group on R?.

(¢) The process whose state at time t is {(zg, A(t,§)) : § € E<} evolves in
reversed time according to the rule:

during [t,t — dt], for each § € E<; delete § (i.e., remove the entry (zg, A(t,§))] with

probability dt; for each deleted particle &, let { be the nearest other particle, and set
At —dr,§)=A(1,0) UA@, ).

(d) The action of the scaling map z — e~'/*z on R? that takes the distribution
of Z< to the distribution of Z<; also takes the distribution of {(z¢, A(0,§)) : & €
E <o} fo the distribution of {(z¢, A(t,§)) : § € E<}.

The earlier statement (4) can now be rephrased as follows, where we define
Me,1,,¢ as at (3) and consider it as an M (R?)-valued random variable. Write A 4
for Lebesgue measure restricted to A C R2.
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THEOREM 2. For each & € E<;, we have
Metr,6 —> NA@g) in probability as t) — 0,

where the limit random sets {A(t,§) : & € E<;} comprise a process with the prop-
erties stated in Theorem 1.

Note this implies that the limit random sets here and in Theorem 1 are
o (E)-measurable.

Theorem 2 is a formalization of the “limit colored regions exist” result described
in the opening section, but this particular formalization is mathematically weak in
two senses. Our formalization via weak convergence of empirical measures means,
in the original “elementary” version, that we are ignoring positions of o(n) size
subsets of the n particles. Second, our proof gives no information about topolog-
ical properties of the regions A(t, §), only that they are measurable. In fact, as
mentioned below (4) a random region A(¢, §) is formalized as a random measure
for which the density function (with respect to Lebesgue measure on the plane) is
a.e. 0 or 1, and so A(t, &) is well defined only up to Lebesgue-null sets of R?. So,
for instance, the natural question “is £ an element of A(z, ) is not well-posed.
But it is natural to guess that the following is true.

CONJECTURE 3. For each t, one can identify the regions {A(t,§) : § € B<;}
so that the topological boundary of each region has Lebesgue measure zero.

If true, we could rephrase the question above as the well-posed question “is
each & in the interior of A(z,£),” and we conjecture the answer is “yes.” More
interestingly, assuming Conjecture 3 is true, it is natural to conjecture that the
boundaries have some (suitably defined) nonrandom fractal dimension 1 <d < 2,
and Section 5.3 contains heuristic discussion. Further related remarks are in the
next section. One might expect the regions to be connected sets, but this seems
incorrect; see Section 5.3.2. Finally, as a referee noted, our results do not even
imply that the number of regions intersecting the unit square is a.s. finite, so this
constitutes another conjecture.

1.2. Background and analogous models. To quote the unpublished notes [11]:

The [elementary] model is described in ([13], Section 7.6.8, pages 270-271), although
we are not sure of its origins: [we] probably first learned of the problem from Mathew
Penrose in about 2003, while Ben Hambly [personal communication] recalls that the
same problem arose elsewhere at about the same time.

The context of that line of work was on-line algorithms in computational and
stochastic geometry. Separately, the present author learned [personal communi-
cation] that the elementary model has been considered by Ohad Feldheim as a
spatial analog of the Pdlya urn process.
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The approach in [11] to the elementary model is to identify colored regions in
the unit square as Voronoi regions, that is, the set of points for which the near-
est particle has a given color. Then via the Hausdorff metric on closed sets, it
makes sense to ask whether our notion of convergence of empirical measures can
be strengthened to include convergence of Voronoi regions. In our language and
model, this could only be true if Conjecture 3 is true. Arguments in [11] focus
on the length ¢, of the boundary between the two regions (for two colors and n
particles in the unit square). Using arguments with a more geometric flavor than
ours, they raise and discuss the question of whether ¢,, = O (n9/?) for some d < 2.
This mirrors our “fractal dimension” question, and indeed would imply that Con-
jecture 3 is true. The arguments in this paper make surprisingly little use of the
“local geometry” of the PPP, so one can hope that our results might be combined
with more geometric arguments to make further progress.

Note also that, intuitively, the area of the Voronoi region of a given color should
behave almost as a martingale, because a new particle near the boundary seems
equally likely to make the area larger or smaller. If one could bound the martingale
approximation well enough to establish a.s. convergence of such areas, the results
of this paper would follow rather trivially. But doing so seems to require detailed
knowledge of the geometry of the boundary.

The author’s own interest in the model arose in the context of a scale-invariant
random spatial network (SIRSN) [1, 2], studied as abstractions of road networks.
A general conjecture is that any network built dynamically from randomly-arriving
Poisson points by means of edges (now line segments in the plane) being created
to attach an arriving point to the existing network by a “scale-invariant rule” (i.e., a
rule which uses only relative distances, not absolute distances) should in the limit
define a SIRSN. Of course, the rule in our model “creates an edge from the newly-
arrived point to the closest existing point” is about the simplest scale-invariant rule
one can imagine.* The fact that this “simplest case” is hard to analyze suggests
that the general conjecture is very challenging.

There is extensive literature on stochastic fragmentation and coalescence mod-
els in the nongeometric “mean-field” setting [3, 6]. There is also substantial lit-
erature (see, e.g., [7] Chapter 9) concerning random partitions of the plane (tes-
sellations, tilings, etc.). But the combination of these themes, that is, Markovian
processes of refining or coarsening partitions in the plane, have been considered
only in special refining models [8] and in variants of the STIT model [9, 15].
The coalescing partitions process in Theorem 1 is perhaps the only known self-
similar Markovian process of pairwise merging partitions of R? with explicit rates.
Obversely, the topic of Markovian models of coarsening partitions seems little
investigated—see Section 5.2 for further brief comments.

4Unfortunately, the tree-like structure of this model implies it does not satisfy the requirement of
a SIRSN that mean route lengths be finite.
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2. A bound on ancestor displacement.

2.1. Compactness for the marked point process. Our first objective is to ob-
tain a concrete bound, Proposition 4, on the distance between the position z¢ of
a particle & (present at time 0) and the position Zancestor(—z,£) Of its ancestor at
time —z.

Some notation:

0 is the origin in R2.

[x — y|l denotes Euclidean distance in R?.

disc(z, r) is the closed disc with center z and radius r.

For measurable B C R?, write area(B) for its area (2-dimensional Lebesgue
measure) and diam(B) = sup,. yeB |lx — y|| for its diameter.

PROPOSITION 4. There exists a function G(r) | 0 as r 1 co such that, for
all z € R? and all t > 0, conditional on E<o having a particle & with z¢ = z and
te > —t, we have

G(r) :=P(||zancestor(—1.6) — z¢ | > re'?) < G(r), 0 <r <oo.

Moreover, [°rG(r)dr < oc.

The rest of Section 2 is devoted to the proof of Proposition 4 and a variant (Propo-
sition 9). As mentioned earlier, the conceptual point of Proposition 4 is that the
distance to the time ¢ (in the past) ancestor is the same order of magnitude as the
distance to the closest particle at that time, that is, order e//?. An expression for
G(r) is given at (17).

The elementary “thinning” property of Poisson processes leads to a correspond-
ing property of our space—time Poisson point process E. As ¢ runs backwards over
0o >t > —00, the processes E<; evolve according to the rule:

each particle is deleted at stochastic rate 1.

This Poisson thinning process representation is the foundation for much of our
analysis, as are the related self-similarity properties of our derived processes, dis-
cussed in Section 4.1.

To be pedantic, in forward time, we work with the filtration F; = o0 (E<). In
reversed time, we work with the filtration

5) ]?,:a((max(tg,t),zg):é € E).

So F; tells us the positions of all particles, and the arrival times of particles born
after time ¢, and the following “thinning process” property holds.

-
LEMMA 5. Conditional on F, the previous lifetimes {t —tg : ze € Z<;} of the
particles alive at time t are i.i.d. with Exponential(1) distribution.
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2.2. Derivation of an EA process. We study lines of descent in the genealog-
ical tree process. Consider a particle & present at time O at position zg. From
the thinning process representation, its arrival time 7o < O is such that —7p has
Exponential(1) distribution. For i > 1, write (7;, Z;) for the arrival time and posi-
tion of its ith generation ancestor, that is, parent[Z, £]. We will show how to rep-
resent this process in terms of a certain Markov process we will call the excluded
area (EA) process.

Conditional on {7y = #p} the particles present at #y are distributed as the PPP
E 4> and so parent[1, &] is the closest such point to zo, at position Z; say. Con-
ditional also on {Z; = z1}, we know there are no points of E_;, in the interior of
C1 :=disc(zo, |z1 — zol|). The arrival time T} of Z; has density function o< ¢’ on
—00 <t < ty, implying that typ — 77 has Exponential(1) distribution.

Now given Ty =19 and (11, Z1) = (1, z1), the information we have about E
is precisely the fact that it has no points in C1. So Z; is the closest point to z1 in a
PPP of rate ¢'! on R? \ C1. And as before, #{ — T> has Exponential(1) distribution.

Now given Ty =t and (T, Z1) = (t1, z1) and (T2, Z3) = (12, z2), we have built
an “excluded region” C, := Cy U disc(zy, ||z2 — z1|]). The information we have
about E_, is precisely that it is a PPP of rate e’2 with no points in C5, and we can
continue inductively to describe the entire process ((7;, Z;), i > 0).

2.3. Definition of the EA process. Here, we re-specify the process above in
intrinsic terms. Working with time | —oo is rather counter-intuitive, so in the def-
inition below it seems helpful to reverse the direction of time.

Consider the space C of triples ¢ = (C, z, t) such that

C is a compact set in R?; z€C; 0<rt<oo.

Given an element ¢ = (C, z, 7) € C, we can define a probability distribution i on
C as follows. Take a PPP Z of rate e =¥ on R?\ C. Let & be the point of & closest
to z. Set

7 =¢; C'=CUdisc(z, |IE —zll); =146,

where 6 has Exponential(1) distribution independent of E. Then let e be the
distribution of (C’, 7/, t/).

Define the EA process to be the C-valued Markov chain (C; = (C;, Z;, 1;),0 <
i < oo) where, for each step i, the conditional distribution of C;4; given C; =
¢ is the distribution p. specified above. Figure 3 provides an illustration. It is
straightforward to formalize the argument in Section 2.2 to show the following.

LEMMA 6. Condition on E containing a particle & with t¢ <0 and z¢ = zo.
The process ((tparent[i,£]> Zparent(i,]), 0 < i < 00) of arrival times and positions of
the ancestors of this & is distributed as the random process ((—t;, Z;),0 <i < 00)
within the EA process ((Ci, Zi, 1;),0 < i < o0) with initial state ({20}, z0, 70),
where 19 has Exponential(1) distribution.
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Fi1G. 3. lllustration of the standard EA process. C; is the union of the discs centered at
0,z1,...,2i—1 and z; is on the boundary of C;.

Terminology. In what follows, we write step for the steps i of the EA chain,
and time for the t’s.

2.4. Geometric analysis of the EA process. 1t is enough to study the standard
EA process with initial state

(Co, 20, T0) = ({0}, 0, 79),

where 7y has Exponential(1) distribution.’ So in the context of Lemma 6 we will
study ancestors of a particle present at position 0 at time 0. The starting observa-
tion, Lemma 7 below, is an expression for the growth of the area of C; at each step.
After that, we use geometric arguments to bound the diameter of C; in terms of its
area. Because Z; is on the boundary of C; this will be enough to prove Proposi-
tion 4.

LEMMA 7. Conditional on C; = (Cy, z;, Ti), the increment area(C;41) —
area(C;) has Exponential(e %) distribution, independent of Tj+1 — T;.
PROOF. Writing a, for the area of disc(z;,r) \ Ci,
P(area(C;41) — area(C;) > ar)
= IP( no point of a rate e~ Poisson process in disc(z;, ) \ C;)
=exp(—e “ay).

SThis is notationally more convenient than taking 7y = 0, because of our convention that particles
are labeled by position and arrival time.
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The independence holds by construction. [

We can lower bound the diameter in terms of the area via the classical fact
(called Bieberbach’s inequality or the isodiametric inequality—see [12] for a short
proof) that the disc is extremal:

(6) area(C) < %(diam(C))z, all compact C C R?.

We want a corresponding upper bound, to verify that C; does not become long
and thin. The bound will rely upon the following geometry lemma.

LEMMA 8. Let C be a compact set in R? and let D be a closed disc whose
center is in C. Then

diam(C U D)

2(area(C U D) — area(C)) \/4 area(C U D))
, - .

< max <diam(C) + \/

T

PROOF. The right-hand side clearly bounds the distance between two points
in C, and also between two points in D because

4 4
sup |z — 7’| =diam(D) = \/; area(D) < \/; area(C U D).

z,7/eD

So it will suffice to prove the bound for one point in C and the other in D, that is
to prove

2(area(C U D) — area(C))
- .

(7) sup |z — 7’| —diam(C) < \/
zeC,z’eD
Figure 4 illustrates the argument.
First, assume C is convex. If D C C, the result is trivial, so suppose not. Let y
be a point on the boundary of D at maximal distance (= rg, say) from C, and let
w be a point in C with ||y — w|| = rg. Then

) sup{|[z — 2’| : z2€ C,z € D} <diam(C) +ro

by applying the triangle inequality to the point in C closest to z’. Now consider the
half-spaces defined by the line £ through w that is orthogonal to the line segment
wy. The convex set C must lie in the half-space not containing y, else by convexity
some point in C would be closer to y. And the tangent line to the disc at y must be
parallel to £, otherwise some other point on the boundary would be farther from C
than is y. But this implies that the line segment wy is part of the line segment vy,
where v is the center of the disc D. So r¢g <r := radius of D, and

area(C U D) — area(C) > area(D N H),
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FI1G. 4. lllustration of proof of Lemma 8.

where H is the half-space containing y. Now area(D N H) is a certain function of

ro and r > rg, and clearly this function is, for fixed rg, minimized at r = rg, and

there its value is %nr&. So

1
area(C U D) — area(C) > Errr(%

and combining with (8) gives (7).
In proving (7), we assumed C was convex. For general C, we can apply (7) to
its convex hull C* and then, noting

diam(C*) = diam(C), area(C* U D) — area(C*) < area(C U D) — area(C)

we see that (7) remains true for nonconvex C. [

2.5. Completing the proof of Proposition 4. Returning to the standard EA pro-
cess C; = (Cy, Z;, t;), we now have sufficient tools to study t; and
A; = area(C;), D; :=diam(C;).

From Lemma 7, we obtain a constructive representation of the distribution of
(A, 11),0 <i < 00), as follows:

9 The process (t;, i > 0) is a Poisson process of rate 1 on (0, c0).

i—1
Ai=) €"b; where (6;, j > 0) are i.i.d. Exponential(1),
j=0

(10)
independent of (t;, i > 0).
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Then from Lemma 8 we get the inequality

2(Ai41 — A; 4A;
(11) Di+1 §max(Di+\/ ( i+1 z)’\/ l+1)‘
T T
In this section, we use only the weaker inequality
4A;
(12) Dij1 < Di+ | —
T
Because Dy = 0 this implies
k
(13) Dy <2772 A%
i=1
Because
—1 172 -1
Jj=0 J=0
we find that
k—1 "
o Ao —1/2 T2
(14) Dy <Dy :=2n Z;(k Jer’e;".
j:

In Proposition 4, we seek to bound the probability of the event {||Zancestor(~7,&) —
0| > re'/?} for a particle & at time O with position z¢ = 0 (the case of general
ze¢ = z is the same, by translation-invariance). Fix 7. Identifying the EA process
with the “line of descent” process as in Lemma 6, the position Zancestor(—7,£) 18 by
construction on the boundary of the region Cy )41 for

N(t) =max{i : 7; <t}.
Therefore, using (14),

N(t)
_ N 1/241/2

(15) ”Zancestor(ft,é) -0 < Dy@y+1 < 2~ 1/2 Z (N(t) +1- J)er]/Zej/ .

j=0
From properties of the rate-1 Poisson process (7, j > 0) on (0, c0), the time-
points (f — Tn(),t — TN@)—1,1 — TN(1)—1, - - -, — Tp) are distributed as an initial
segment of a rate-1 Poisson process (0, j > 1) on (0, 00). So rewriting (15) in
terms of the (o) and u = N(¢) + 1 — j gives

e—t/2 ||Zancestor(—t,§) -0
(16)

oo
is stochastically dominated by x := 27 ~!/? Z ue=/*yl/2,

u=1
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where (n,,u > 1) are i.i.d. Exponential(1), independent of the Poisson process
(oy,u > 1). So Proposition 4 holds for

(17 G(r)=P(x >r), O<r<oo

and it is easy to check that fO°° rG(r)dr < oo.

2.6. A large deviation bound for occupation times. The following technical
bound will enable us to bound the distance required for two lines of descent to
merge (Proposition 13 later).

PROPOSITION 9.  For the standard EA process, write

B = U [Ti-1, ).

{i:e~ /2 diam(C;)>b}
Then for sufficiently large b, there exist A < 0o and p > 0 such that
(18) P(Leb(BN[0,T]) > T/3) < Aexp(—pT), 0<T < oo,

where Leb denotes Lebesgue measure.

We previously used inequality (12) to bound D; := diam(C;) in terms of the
areas A; = area(C;). Here, we will use a slightly different bound.

LEMMA 10. D; <,/* +23;10\/W_
PROOF. Setting D; := D; — \/g , inequality (11) becomes

~ ~ 2(A;11 — A 4A; 4A;
Di+1§maX<Di+\/M+< L - ZH),O).
b4 b4 T

But the term ( % — 4A];+|

) is negative, and l~)o =0, so we find

B < Z /2(Aj+1 Aj)

establishing the asserted bound. [

Recall the notation from (9,10): (7, j > 0) denotes a Poisson process of rate 1
on (0,00), and (0, j > 0) denotes i.i.d. Exponential(1) random variables inde-
pendent of (z;, i > 0). From (10) and Lemma 10,

44, (2,
(19) D; < + ./ =D;
T T
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where

i—1
A=Y ety Di=Y et
Jj=0 j=0
To prove Proposition 9, we will rephrase inequalities from Section 2.5 in terms of
continuous-time processes. These are processes of Ornstein—Uhlenbeck-type, in
the terminology of [14]. Set Vp = 0 and define (V;,0 <t < 00) to be the process
which increments by 6; at time 7, and otherwise decreases at exponential rate 1.

In symbols, writing N} = Lir>1)
AV, =—V,dt + 6;dN}.
j=0
At time t; — (just before the jump at 7;), we have

i—1
Vi = Z Qjefj—l'i =e A
=0

Because V; is decreasing on [7;_1, 7;), we have
(20) ife %A, > by then V; > bs on 1,1, T;).
Similarly, define (W;, 0 <t < o0o) to be the process which increments by 01/ at

time 7;, and otherwise decreases at exponential rate 1/2. Take Wy = 0. In symbols,

12

1 .
dw, = —EW,dt—i-ZGj dNj .
J

At time 7; —, we have

i—1
W, = Z 9}/28(11'—11')/2 — e—r,-/ZD;k.
Jj=0
So as at (20)
(21) ife”%/2D >bp  then W, > bp on [1;_1, T;).

Combining (19) with (20), (21) for appropriate b4, bp defined in terms of b, we
now see that the proof of Proposition 9 reduces to proofs of large deviation bounds
for occupation measures of the processes (V;) and (W;). That is, it suffices to prove
the following.

PROPOSITION 11. For sufficiently large b, there exist A < oo and p > 0 such
that

T
(22) P(/ Liv,>pydt > T/6> < Aexp(—pT), 0<T < o0,
0

T
(23) IP’(/ Liw,>py dt > T/6> < Aexp(—pT), 0<T <o0.
0
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We will give the proof for (V;), and then note that essentially the same proof
works for (W;).

Fix a high level b. The process regenerates at each downcrossing of b. So start-
ing from the first downcrossing, there is an i.i.d. sequence ((Ly (i), Kp(i)),i > 1)
where Lj is the duration and K, is the “occupation time above b between succes-
sive downcrossings. We can decompose L, as L), + K;, where L} is the time until
first upcrossing of b and K}, is the subsequent time until the next downcrossing
of b. It is easy to see

(24) Ly —p 00 as b — 00.
It is also easy to see that K; — |, 0 as b — o0, though we need the stronger result

(25) lim Eexp(0Kp) =1, 0<6 <oo.
b—o0

To prove this, note that during an excursion above b the process (V;) is upper
bounded by the process (V;*) in which the drift term is —b dt instead of —V; dt.
But the process (V;*) describes the workload in a M /M /1 queue with arrival rate
1 and service rate b. So the distribution of K} is stochastically smaller than the
server’s busy period in that queue, and from classical exact formulas for that busy
period distribution (e.g., [5]) one can deduce (25).

Writing 7, for the time of the nth regeneration, (25) and the classical large
deviation theorem for i.i.d. sums imply that for b sufficiently large

T s
P(/ Liv,>pydt > n/6> = P(Z Ky(i) > n/6> decreases exponentially
0 .
i=1

as n — 00. Next, by (24) we can choose b so that IP’(L; >2)>3/4. Then

n n
P(t, <n) < IP’(Z L), < n) < IP’(Z Liy=2) < n/2>.
i=1 i=1
By the lower-tail Binomial large deviation bound, it follows that the probabilities

P(z, < n) decrease exponentially as n — oo, and this establishes (22).
The argument for (23) is essentially the same, and this completes the proof of
Proposition 9.

3. Coalescence of lines of descent. In this section, we continue the style of
analysis in Section 2 by studying the lines of descent of two particles present at
time 0. This involves a coupled EA process, whose dynamics are described in
Section 3.1. Note that Proposition 4 implies that, for particles at distance r > 1
apart, the “coalesce” time (time backwards to their most recent common ancestor)
must be at least (2 —o0(1)) logr. Our goal is to give an upper bound, Proposition 13,
on the coalesce time distribution. The central idea is to use Proposition 9 to show
that, if not coalesced already, the lines of descent at time —¢ are typically only
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order e'/? apart (the same order as the distance to the nearest time — particle): this
is Proposition 16. A geometric argument then shows (Lemma 15) that there is a
nonvanishing chance to merge in the next generation backwards. These ingredients
are combined in Section 3.4 to prove Proposition 13.

3.1. The coupled EA process. Fix ty > 0. For the rest of Section 3 we condition
on the time-f configuration Z <, containing a particle at position z(l, and the time-0
configuration Z <o containing a particle at position z%. The distribution of the line
of descent for each particle is just a translated and scaled version of the distribution
of the EA process in Lemma 6. So we anticipate that the joint distribution of the
two lines of descent can be described in terms of some suitably coupled versions
of the EA process.

Precisely, we will specify the coupled EA process

(cl;cd),i=0,1,2,..)=((Cl, 2l t}); (C} 22, 77)),i =0,1,2,...)

171

with initial states ({z(l)}, z(l), r(}) and ({z%}, z%, ‘L'g) where rg and t(} + 1y are inde-
pendent Exponential(1). At each step (before the coalescence step Icoa below),
only one of the components (Cl.1 or Ciz) changes. There are notational issues in
describing this coupled processes. We write (Cil; Ciz) for the configuration after
the ith step of the coupled process. Because only one component changes in each
step before coalescence, we need different notation for the configuration of a given
component after j changes of that particular component, and we write (CE j)) and

(C%j)) for these “jump processes” of each component. And it is these jump pro-
cesses which individually are evolving as the ordinary EA process.

The evolution rule for the coupled process, which will be derived from the dy-
namics of the underlying tree process as was done in Lemma 6, is as follows:

Write the configuration after i steps as (Cil; Cl.z). Before step I.ga1, We must have rl.l #*
1

riz; suppose Ti] < riz (the other case is symmetric). Take a PPP of rate e~ % on R? \

(Ci1 u Ciz), but augmented with an extra point planted at 212 Let & be the point of

the augmented PPP closest to zil. If &= zi2, then we say that the process coalesces

at position zl.z and time rl.z; write I.oq) =i + 1 for the coalesce step, Zpa = zl-z for

the coalesce position, Tiga = tiz for the coalesce time. Otherwise, set Cil 1= Cl.l u

disc(zl-l, & — zl-l I, set Zi1+1 = £ and take ril_H = ril + 6 where 6 has Exponential(1)

distribution independent of all previously constructed random variables. Set Cl.2 =
2

C;.

Note in particular that the configuration after i steps determines the value
(26) 7 :=min(t}, 7?);

the arg min determines which component will change on the next step and t; de-
termines the rate e~ % of the PPP used to construct the next step.
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REMARK. For completeness, let us give the behavior of the coupled pro-
cess after coalescence, though this is not directly relevant to our arguments. If
the coalesce step is i 4+ 1 as above, then zl.l = zl.z 1 and rl.1+1 = Ti2+1 but maybe
Cl.1 0 F Cl.2+1. In subsequent steps k, we use the same PPP outside C,i U C,f for
each component and, therefore, we have (rk] , 2 ,16) = (rkz, z%) forall k > i+ 1. Each
of the two component jump processes does evolve as the EA process, except that
for the first component process there is the extra planted point at z(z). But this extra
point only comes into play if it is the exact point of coalescence, and so does not
affect our arguments for upper bounding the coalesce time.

A realization of six initial steps of the coupled process is illustrated in Figure 5.
On the left are the successive positions zé, zg 1) 2%2)’ Z %3), Z (1 4 in the first component
process, and on the right are the positions in the second component process. The
associated times for the first process are —ty < r(} = t(lo) < r(ll) < ‘E(lz) < r(g) < 1(14)
and for the second process are 0 < rg = 1(20) < r(zl) < ré). Suppose that the times
associated with these steps are ordered as

1 1 1 2 1 2
—t() < T(O) < T(l) < T(z) < T(O) < T(3) < T(]).

In terms of steps i of the coupled process (indicated in the figure as a, b, ¢, d, e, f),
we have

FI1G. 5. [Initial steps of the coupled EA process.
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i 0 al b2 3 d4 e5 f6

=z Z(ln Z<12) Zé) Z<13) Z<14) Z(14>
Zi2 = Z(2) Z(Z) Z% Z(2) Z%l) Z%l) Z(22)
= n oty o ey T Tw @
‘Eiz = ‘L'g ‘L'g ‘L’g ‘L'g ‘L'(Zl) ‘L’(zl) ‘L'(22)
T = tol r(ll) r(lz) rol ‘E(13) r(ll) 77

We will now relate how this description of the coupled EA process arises as the
description of the two lines of descent within the tree process for the two given
points of Z<; and Z < at positions z(l) and z%. Consider Figure 5. Inductively, we
have traced back the two lines of descent to (—1:(14), 2(14)) and (—1(22), Z%Q)), using 6
steps of the coupled process. What happens next depends on which of ‘E(14) or ‘E(22)
(that is, which of r61 or rg) is smaller. Taking the case r(14) < 1(22) (the other case is
symmetric) then, to find the parent of (—‘L'(14), z(14)) in the tree process, we need to
search the region where vertices may have arrived before —t(14); this excludes both
C (14) and the interior of C(zz) , because the latter contains no particles arriving before
—1(21), and we must have r(zl) < r(14) because of the rule that the component with
smaller t-value expanded first. However, the particle at z%z) arrived at time —T(Zz),
which was before time —‘E(14), and so is eligible to be the parent of (—1'(14), 2(14)).
So the parent of (—T(l4), z(14)) is the closest particle to 2(14) in the Poisson process

Z

particle is closer. In the latter case, the two lines of descent coalesce at (—r(zz), 2%2)).

. ! 1 2 . 2 .
<, > which has rate ¢ @, on the complement of C @) ucC (2)» OT 1S Z(5) if that
In terms of steps i of the coupled process, ‘E(14) = ‘E61 and C(14) U C(Zz) = Cé U Cg
and (—1(22), z%z)) = (—r62, z%). This completes the derivation of the evolution rule

stated in Section 3.1.
To summarize, we have the following.

LEMMA 12. Condition on E containing particles €' and &> with g1 <
10, ;2 <0 and (zg1, z¢2) = (Z(l), z%). The joint process

((tparent[i,él]’ Zparent[i,él]’ tparent[i,éz]’ Zparent[i,éz])’ 0 <i< OO)

of arrival times and positions of the ancestors of these particles is distributed as
the random process ((—‘L'(li), Z(li), —r(zi), Z(Zi)), 0 <i < o0) within the coupled EA
process ((Cil, Zil, ril); (Ciz, Ziz, riz), 0 <i < o0) with initial states ({z(l)}, z(l), t(lo))
and ({Z%}, 2(2), 1(20)) where t(lo) + ty and r(zo) are independent with Exponential (1)
distribution.
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As mentioned before, we write I.o, for the first step I such that z} = z% (and
call that point Zsq1), or equivalently for the first step / such that T 11 = rlz (and call
that time T¢oa1). We can now state the main result of Section 3.

PROPOSITION 13. There exist constants K, 8 < oo and p > 0 such that, in
the coupled EA process above, for any (z(l), 1(2)) and any ty > 0,

(27) P(Toou > 1) < K exp(—pt)  forallt > Blog™ |z} — 23|

Heuristically, we expect || Zc¢oal — z(l)ll =< exp(Tcoal/2) in the tails, and so the
tail behavior of the form P(T¢oa > ) < exp(—yt/2) would be equivalent to the
tail behavior of the form P(|| Zoal|| > r) < r~7. We conjecture the latter is true;
precisely, that the exponent

1Og]P)(”Zcoal” >r)
m

r—00 logr

(28) yi=-

exists and does not depend on ||z(1) — z(2)|| or fg. This is closely related to the “are
boundaries fractal” issue, as will be discussed in Section 5.3.

For ease of exposition, we will present the proof of Proposition 13 in the case
to = 0. The general case requires only minor modifications, noted below.

3.2. The coalescence step. Here, we will give conditions to ensure a non-
vanishing probability of coalescing at the next step. This requires only a simple
geometric lemma.

LEMMA 14. Let 71,22 € R2, and let r, A > 0. Let Z* be a Poisson point pro-
cess of rate A on R?. Then the event the nearest point 7 € Z* to zy is also the
nearest point to 73, and min(||z — z1 ||, [z — z2l|) > r has probability at least

(29) exp(—Ax(r + llz2 — z1 ||)2) —2coA 2|z — 21|l

for a certain absolute constant cg.

PROOF. Write d = ||zo — z1||. Consider the events:

(A): the distance from z; to the nearest point of Z* is at least r + d;
p
(B): the distances Dik) and Dg\) from z, to the nearest two points of Z* are
such that DY — D < 24.

We assert that, in order that the event in Lemma 14 occurs, it is sufficient that the
event (A) occurs and the event (B) does not occur. To prove this assertion, let z’l be

the closest point of Z* to z1, and let 75 be the closest point of Z* to z,. Suppose
75 # z). By the triangle inequality,

|zt - sd+]z2-2] and [z -z <d+]a -]
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Because z/l is the closest point to z
lz1 =21 < fz1 = 2.
Combining these three inequalities leads to
|22 =21 = [z2 — 23] < 24.

So if (B) fails, then then z| = z), = z say. And so if (A) holds then, by the triangle
inequality, min(||z — z1||, |z — z2l|) > .

The probability P(A) equals the first term in (29). It is easy to check that Dél) —
D%l) has a density bounded by some cp, so (by scaling) the density of Dék) — DY‘)

is bounded by cor!/2. So P(B) is at most 2cor!/2d. O
We now apply this to the coalescence step.

LEMMA 15. Consider a state (c',¢*) = ((C',z',t1), (C?, 2%, 12)) of the

coupled EA process started at Z(l) and z%. Suppose t' < 1. Write A =

max(diam(C1), diam(C?). Then the probability that the process coalesces at the
next step is at least

(30) exp(—4me™" (|2 — 23] +2A)) = 2co]jzh — 277 2.
PROOF. Because z} € C! and z3 € C?, we have
o' = 2% < llzp — 5]l +24A =+

and moreover, each disc(z’, ) contains C! U C2. We can now apply Lemma 14

. [ .
with A = e~ 7 ; if the event in Lemma 14 occurs then the process coalesces at the
next step. [

3.3. Diameters in the coupled process. The key ingredient in proving Propo-
sition 13 is the following extension of Proposition 9 to the coupled EA process,
which will enable us to apply Lemma 15. This extension looks “obvious” but the
proof is rather fussy.

Fix large b, and regard a step i of the coupled EA process as “good” if

(31) ¢~ /2 max(diam(C}), diam(C?)) < b.
Let Ny (T) be the number of “good” steps before® time 7.

PROPOSITION 16. In the coupled EA process, for sufficiently large b there
exist constants a, p > 0 and K < oo such that

P(Teoas > T, Np(T) < aT) < K exp(—pT), 0<T < oo.

OIn the general case f > 0, we only count the number of steps with ril > 0.
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The bound does not depend on the distance ||z(1) — z(z) || between the particles.

In this Section 3.3, for an event indexed by 7" we say the event “has vanishing
probability” if the probabilities are O (exp(—pT)) as T — oo, for some p > 0. As
in Proposition 9, for j =1, 2 write

i _ J J
B’ = U (71 77).
lie T 2 diam(C/)>b}
Note this is the same if use the indices ré) of the jump processes.
Write

Ny(T) :=Leb((B' U B*) N[0, T]).

In words, this is the duration of time for which a “good” event similar to (31) is
occurring. Applying Proposition 9 to both components of the coupled process, for
sufficiently large b:

(32) the event {Teoa > T, Ny(T) <T/ 3} has vanishing probability.

This is almost what we are trying to prove as Proposition 16, except that we need
to switch from “duration of time” ﬁb(T) to “number of steps” Np(T).

In the construction of the coupled EA process, we can start with two indepen-
dent rate-1 PPPs on (0, o0) and use these as the values of ‘[(ll») and ré) until the
coalescence step. So on the event {7.oq > 7'} these times, within [0, T'], coincide
with the times of two independent rate-1 PPPs. Here, is a helpful way to record a
consequence of this fact.’

LEMMA 17. Let Bt be an event defined in terms of two independent rate-1
PPPs on [0, T]. Let B} be the corresponding event defined in terms of the times
r(lo) < r(ll) < 1(12) <.--<T and r(zo) < r(zl) < r(22) < -+ < T in the coupled EA
process. Then

IP)(Tcoal >T, B;) <P(Br).

We will apply this to events Br which have vanishing probability, in which set-
ting Lemma 17 says we can ignore such events for the purpose of proving Propo-
sition 16. We state the following straightforward large deviation bounds for quan-
tities associated with the PPP.

LEMMA 18. Let (t;) be a rate-2 PPP on (0, 00), let a > 0 and let Hr (a) be
the sum of the lengths of the |aT | longest intervals (t;, Ti41) with t; < T. Then,
for sufficiently small a,

(33) the event { Hr (a) > T /4} has vanishing probability.

TThe fact is slightly subtle, in that the previous assertion is not true conditional on the event
{Tcoa > T}
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LEMMA 19. Let (1;) be a rate-2 PPP on (0, 00), represented as the super-
position of two independent rate-1 PPPs. Define ‘L']:r as the minimum value of
for £ > k + 2 such that the events at Tyy1.Tk+2, - .., T¢ include events from both
component processes. Define

Gr(d) = Z{r,:’ i <T, 5 —w>d}
Then, for sufficiently large a’,
(34) the event {Gr(a") > T /12} has vanishing probability.
Now choose a sufficiently small and a’ sufficiently large that inequalities (33)
and (34) hold. Write H; (a) and G7 (a’) for the random variables corresponding

(asin Lemma 17) to Hy (a) and G7(a’) defined in terms of the times in the coupled
EA process. Consider the event

(35) {Teom > T Hi(a) < T/4, G (d') < T/12, Np(T) = T/3}.

On this event, take the “good” intervals comprising Np(T) (with total length >
T/3) and delete the intervals comprising G7. (a’) (with total length < T'/12). There
remain “good” intervals with total length > T /4, so there are at least |aT | such
intervals. In other words, on event (35) there are at least |aT | steps i of the coupled
process such that

(36) [z, Ti+1) is disjoint from B' U B? and rl-+ <t +d.
For each such step i we have (see argument below)
(37) ¢~ "/2 max(diam(C}), diam(C?)) < be®/? := B, say.
In other words, on the event (35) we have Ng(T') > [aT]. So now,
P(Teoat > T, Ng(T) <aT)
<P(Tecoa > T, Hj(a) > T/4)
+ P(Teons > T, G(a') > T/12) 4+ P(Teou > T, Np(T) < T/3)
<P(Hr(a) > T/4) +P(G¥(a') > T/12) + P(Teom > T, Ny(T) < T/3)
using Lemma 17. Each term on the right has vanishing probability, by (32) and
(33) and (34), and this establishes Proposition 16 (with 8 in place of b).

The argument that (36) implies (37) is illustrated by the case in Figure 6. Con-
sider 7, = min(rkl, rkz) = min(t(lj), t(zk_ j)) for some j, and suppose that (as in the
figure) ‘L'(lj) > T(Zk—j)' Saying that

[k, Tk+1) is disjoint from B'U B?
is saying that

1 1 . . 1 2 2 . . )
[t(j—1)> T(j)) isnotin B', and [§_;), TG4 j41)) is notin B
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1 1 1
nos : *TG-1 *Ti) *
ti Te Tkt
-[2 ° g g ° °

Tk—j) Tk—j+1)

FIG. 6. The times t; of steps of the coupled process are shown on the axis. The arrows point to the
times r(l ) and T(Zi - associated with the completed steps of the component processes.

which is saying that
1 2
¢ "0/ *diam(C}) <b and e “G-i+v/? diam(CZ,,) < b.

Now consider the first time after t; that both components have expanded, that is,

7" :=min]z; : r} > 7} and rjz > 7).
Then the inequality above implies

e~ /2 max (diam(C}), diam(C?)) < b.
So when rk+ <1 +d’, we have (37).

3.4. Proof of Proposition 13. 'We need the following standard martingale-type
bound.

LEMMA 20. Let S > 1 be a stopping time for a filtration (F,). For any 0 <
po<landm=>1,
P(S >n) < (1 — po)"™ +P(L(n, po) <m, S > n),
where

Ln, po) =|{i : 1 <i <n,P(S=i|Fi_1) = po}].

PROOF. The process (M) with My =1 and, forn > 1,
M, =0 on {§ <n}
B 1
 Ti<iza PGS > il Fiz1)

is a martingale. On the event {L(n, pg) > m, S > n}, we have M,, > (1 — po)™"™"
and so

1=EM, > IE]unl(L(n,po)zm,S>n) > (11— PO)imP(L(”, po)>m,S > I’l)

on {S > n}
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Because
P(S > n) =P(L(n, po) >m,S >n) +P(L(n, po) <m, S > n)
the result follows. [
We can now combine previous ingredients to prove Proposition 13. Suppose i

is such that /.oa > i and the configuration (Cil; Ciz) satisfies (31). Then by (30) the
probability of coalescing on the next step is at least

exp(—47r(||z(1) — 23 He_”‘/2 + 2b)2) —2co ||z(1) —z3 He_f"/z.

So there exist constants o > 0 and pg > 0 (determined by b and c¢gp) such that, for
the natural filtration (F;) of the coupled EA process,

P(leoa =1+ 1| F;) = po

%) on {Ieoal > i, ||z — 25| e /% <, (C}; C?) satisfies (31)}.
Appealing to Lemma 20,

(39) P(Ieoal > n) < (1 = po)™ +P(Ly <m, Ieoal > 1),

where

Ly=|{i:0<i<n—1,PUeoa =i+ 1|F;) = po}|.

Recall the definition of Np(¢) in Proposition 16. Take a > 0O (to be specified later)
and consider some m < an. If

(40) ||Z(1) - Z(z) ||e_tj/2 <« for j = lan] —m

then, on the event {I.oa > 1, Np(t) > an}, the events in (38) hold for at least m
values of i < n, which implies L, > m. So if (40) holds, then

P(Ly, < m, Ieoal > 1) < P(leoat > n, Np(n) < an)
and then using (39) we have
P(Icoa > 1)
< (1 = po)" +P(leoat > n, Np(n) < an) + P(Icoal > n, event (40) fails).

Proposition 16 implies that for sufficiently large b there exist constants a, p > 0
and K < oo such that

P(Teoat > n/3, Np(n) < an) < K exp(—pn), n=12,3,....
Using this choice of a above,
P(leoa >n) < (1 — PO)m + Oexp(n)
+ P(Leoat > 1, Teoat <n/3) + P(lcoal > 1, event (40) fails),
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where Oexp(n) denotes a “vanishing probability” sequence whichis O (p") asn —
oo for some p < 1. Now note that elementary large deviation bounds for the rate-2
PPP (t;) show that

@1 P(Icoal > n, Teoar <n/3), P(lcoa < n, Teoal > 1), P(z, <n/3)
are all Oexp(n).

Choosing m = |an/2], we find
P(Icoal > 1) < Oexp(n) + P(event (40) fails), n=1,273,...,

where the Oexp(n) term does not depend on ||Z(l) - z(z) ||. From the definition of event
(40) and the choice of m,

)
(42)  P(event (40) fails) < P(rj <2log M) for j = |lan/2] — 1.
(07

From the final term in (41), there exists a constant 8 such that
P(event (40) fails) = Oexp(n)  forn > Blog™|zp — 23|
So now,
P(lcoal > 1) < Oexp(n) forn > Blog™ |zd — 23|

Because P(Toa1 > 1) < P(lcoal > 1) +P(Ieoal < 1, Teoal > 1), we have established
Proposition 13.

4. Proof of the main theorems.

4.1. Notation. In this section, we use the preceding bounds to prove Theorems
1 and 2. Recall some definitions from Section 1.1. M(R?) denotes the space of
finite measures on R?, equipped with the usual topology of weak convergence. For
a particle &, the time-f ancestor is denoted ancestor(z, £), and Descend(?1, 2, ¢)
denotes the set of particles born before #, whose time-#; ancestor is ¢. And for
n=nandf et

Wiy.1,¢ 1s the measure p putting weight e ™72
(43)
on the position of each particle in Descend(t1, 12, ¢).

Note that given E;,, the “marks” (i, 1,.¢, ¢ € E<;) are still random elements of
the space M (R?), whose distributions depend on all E <, and are dependent as ¢
varies.

If we use E<; to define a translation-invariant marked PPP of the form
{(§,m™(§)), & € E<,} with nonnegative real marks m™ (&), then there is a spatial
average rate of mark values, which we will write as

ave(m™(§):£ € E<)
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defined as the value of a such that

E Y m"¢) =axarea(B), B CR?%.

£cB<,z¢€B

For instance, we have, for t] < 17,

(44) aVe(|,bL[17t2’§| :%‘ S ESZI) = 1,

where || denotes the total mass of .

The self-similarity property of the underlying space—time PPP E allows us to
write down exact self-similarity properties for our marked point processes. In par-
ticular, the action of the scaling map z — e~//?z on R?, applied to the distribution
of {(z¢, i1, & € B<4 ), gives a distribution which coincides with the distri-
bution obtained from {(z¢, ts;41,1,41,6), § € E<s 4} under the action of rescaling
weights ;1 — e’ . These self-similarity properties allow us to take previous re-
sults, which were stated in the context of time decreasing from 0 to —z, and rewrite
them in the context of time decreasing from ¢ to 0 and in the notation above. These
rewritten results and simple consequences are recorded as Corollaries 21-23 be-
low.

As a first example, Proposition 4 shows that for ¢ > 0,

ave(”Zancestor(—t,g) — 2t |: &€ ESQ) < Ket/z,

where K = [;° G(r) dr < co. Using self-similarity, this implies the following.

COROLLARY 21. For0O<ty<t,

. — t —ty/2
ave(”Zancestor(to,g) —z¢ll:§ € C‘Agz) <Ke'e 0/2

Next, the fact that a set of cardinality k contains k(k — 1) distinct ordered pairs
gives the first identity below, and the second follows from self-similarity. For ¢ > 0,

ave(|po.rc|(1iorcl —e™') 1 ¢ € E<o)
= e_2t ave( Z 1{ancestor(O,52):z1ncest<)r(0,$1)} IR Egt)
& eB«

(45)
=e! aVe( Z 1{ancestor(—t,Eg):ancestor(—t,él)} 51 € ESO>
§2€E<

:e_’// CI(I;Z1,Zz)dZ2d21=€_t/ q(t;0,2)dz,
0 Jr2 R?

where [J denotes the unit square and ¢ (¢; z1, z2) is the probability, given that
E<o has particles at z; and zp, that they have the same ancestor at time —¢. In
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the notation of Proposition 4, we have (using the triangle inequality) ¢ (¢; 0, z) <
2G(e 22| /2). So from the conclusion of Proposition 4, we have

e_’f qt;0,2)dz < 2e_’/ G(e™?|z|1/2)dz = 2f G(|1zl/2) dz < oo.
R2 R2 R2
Using (44) for the —e’ term in (45), we have established the following.

COROLLARY 22. sup,_qave(|ior.c]*: ¢ € E<p) < 00.

Finally, self-similarity allows us to rewrite Proposition 13 as follows.

COROLLARY 23. Let so <5 <s1 <s2. Let p(sg, S1,52; 21, 22) be the prob-
ability, given that E<s, contains a particle at position z1 and E<g, contains a
particle at position z, that these particles have different time-sg ancestors. Then

(50,51, 82; 21, 22) < K exp(—p(5 — s0))  provided ||z1 — z2|| < v/2e™5/?

for the constants K, p in Proposition 13.
4.2. Convergence of mark measures. Here, we will prove the following.

PROPOSITION 24. There exist M(R?)-valued marks (10,00,¢5 ¢ € E<q) such
that ave(|jt0,00,¢1, ¢ € E<o) = 1 and for all { € E<p,

Ho,t,c = 10,00,¢ in probability as t — o0.

The argument is slightly subtle. For large #; < 5, a time-#; descendant & of ¢
contributes mass e ~’! to 10, n.¢» whereas it contributes a random (mean e~ ") mass
to f0,1,,¢ because the number of time-#, descendants of & is random. Even though
these descendants are spatially close to £, this randomness means we can only
deduce immediately that the induced non-uniform measure on time-#, descendants
of ¢ is close to 1o,y ¢ ; this is not the uniform measure (¢ s, . To handle this issue,
we first prove convergence of total masses.

PROPOSITION 25. There exist real-valued marks (mo¢, ¢ € E<o) such that
ave(mo,; : ¢ € B<o) =1 and for all { € E<,
[o,r,c| — mo ¢ in probability as t — o0.

PROOF. Write [ for the unit square and [(¢) for the scaled square of area
e . For0 <ty <t <tand e > 0, write A(tg, 11, 12, €) for the event:

there exist at least (1 — &)e1 70 particles of E<;, in (1), and at least (1 — )e’2770
particles of E<;, in [I(¢)), all with the same time-0 ancestor.
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Define
(46) p(tg, &) = hmlnfhmlanP’(A(to, 1,1,¢€)).

—00 H—>00

We will show the following.
LEMMA 26. limy,_ o p (20, &) =1 for each ¢ > 0.

Granted that, consider
a(ty, 12) := ave(min(|1£0., ¢ |, [10.1.c1), £ € B<0) < 1.
By averaging over area-fo squares in R,
a(ti, ) > (1 —e)P(A(t, 11, 12, €)).
So Lemma 26 implies

(47) liminfliminfa(t, ) = 1.

11—>00 Ih—>00

By the triangle inequality and (44),

ave(||po,n.¢| — 110,n.c 1] 1 ¢ € B<0) <2(1 —a(ry, 1)).

Then (47) and the Cauchy criterion imply there exist limits m ; for which

lim ave(||po.r.cl —mo.|: ¢ € B<o) =0.

Finally, Corollary 22 provides the “uniform integrability” condition needed to pass
(44) to the limit to obtain ave(mq ¢ : { € E<o) = 1. This establishes Proposition 25.

PROOF OF LEMMA 26. Write ._4<§ ) for the restriction of E E<; to particles
within [(¢p). We can upper bound the mean number of pairs (&1, &) in [(fp) with

& € E<,, and with different time-0 ancestors, as follows. Write

M(t07 1, t2) = Z Z 1{ancestor(O,él);éancestor(O,éz)}-

O(tp) O(rp)
§1€u<zlo §2€u<t 0

Then

EM(ty, t1,t2) = etletzf / p(0,11,1,21,22)dz1dz2,
O(tp) v(to)

where p(0, 11,1, z1,z2) is the probability, given that E<; has a particle at z;
and E<,, has a particle at z», that these two particles have different time-0 an-
cestors. But Corollary 23 shows that when z; and zp are in [J(#fp) we have

p(0,11, 12,21, 22) < K exp(—ptp). So
(48) EM (19, 11, 12) < "2 720K exp(—pto).

We now quote an elementary lemma.
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LEMMA 27. Let I C J be finite sets, let ~ be an equivalence relation on J
and let B be a maximal-cardinality set in the corresponding partition of J. Let

_ MG DelxUND:i= i
RPARY
Then |BNO 1| = (= p)lI|and [BO I\ D= (1 =p)|J\1].

We will apply the lemma with I and J being EE,(IZO) and EE,(;O), so that |/| and

|J| have Poisson distributions with means ¢! ~'0 and ¢"27%, and to the equivalence
relation “same time-0 ancestor.” Choose § > 0 such that (1 —8)(1 —8(1 —8)72) <
&. On the event

1= (1=8e"™™ and |J]= (-8 and
(49)
M(to, 11, 1) < 8" 27200,

Lemma 27 implies that event A (g, 1, f2, €) holds. The first two events in (49) have
probabilities — 1 as t1, f; — 00, and so by (48) and Markov’s inequality the limit
o (ty, &) at (46) satisfies

p(tg,e) >1— 8_1Kexp(—,0to),
establishing Lemma 26. [J
Proof of Proposition 24. Take 0 < fy < t. By self-similarity, Proposition 25

remains true if time 0 is replaced by an arbitrary time fg: there exist real-valued
marks (m;. ¢, & € E<4) such that forall § € E<,

(50) [Wig,e,6] = My ¢ in probability as t — oo.

For ¢ € E<o, define vy 4,  to be the measure that puts weight m;, ¢ on the position
z¢ of each particle & € Descend(0, 1, ¢). And define vy 4, ; ¢ to be the measure that
puts weight |z, ;| on the position zg of each particle § € Descend(0, 79, ¢). We
will need to show that, for large 7y, the measures vg 4, ;  and 110, are close.

We exploit the dual bounded Lipschitz metric on M (R2):

a(v.v) = swpf | [ fav = [ fav]iisim <1},

I fllpr = max(slzlp‘ £, sup M)

21722 ”Zl _Z2”

This metric has the property
(51) d(cZSZi,cZBZ;)seZHm—zﬁH-
i i i

Consider 0 < #1 < tp < t. The relationship between vo, ;. and vo ;¢ is
that for each & € Descend(0, 7, ¢) the weight ¢! moved from the position of
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ancestor(fy, &) to the position of ancestor(¢1, £). Taking spatial averages and us-
ing (51), we find

aVe(d(VO,tl,t,g, Vo.1.1.0)s & € E50)
< e " ave(||zancestor(ry, &) — Zancestor(in.£) Il & € E<t)
<2Ke /2 by Corollary 21.
This and (50) are sufficient to imply that the v’s have a limit: for all { € E<g
(52) V0,1,¢ = M0,00,¢ (Say), in probability as t — oo.

Now by (50), we can write the definition of v 4,  as

V0,10,6 = Z{(uli)ngo I/L,O,u,gl)ﬁaE : & € Descend(0, 1o, {)},

whereas (by definition) for ¢ > #
10,60 = Y {tig.r.e 1§ € Descend(0, 10, )}
So now we have
d(10,1,¢5 10,00,)
<dvo,1,z, M0,00,¢) +d(10,1,¢5 V0,19,¢)
<d(V0.19.¢5 H0,00.7)
+ Z{d(uli)ngo | bt 182 M,O,,,g) . & € Descend(0, 1, ;)}
< d(vo,z9,¢> M0,00,¢)

+ 2| im0l = |t 61| € € Descend(0, 10, £)]

+ > {d(wag.e.6 |i,1,£182;) : & € Descend(0, 19, )}

Taking the spatial average over { € E<g of sums over all time-fy descendants of
¢ is the same as taking the spatial average over all time-fg particles. So taking
averages in the inequality above gives

(53)  ave(d(io,1,¢5 M0,00,0) 2 & € B<0) < b1(to) + ba(to, 1) + b3(10, 1),
where
b1(10) = ave(d (vo,1y,¢» 0,00,¢) : £ € B<0),
batto, 1) = ave(| lim_|1ti.uel = 1o, el| & € By,
b3(to, ) = ave(d (fig,1.65 | 1hig.1.6102) 1 & € Byy).
To prove Proposition 24, it is enough to prove

(54) ave(d (1o,1,¢, 10,00,¢) 1 £ € B<¢) = 0 as t — 00.
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We know b (tg) — 0 as tg — oo by (52). And b3(0, ) — 0 as t — oo by Proposi-
tion 25, and then by self-similarity b, (fg, t) — 0 as t — oo for all #y. Finally,

(it r e iy r£182,) < / 26 — 2l ey (d2)

=e! Z{ | Zancestor(—10, x) — Zx |l - x € Descend(%o, ¢, S)}
and so
b3(tp, 1) < e’ ave(||zancestor(—t0,x) — Iy l:xe€ Eft)
< Ke 10/? by Corollary 21.

Now taking limits in the inequality (53) establishes (54) and then Proposition 24.

4.3. The random partition. We will now show that a limit random measure
0,00,6 in Proposition 24 is in fact Lebesgue measure A restricted to some ran-
dom set. The fact that the 1 — oo limit normalized empirical measure on Z; is A
implies that

Z{Mo,oo,g 1L ek} =A a.s.
So the random measures (o, o, have random densities f;(z),z € R? such that

Z{fC(Z)if €EB}=1 Vz a.s.

As t — 00, we have

IE{ Z Z 6_2t1{||zs17z;2||§8} 51€8<,852€ Est}

zg €0 zg, €]

— /D/D Ljzi—zli<sy dz1 dza.

Now consider whether a pair (£, §») have different time-0 ancestors; precisely,
consider

tlirgo E{ Z Z e 1{||zé1 —2¢,1<8) l{ancestor(O,& )#ancestor(0,&,)} -
zg €l zg, el
(55)

IS Egnfz € ESt}-

From the fact 10,r,c — [0,00,¢, the limit in (55) equals

(56) B[ [ a-aen(1- X fiG@fie)dzdz

{€E<
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But consider the probability p(0, 1,1, z1, z2), given that B, has particles at z; and
72, that they have different time-0 ancestors. By Corollary 23 with s defined by
8//2 =exp(—5/2),

if|lza—z1| <8  then p(0,1,1,21,20) < K8 fors > 5.
So the limit in (55) also equals

//1{||Z1—zz||sa}limp(0,t,t,m,zz)dmdzz
OJOo t
(57)

= K52”/D/D Lz —zal1<8) d21 dza.
For probability distributions (a;) and (b;), we have 1 — >, a;b; > 1 — max; a;.
Applying this to (56) and using inequality (57),
EJoJo lz—zl<s (1 — maxeez, fr (21)) dz1dz
JoJoYzi—=l<s dz1dz:
Letting § | 0 we deduce that a.s.

< K§%°.

max fr(z) =1 a.e.
tE€E<

So defining
A0, 0)={z: fr (@) =1}

and modifying on null sets, the random sets {A(0, ¢) : ¢ € E<o} form a partition
of R2, and 0,00, 18 Lebesgue measure restricted to A(0, ¢). So writing A 4 for
Lebesgue measure restricted to A, we can rewrite Proposition 24 as follows, using
self-similarity to extend from the time-0 case to the general time ¢ case.

PROPOSITION 28. For each —o0 <t < 00, there exists a random partition
{A(,¢): ¢ € E<}) OfRZ into measurable sets such that for all { € E<;

Meue —> NA@,o) in probability as u — 0.

4.4. Completing the proofs. Proposition 28 is essentially enough to prove The-
orems 2 and 1. As noted in the Introduction, for fixed ¢ we can regard

20 ={(z¢, A(t,8)) : £ € B4}

as a marked point process. The fact that the evolution of the coloring process after
time ¢, given Z;, does not depend on the arrival times of the particles in E;,

<«
means that Z®) is measurable with respect to the time-reversed filtration F; at (5).
The statement in Theorem 1 was that the process Z*) evolves in reversed time
according to the rule:
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during [t, ¢t — dt], for each £ € E<; with probability d¢ delete & [that is, remove the
entry (zg, Az, §))]; for each deleted particle &, let ¢ be the nearest other particle, and
set A(t —dt,f) =A@, ) UA@,E).

To see how this arises, fix large T and for —o0 <t < T consider {(z¢, fs,7,¢) :
& € E<;} as a marked point process. From Lemma 5 (the thinning property of the
PPP), in reversed time ¢ this evolves precisely as a “coalescing measures process”:

during [z, 7 — dt], for each & € E<; delete § [i.e., remove the entry (z¢, i, 7,£)] with
probability dt; for each deleted particle &, let ¢ be the nearest other particle, and set

Mi—dt, T,c =Mt T, ¢ + H1,T €

Taking the T — oo limit given in Proposition 28, we obtain the former rule for the
dynamics of Z®.

The other assertions of Theorem 1 hold by translation-invariance and self-
similarity of the underlying space—time PPP E.

5. Discussion.

5.1. In what sense is this a tree process? We have used the language of an-
cestors and descendants, but otherwise have not really exploited the implicit tree
structure of the colored point process construction. If we draw the process as a
random tree in the plane, with edges drawn as line segments, it is clear from Fig-
ure 1 that edges sometimes cross, so we do not get a “tree” in the usual sense.
This suggests that, in the opening “k colors in the unit square” model, in the limit
partition into k colored regions, these regions are not necessarily connected. Fig-
ure 7 illustrates how this could happen. Simulations strongly indicate that in fact a
typical region is not connected but that only a very small proportion of its area is
outside its largest connected component.

FI1G. 7. A possible realization of the tree in the unit square on the first n = 11 arriving points. The
edge from 1 to 2 is omitted, to show the k = 2 subtrees associated with the first two vertices. At this
stage, the unit square is Voronoi-partitioned into 2 components according to whether the nearest
vertex is o or e, and the o component is not connected. We expect this disconnection to persist in the
n — oo limit.
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5.2. Other models of coalescing partitions. There has been very little study
of partition-valued processes in the plane which evolve by merging of adjacent
components. One such process can be obtained by thinning a Poisson line process,
but we are thinking of pairwise mergers. A well-studied implicit example is pro-
vided by bond percolation. As illustrated in Figure 8, to a percolation cluster of
“open” edges (A) one can associate (this is planar duality) the region consisting
of the union of the unit squares centered at the the vertices in the cluster (B), and
then delete the open edges (C) and vertices to obtain a partition of the plane (D).
The length of the boundary between two adjacent regions in this partition equals
the number of “closed” edges between the original percolation clusters. So in the
bond percolation model where edges become open at Exponential(1) times, the
associated partition-valued process is such that the merger rate of adjacent regions
equals the length of their common boundary. For this model, classical percola-
tion theory [10] implies that infinite regions appear after time log2. More general
models in which two adjacent components merge into one at some stochastic rate

A - . [ =
LT — L S]

==
e M b

—

FI1G. 8. Bond percolation clusters as a partition ofRz.
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determined by their geometry are discussed in [4], where it is conjectured that if
large components do not grow too quickly (relative to small components), then
there should be some self-similar asymptotics, but no such result is proved. The
coalescing partitions process in this paper is perhaps the only known self-similar
Markovian process of pairwise merging partitions of R?. In one dimension, the
thinning process of Poisson points defines a self-similar process of merging adja-
cent intervals, which has an interpretation as intermediate-size asymptotics in the
Kingman coalescent ([3] Section 3.1).

5.3. Heuristic arguments. Arguments in this Section 5.3 are heuristics, only
parts of which seem easily formalized. We conjectured at (28) that the tail behavior
of the “meeting distance” random variable || Zoa1|| is of the form

(58) P(| Zeoalll > 7) <177 asr — 0o

for some exponent y. This is heuristically related to the issue of fractal dimen-
sion of the boundaries of the regions (A(0, §), § € E<p), as follows. Consider the
boundaries within the unit square. Saying this has fractal dimension d is saying
that for small x > 0 we need order x ¢ radius-x discs to cover these boundaries.
Consider a uniform random point z; in the square and another random point z;
uniform on disc(z1, x). The chance that z; and z» are in different components is
the same order as the chance they are in the same covering disc, which chance is
order x>~¢. But the former chance is the same order as the chance that the meeting
distance M, between their lines of descent is at least 1, that is, P(M, > 1). So
we expect P(M,; > 1) =< x24 a5 x J 0. Now by self-similarity M, =5 x M. So
setting r = 1/x,

59) P(M; > r) < r~ %=
and we heuristically identify the fractal dimension as

d=2—y.

5.3.1. Heuristic 1: The boundary has fractal dimension 1. For large tg,
consider the Voronoi regions associated with the different sets of particles
Descend(0, 19, ¢) as ¢ varies. The particles in E<,, are separated by distance
of order e~"/2. Consider three points (z1, z2,z3) on the boundary at time #g
at distances of (say) Se~"/? apart. As ¢ increases, particles arriving nearby
move the boundary near these three points. The first such move is over a dis-
tance of order e’/ and subsequent moves decrease geometrically. So in the
t — oo limit, the positions of the boundaries near (z1, z2, z3) should become
(z1 + D1e7"/2 25 + Dye™/2,z3 + D3e"/2) for some (D1, D2, D3) with a
nonvanishing limit as fg — oo. But this is saying that in the limit partition
(AQ0,¢),¢ € E<p), on every scale 0 = ||y; — ¥3||, for y; and y3 on the bound-
ary, the distance from the midpoint (y; + y3)/2 to the boundary is of the form Do
for some random D > 0. This is a hallmark of “fractal dimension =1.”
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5.3.2. Heuristic 2: The boundary has fractal dimension 1. The genealogical
tree defines a “line of descent” for each particle in E; these particle positions are
dense in R?, so let us suppose that in the continuum limit there is such a “line of
descent” from almost all points z of R? to infinity. Draw the tree via line segments
in R%. Consider a point (x, 0) on the x-axis. The route from there to infinity first
crosses the y = 1 line at some random point (c(x), 1). Consider the random set C
of all such values c(x) as x varies. This is stationary (translation-invariant) and so
has some intensity y, which cannot be zero; moreover, we expect y < oo because
the intensity of line segments of length > a is finite for each a > 0. Then suppose
that for each ¢ € C, the sets of originating points {x : ¢(x) = ¢} form some® interval

(x—(c), x4.(¢)).

Next consider, for z > 0, the random quantity defined as

the infimum of y > 0 such that the routes from (x1, 0) to infinity and from (x| + z, 0)
to infinity first hit the line {(x, y) : —00 < x < 0o} at the same point.

This has a distribution, say D, which does not depend on x;. By considering
endpoints of the intervals (x_(c), x4 (c)), we have

=1imP(D 1)/6.
14 51$(5>)/

But by scale-invariance, we have Ds =4 § D1, and so
P(Dy>d)~vy/d as d — oo.

But D; should have the same tail behavior as M at (59). This suggests the scaling
exponent is ¥ = 1, and hence the fractal dimension of the boundaries = 1.

5.3.3. Heuristic 3: The boundary has fractal dimension # 1. The heuristics at
(58), (59) are essentially saying that the fractal dimension d is determined via the
limit

im Pl Zcoalll > 2r) _ pd—2
r—00 P(|| Zeoalll > 1)

But the limit is determined by the asymptotics of the coupled EA process, condi-
tioned on not coalescing for a long time. As we saw in in Section 3.1, the dynamics
of the coupled EA process involve the complicated geometry of excluded regions,
and there seems no reason why that limit should turn out to be exactly 1/2.

5.3.4. Regarding Conjecture 3. One might imagine that Conjecture 3 would
follow easily from Proposition 13 via some general result of the form

If {A, A€} is a partition of the unit square such that p(r) — 1 as r — 0, where p(r)
is the probability that two random points at distance r apart are in the same subset,
then (after modifying A on a set of measure zero) the topological boundary of A has
measure zero.

8The argument is unchanged if instead it is a union of a finite-mean number of intervals.
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But this assertion is not true in general, by considering an example of the form

A=

\U; disc(z;, ;) for dense (z;) and r; | O very fast. Proving Conjecture 3 seems

to require some new argument.
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