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COALESCING BROWNIAN FLOWS: A NEW APPROACH
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The coalescing Brownian flow on R is a process which was introduced
by Arratia [Coalescing Brownian motions on the line (1979) Univ. Wisconsin,
Madison] and Téth and Werner [Probab. Theory Related Fields 111 (1998)
375-452], and which formally corresponds to starting coalescing Brownian
motions from every space—time point. We provide a new state space and
topology for this process and obtain an invariance principle for coalescing
random walks. This result holds under a finite variance assumption and is thus
optimal. In previous works by Fontes et al. [Ann. Probab. 32 (2004) 2857—
2883], Newman et al. [Electron. J. Probab. 10 (2005) 21-60], the topology
and state-space required a moment of order 3 — ¢ for this convergence to
hold. The proof relies crucially on recent work of Schramm and Smirnov on
scaling limits of critical percolation in the plane. Our approach is sufficiently
simple that we can handle substantially more complicated coalescing flows
with little extra work—in particular similar results are obtained in the case of
coalescing Brownian motions on the Sierpinski gasket. This is the first such
result where the limiting paths do not enjoy the noncrossing property.

1. Introduction.

1.1. Motivation. The coalescing Brownian flow or Arratia’s flow was first in-
troduced and studied by Arratia [3, 4], as a limiting object describing the large-
scale behaviour of the one-dimensional voter model. Informally, this process con-
sists of particles that perform independent coalescing Brownian motions, starting
from every space time (x,t). By independent coalescing Brownian motions, we
mean two paths which are independent Brownian motions until the first time they
meet, and which subsequently continue as one single Brownian motion.

Since then, the Brownian web has been conjectured or proved to describe scal-
ing limits in a large number of seemingly disconnected models: let us mention in
particular the works of T6th and Werner [25] in connection with true self-repelling
motion, Coletti et al. [10] in connection with a drainage network model, Sarkar
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and Sun [22] in connection with oriented percolation, Norris and Turner [21] in
connection with Hastings—Levitov planar aggregation models.

It is not a priori easy to turn the informal description in the first paragraph into a
rigorous mathematical object. The difficulty lies in the fact that there are uncount-
ably many starting points. Curiously, foundations for constructing the Brownian
web as a random variable in a “nice” space and studying convergence of discrete
objects to the Brownian web were only laid down recently, in a series of papers by
Fontes et al. [12].

1.2. Main results. Our object in this paper is threefold:

1. First, we provide an alternative state-space and topology for coalescing flows
such as Arratia’s flow (Theorem 3.1). Inspired by the setup introduced by Schramm
and Smirnov in [23] for critical percolation, we call this space the Schramm-—
Smirnov space of coalescing flows 7. See Definition 2.5. As the reader will see,
our setup has the great advantage that it makes the proof of convergence of discrete
objects to the limiting Brownian flow surprisingly simple.

2. We then prove an invariance principle (Theorem 4.1) for the convergence of
scaled coalescing random walks on Z toward Arratia’s flow under an optimal finite
variance assumption on the random walk. Note that in previous works, the topo-
logical setup was different and establishing tightness already required a nontrivial
proof. In particular, in [7], it is shown that in order to obtain a tightness criterion, a
3 + ¢ finite moment is sufficient, while existence of a 3 — ¢ moment is needed. We
prove in our present setting that a finite variance is both necessary and sufficient.

3. Finally, we illustrate the simplicity and flexibility of our approach by show-
ing similar results for coalescing flows where the underlying geometry is substan-
tially more complicated. We focus in particular on coalescing random walks on
the discrete infinite Sierpinski gasket, and prove that this can be rescaled to a coa-
lescing Brownian flow on the continuous Sierpinski gasket (Theorem 6.1). On the
real line any two continuous paths cannot cross without hitting each other. This
is an obvious topological fact in dimension one which underlies Arratia’s original
approach and much of the work on the subject. But this property is absent for the
Sierpinski Gasket since one of the paths can go into some other “triangle” and
come back later at a suitable time.

At the heart of our approach is the groundbreaking work of Schramm and
Smirnov [23] on scaling limits of critical percolation in the plane. We borrow di-
rectly from their work by adapting the quad-crossing or Schramm-Smirnov state-
space and topology to the study of coalescing flows. As in the percolation case,
the state space is compact, so only uniqueness of subsequential limits has to be
established. Thus, one of the main advantages of our approach is that very few es-
timates are needed in order to establish this convergence. The bulk of the work is in
some sense to construct the limiting object in the Schramm-Smirnov space. Con-
vergence of the discrete object to the continuous one then follows rather simply
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by an argument based on “uniform coming down from infinity”” (Proposition 4.4),
which is the main technical ingredient.

In the companion paper [8], we will illustrate further the extent and breadth
of the analogy between coalescing flows and critical percolation, by showing that
the Brownian webs in this paper (including, say, on the Sierpinski gasket) are all
examples of black noises.

1.3. Relation to previous work. As mentioned earlier, one of the main results
in this paper (Theorem 4.1) is an invariance principle for coalescing random walk
under a second moment assumption. This contrasts sharply with the approach de-
veloped by Fontes et al. [12]: indeed, using that topology, a series of works culmi-
nating with Newman et al. [20] showed that such an invariance principle holds a
under a fifth moment assumption. Subsequently, Belhaouari et al. [7] lowered this
to a 3 4+ ¢ moment assumption and, surprisingly, showed that this was in fact also
necessary, in the sense that the convergence does not hold if the random walk’s
3 — & moments are not finite for some ¢ > 0.

To understand better the difference between the two approaches, it is useful to
dwell further on the analogy with percolation. In that context, it is also a nontriv-
ial task to build a “nice” state-space and topology for taking scaling limits (as the
mesh size tends to 0). One can study the collection of all individual contour inter-
faces of clusters (an approach originating in the work of Aizenmann and Buchard
[1] and culminating in the work of Camia and Newman [9]), or one can ask about
macroscopic connectivity properties. This is the viewpoint taken in the work of
Schramm and Smirnov [23] which motivates our approach. This latter topological
framework introduced by Schramm and Smirnov was recently used and extended
in [13] and [14] in order to prove that near-critical percolation on the triangular
grid has a (massive) scaling limit.

Some alternative approaches to the construction of Arratia’s flow have been pro-
posed which we briefly review. One of the problem for formulating a state-space
for Arratia’s flow is that it is not in the strict sense a flow, for example, it may well
be the case that from a point x € R there is more than one trajectory coming out of
it. To go around this problem, Norris and Turner [21] considered the space of weak
flows, which replaces the notion of a flow (¢s;)s<; by a pair (¢Sj§) s<t satisfying
some compatibility relations. Essentially, ¢~ is the left-continuous version of the
flow and ¢ the right-continuous version. Arratia’s flow is then identified as the
unique random variable on this space such that its restriction to finitely many points
forms a coalescing Brownian motion started from that set. This approach is very
elegant but has the drawback that it relies crucially on the noncrossing property.

Le Jan and Raimond, in a series of papers, [18, 19], adopted a different point
of view on the question. They viewed Arratia’s flow as a (random) flow of maps,
which are essentially consistent systems of n-point Markovian systems, describing
the law of the motion of n indivisible points. While this approach is in principle
very general (and in particular, does not rely on the noncrossing property), it is not
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well-suited to the questions of taking a scaling limit of some discrete flow to its
continuous counterpart. This is because the question of scaling limits would have
to be approached through the finite-dimensional distributions of the flow. See, for
instance, [17] for an example and see [16] for a good survey of this approach.

1.4. Organisation of the paper. The paper will be divided as follows:

e In Section 2, we describe the setup used in this paper, that is, the Schramm-—
Smirnov space 77 (see Definition 2.5) and its topology. We also explain how
to view a compact set of paths as an element of the state space 7, and give a
convenient criterion for convergence in terms of tube-crossing probabilities.

e In Section 3, we give a construction and characterisation of the Brownian web
as a random variable on .7 (Theorem 3.1). This is immediately followed in
Section 3.2 by a result characterising further the Brownian web. This is not
needed for the rest of the paper and may be skipped by a reader who only wishes
to read the invariance principle of Section 4.

e In Section 4, we state and prove the invariance principle showing that rescaled
coalescing random walks converge to the Brownian web (Theorem 4.1).

e In Section 5, we extend our setup to study simple coalescing random walks on
the Sierpinski gasket.

e In the final Section 6, we state and prove an invariance principle showing that
rescaled coalescing random walks on the Sierpinski graph converge to the coa-
lescing flow on the Sierpinski gasket constructed in Section 5.

e In the Appendix, we make the link with the state-space and topology of Fontes
et al. In particular, we show that our topology is coarser.

2. Schramm-Smirnov topology and flows.

2.1. The space of tubes. We start by introducing the notion of tubes (which
replaces the notion of quads in the case of planar percolation). Fix d > 1; we
will consider in this section coalescing flows for which the individual paths are
naturally embedded into R¢. We will denote a generic space—time point z = (x, 1),
where x € RY represents the spatial coordinate and 7 is the time-coordinate.

DEFINITION 2.1 (Tube). A tube T is a triplet ([T'], 9T, 01T) := (¢([O,
1191, (10, 119 x {0}), ([0, 114 x {1})) where ¢ : [0, 1]? x [0, 1] — ¢ ([0, 1]¢ x
[0, 1]) € RY x R is a homeomorphism such that ¢([0, 1]¢ x {0}) and ¢ ([0, 1]¢ x
{1}) are subsets of R? x {fo} and R¢ x {1}, respectively, for some #y < ¢1. Further-
more, we require that [T] = ¢ ([0, l]d“) is included in R? x [1g, 1]. Informally,
T is a topological cube along with a distinct pair of opposite faces which are both
orthogonal in R to the time axis. We call to the start time of T and 1, the end
time of T'. The sets dp7T and 917 are called the lower face and the upper face of T,
respectively. See Figure 1 in the case d = 1.
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FI1G. 1. On the left, a tube T with lower and upper face 39T and 01T . The tube T is traversed

by paths yy and y3 but not by y;. On the right, a tube T’ from the class T of Definition 2.14
approximating a tube T, shown in dotted line.

DEFINITION 2.2 (Metric space of tubes). The space of all such tubes, denoted
by 7T, can be equipped with the following metric:

dr(T1, ) := duaus ([T11, [T2]) + dHaus (B0 T1. 90T2) + diaus (01 T1, 01 72),

where dyays is the usual Hausdorff metric on the compact subsets of R4+ which
is given by dyaus(A, B) = max(sup,cp infuca lla — bl|2, sup,c 4 infpep lla — bl|2).
It is easy to see that (7, d7) is separable (see, e.g., Section 2.6.1).

2.2. The space of coalescing flows. First, we introduce the notion of crossing
or traversing for a tube by a continuous path in R¢ with a specified starting time.
A continuous path y with starting time 7 is just a continuous map y : [f, o0) — R¢
and is denoted by (y, r). We will say that a tube T is crossed or traversed by (y,t)
if t <1y, (y(to), to) € 9T, (y(t1),t1) € 1T and (y(s),s) € [T] for all s € (¢o, #1),
where 7o and #; are the start time and the end time of T, respectively. Informally,
this means that the trajectory of the path y enters the tube T through the lower face
doT and stays in it throughout until it exits 7 through its upper face 9;7. Given
any (finite or infinite) collection of such continuous paths with starting times, we
can associate the subset of 7 which consists of all the tubes which are crossed by
at least one path from the collection. For example, in the case d = 1, for a family
of continuous (random) paths which are trajectories of some coalescing Brownian
particles starting from different space—time points in R?, we can naturally obtain
via the above association an element of {0, l}T. This contains a lot of information
about the coalescing paths. This suggests taking {0, 1}7 as a state-space for the
Brownian web. But as indicated in [23], this turns out to be too big and unwieldy
for our purpose. Instead, note that a subset of 7 consisting of all the tubes which
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FI1G. 2. Two tubes such that T) < T.

are crossed by some collection of paths cannot be arbitrary: some compatibility
conditions must be satisfied. The following partial order on tubes, which mirrors
that of [23] will help to clarify the structure.

DEFINITION 2.3 (Partial orders on tubes). If T}, T, € T are two tubes, we will
say that:

(a) T < T, if whenever T3 is traversed by any path y, T is also traversed by y.
See Figure 2.

(b) T < T if there are open neighborhoods U; of T; in (T, d7) such that Tl/ <
T, holds for any 7T/ € U;, i =1, 2.

The definition below (following again [23]) singles out a particular class of sub-
sets of 7 by adding the compatibility constraint on the tubes which are considered
to be traversed.

DEFINITION 2.4 (Hereditary subsets of 7). A subset S C 7 is called heredi-
tary if whenever T € S and T' € T such that T’ < T, we also have T’ € S.

We are now ready to define the crucial definition for our state-space:

DEFINITION 2.5 (Space of coalescing flows). Let .7 be the space of all
closed hereditary subsets of 7. We call 7Z the Schramm—Smirnov space of co-
alescing flows or simply the space of coalescing flows.

REMARK 2.6. The word closed in the above definition refers to the Hausdorff
metric on tubes of Definition 2.2. Essentially, it is a way of setting the following
convention: if 7,, — T in dy and each T}, is crossed by a family of continuous
paths, then we declare T to be crossed by that family. Another way to think about
it is that it shows how to decide whether a tube is crossed in the ambiguous case
when a path touches the boundary of the tube, like the path )3 in Figure 1. Such a
tube is declared crossed.
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2.3. The tube-topology. Having defined our state-space 7 we need a conve-
nient topology for it. Following [23], we define a topology on .7# generated by the
following subbase (their finite intersections form a basis for the topology)

2.1 {He:HNU # T}, U C T topologically open,
(2.2) {Hes:T ¢ H}, TeT.

We denote {H € #:T e H} and {H € 5¢: H N U # @} by Br and BY, respec-
tively.

Intuitively speaking, this choice of open sets for the tube-topology leads to the
following desirable properties: if a tube T is crossed by a collection of paths, and
if those paths undergo a slight ‘perturbation’, then some tube in the neighborhood
of T will still be crossed [corresponding to (2.1)]. Also, if T is not crossed by
a collection of paths, then a small perturbation in those paths cannot result in a
crossing of T [corresponding to (2.2)].

The following fundamental result is due to Schramm and Smirnov.

THEOREM 2.7. The Schramm—Smirnov space 7 equipped with the tube-
topology has the following properties:

1. S is separable, metrizable, and hence a Polish space.

2. J is compact.

3. For any dense set S of T, the o-field generated by {Br : T € S} is the Borel
o -field on 7 .

The above theorem is an immediate consequence of a more general result (pre-
cisely Theorem 3.10) of [23] which works for the space of closed hereditary sub-
sets of any second-countable topological space X with a partial ordering < such
that the ordering satisfies

(2.3) {(x,y) e X*:x <y} is a topologically open subset of X,
and
2.4) Vx € X, xe{yeX:y=<ux}.

For us, X = 7 with the partial order < in which case conditions (2.3) and (2.4) are
easy to verify.

The reader may find close similarities between the tube-topology and the stan-
dard Fell topology (or the topology for closed convergence) defined on Cld(7),
the space of closed subsets of 7. The Fell topology has many desirable properties
including compactness [which is lacked by the topology induced by the Hausdorff
metric on Cld(7)]. The fact is using (2.3) and (2.4), one can prove that 77 is closed
subset of C1d(7) under the Fell topology, and moreover, the induced topology on
€ is the same as the tube-topology.

Later we will need the next lemma which says that a monotone (with respect to
set inclusion) sequence in 7 always converges.
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LEMMA 2.8. Let Hi C Hy C --- be a nondecreasing sequence in 7. Then

there exists H € 7 such that d (H,, H) — 0. Furthermore, H =\J;° | Hy, the
closure being taken with respect to d.

PROOF. Since ## is compact, Hy has subsequential limits. Let H, H' be two
such limits, taken, respectively, along the subsequences () and (m ;). Let us show
first that H, C H for all n > 1. If T is a tube such that T € H,, for some n then
by monotonicity 7" € H,, for all k sufficiently large. In other words, H,, € Br
for all sufficiently large k. Since Hr is a closed set in (J7°, d_»), we have H =
limy H,, € Hr. Hence, T € H as well.

Now let us show that H' € H. Fix T € H'. By definition of the basic open
sets given in (2.1), for all § > 0 there exists Ts € 7 such that d+(T, Ts) < § and
Ts € Hy,; for all sufficiently large j. Since H,; < H by the above observation,
Ts € H for all §. But now since H is a closed subset of 7 and d7(Ts, T) — 0O as
8 — 0, it follows that T € H as well. Hence, H' C H. By symmetry H = H' and
this proves the uniqueness of the subsequential limit.

Now since Hy C H for all k > 1 and H is closed, we have |J;2 | Hy € H. We
have also shown that given 7 € H there exists a sequence of tubes Ty € (J7o; Hi
such that d7(Ts, T) — 0 as § — 0. This shows that H C (2| Hy and the proof
of the lemma is complete. [

2.4. Coalescing paths as an element of the space €. Let C[tg] denote the set
of continuous functions from [z, 00) to R¢. Define

M= | Clwl x {w},

tneR

where (y, f9) € Il represents a path y in R? which starts from time #o. For (y, 1) €
I, let y be the continuous function that extends y to entire time R by setting
7 (t) = v (tp) for all t < ty. We then define a distance o on IT by

(2.5) o((y1,t1), (2, 2)) =dsup (71, 12) + |11 — 121,

where dsup(V1, 72) = Y _jey 2k SUp; e[k xy Min([[Y1(t) — P22, 1. It is easy to
check that (T1, p) is a complete separable metric space.

If ¢ C I is any collection of continuous functions (with starting times), one
can naturally associate to it a subset Cr(¢) of 7 consisting of all tubes traversed
by ¢. Itis clear that Cr(¢) is hereditary for any ¢ C I1. To associate to ¢ a genuine
member of .77 we need to check that Cr(¢) is closed in 7 so that Cr(¢) € 7. The
following straightforward lemma says that this happens at least if ¢ is compact.

LEMMA 2.9. If¢ C 11 is compact, then Cr(¢) € .
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PROOF. We need to show that if 7,, € Cr(¢) and d7(T,,,T) — 0, then T €
Cr(¢). Suppose that T, is traversed by (y,, 7,) € ¢. Since ¢ is compact, we can
find a subsequence {ny} such that (yy,, y,) — (v, ) € ¢ in the metric o. Let
to(T,) and 19(T) be the starting times of the tubes 7;, and T, respectively. Their
ending times f1(7},) and #1(T") are defined similarly. Note that #;(7,,) — t;(T), for
i=0,1.

Since t,, <1o(Ty,), we have T < 1o(T). We first need to show that (y(s), s) €
[T] for each s € (to(T), t1(T)). Fix s € (to(T), t;(T)). Since we can find s,, €
[70(Ty), t1(Ty, )] such that s,, — s. Then (v, (Sn;), Sny) € [T, ]. By uniform con-
vergence of y,,, to y on the compact time intervals, we have y;, (s,,) — v (s), and
hence (y (s), s) € [T]. Since (vu, (1i (Ty,)), 1i (Ty,)) — (v (i (T)), t;(T)) for each i,
we can easily see that (y(t;),t;) € 9; T fori = 1, 2. This completes the proof. []

REMARK 2.10. The conclusion of the above lemma holds under the fol-
lowing slightly weaker assumption which turns out to be convenient in prac-
tice. Let T be a tube and for (y,19) € IT set t(y,T) :=inf{t > ty:y(t) € T}
(with inf @ = 400, as usual), and set y7(t) = y(¢t) fort > v(y, T). If ¢ C IT set
¢r ={(yr,t(y,T)):t(y, T) < oo}. Then the conclusion of Lemma 2.9 holds as
soon as ¢r is compact in IT for every tube T € 7. In words, if the collection of
paths ¢, restricted to any particular tube 7', is compact, then this induces an ele-
ment Cr(¢) € 7.

2.5. Countable coalescing process. Fix d > 1 and a countable ordered set of
R-valued continuous paths (y i»8;)j>11n I1. From this countable set of free paths,
we define an ordered set of coalescing paths (yjc, sj)j=1 in IT inductively using the
following coalescing rule. Set y = yi. For j > 1, set

tj=inf{t > 57,0 € {y{ (O, v O, ..., vi_1(O}}
with the usual convention that inf @ = oco. Take
I[j=min{i €{1,2,...,j — 1}:y;(tj) =¥ (tj)} if 7; < o0.
For t > s, define
) vi(t), ifr <1,
v (1) = i@, ifr=;

In words, if the free paths of labels i and j collide, they both subsequently follow
the path with the lower label.

2.6. Characterization and convergence criterion for probability measures
on €. A general tube can be extremely complicated and its crossing probability
can be very hard to deal with. But in order to characterize a probability measure
on .77, it is enough to know the joint crossing probabilities of finitely many “nice”
tubes belonging to a class of tubes which is dense in 7.
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LEMMA 2.11 (Characterization). Let T be any dense subset of T. Let Qq
and Qy be two probability measures on HC such that for all m > 1 and for all
Ti,....T, €T,

Qi r, N---NBg,) =QE7n N---NH7,).
Then Q = Qs.

PROOF. The events of the form Hy, N --- N Hr,, for some m > 1, and some
Ti,...., T, € T , form a -system which generates the entire Borel o -field by The-
orem 2.7. By Dynkin’s lemma, any two probability measures which agree on this
m-system must hence be identical. [J

For us the main advantage of .7# being compact is that it implies that the set of
all probability measures on .7 is also compact under the topology of weak con-
vergence, hence any sequence of probability measures on .7 automatically has a
subsequential limit. This greatly reduces the amount to work necessary to estab-
lish weak convergence for probability measures on .7”. The following proposition
gives a useful criterion for the weak convergence of a sequence of probability mea-
sures (Qy) ;>0 toward a limiting measure Q in terms of the joint crossing probabil-
ities of certain family of tubes. But before that, we state the following definition.

A subset of tubes 7 C T is called super-dense in T if:

(P1) There exists a countable subset 7° € 7 such that 79 is dense in 7.

(P2) For each TeT?, there exists a monotone chain of tubes T° € 7 indexed
by 6 € I(T, T) where (T, 7') C [0, 1] has a countable complement, such that
T0=T and T% < T% if §; > 8, > 0 and moreover, d7-(T‘s T)—0asé§— 0+.

Clearly, a super-dense family of tubes is also dense in 7T .

PROPOSITION 2.12 (Convergence). Assume that T is super-dense in T . Let
(Qy) >0 be a sequence of probability measures on €. Suppose that

(26) q(Tl,...,Tm) = r}LH})Qn(ElTl ﬂ---ﬂETm)

exists forallm > 1 and Ty, Ta, ..., T, € 7A’ Then there exists a (unique) probabil-

ity measure Q on ¢, such that Q) 4 Q. Furthermore there exists T’ < T which
is again super-dense in T and such that Q( B, N ---NBy,) =q(T1, ..., Ty) for
alTh,.... T, €T".

Before proving the proposition, we will first note a result about the (topologi-
cal) boundary of the event that a tube is traversed. If A C 77, let JA denote the
boundary of A for the topology of 57, thatis, A = A \ A°.
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LEMMA 2.13. For T €T, the boundary of the closed set Hr satisfies

oBr C ( ﬂ —'E]T/> NHr.

T<T'

PROOF. Fix T’ such that T < T’. Find an open neighborhood U of T’ such
that T < T” for all 7" € U. Then BY is an open subset of B7 and hence By C
BY c BH7. Hence, since Hr is closed,

odr :E—T\E% CHrNn—-Hy.
The lemma follows since the above inclusion holds forall T < 7’. O
PROOF OF PROPOSITION 2.12. By compactness of 77, it suffices to establish

the unique subsequential limit is Q. Let Q' be another subsequential limit of (Q,).
Note that by the portmanteau theorem,

QBr Nn---NBr,) = nE%hQ"(ETl N---NBr,)=Q B r, N---NBr,)

forallm>1and Ty,..., T, € 7 such that Q(987,) =0 and Q'(0B7,) = 0 for
eachl <i <m.

Let 7% C T be a countable subset satisfying the properties (P1) and (P2) in the
definition of the super-dense class of tubes. By Lemma 2.13, for any two tubes
T < 1>,

0 E|T1 ﬂaETZ = .

Let 7 € 70 and let (T°) sel(r. ) S T satisfy the property (P2) of super denseness.
Therefore, by o -additivity of probability measures, Q(dHs) > 0 or Q'(88s) >
0 can be true for only countably many & € I (T, 7). This implies that

T :={T € T:Q3Br) =0,Q(387r) =0}

is again super-dense in 7. On the other hand, forallm > 1 and forall 71, ..., T, €

7'/
QBnN---NByr,)=Q B, N---NBg,) =q(T1,...,Ty).
Hence, by Lemma 2.11, Q' = Q, as desired. [

2.6.1. Example: A super-dense family of “nice” tubes in R? x R.

DEFINITION 2.14. Let 7 be the family of all tubes 7' such that:

1. The set [T] can be tiled by a finite number of boxes of the form [a;, b1] x
-+ X lag+1, ba+1] with a; < b; for 1 <i <d + 1, and
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2. 3T =[T]1N R x {to})) and 1T = [T] N (R x {t1}), where ty and 71 are
the start and the end time of 7.

Let us now check that 7 is super-dense. Define TY same as above the definition
of 7o with an added restriction that ¢; and b; appearing in item 1 are all rationals.
The family of tubes 7 is clearly countable and is dense in the space of tubes 7
endowed with the above metric d7. It remains to check property (P2). Let us fix a
tube T in 7°. Suppose that

d d
30T = H[ai’ bilx{t-} and 0T = H[Ci, di] x {t4}.
i=l i=1
By the definition of the class of tubes 7, we can find 7, > 0 such that

d
(710 (RY x [r—,t- +t.]) = [ [lai. bi] x [t—. - + 2],
i=1
d
[T10 (RY x [ty — to, 14]) = [ [leir dil x [t4 — te. 14].
i=1
For § < t,, define T to be the tube such that [7°] = [T]° N (R? x [r_ + 3, ty —
81), 0T? =T1{_ [a; — 8, bi + 8] x {t— + 8} and 0, 7° =1L [c; — 8. d; + 8] x
{tT — 8}, where for any set S C R?*!, the enlargement S° is defined to be the
closed set consisting of all points in R?*! whose L distance from S is at most §.
It is easy to check that TO=T,T% <T%if0<8; <8 <t, and dT(T‘S, T)—0
as 6 — 0+. This shows the property (P2) holds.

3. Arratia’s flow in 7.

3.1. Existence. In this section, we restrict our attention to Brownian motion on
R and define a unique measure on .7# which represents the coalescing Brownian
flow on R in the tube topology (for d = 1). We start by introducing some notation.
Let z1 = (x1,11), 220 = (x2,12), ... be a sequence of space—time points in R2 and
let D = {z1, z2, ...} be a countable ordered set. We assume that D is dense in R2.
Let (W;(#))>; be independent Brownian motions starting, respectively, from the
space—time points (z;) j>1, that is, W;(¢;) = x;, defined on a common probability
space (€2, F,P). Using the coalescing rule as described in Section 2.5, for each
n > 1 this defines a collection of n coalescing paths denoted by Wi, W3, ..., W7
starting from z1, z2, . .., 2, respectively. This collection of coalescing paths, being
finite, is of course compact in (I1, ¢), and hence induces, by Lemma 2.9, a random
element W, € 5 defined by

3.1) Wo =W, ..., z0) :=Cr({Wf, W5, ..., WeD).

We now state the main theorem of the section.



COALESCING BROWNIAN FLOWS: A NEW APPROACH 3189

THEOREM 3.1 (Coalescing Brownian flow on R). The random variables VW,
converge in distribution as n — oo to a random variable Wy, in 7€, whose law
P does not depend on the dense countable set D (including its order).

DEFINITION 3.2. A random variable on 57 with law P« is called a coalesc-
ing Brownian flow on R.

PROOF. By construction, W; € W, C - - - almost surely. That is, W is a non-
decreasing sequence. Hence, by Lemma 2.8, it follows that the limy_, oo Wy exists
almost surely in /¢ and is equal to (J7=; Wi. We call W(D) the limiting element
of /# and denote by PL its law on . which, at this stage, might depend on the
ordered set D. We aim to show that the law PEO does not in fact depend on D.

LEMMA 3.3. Let D =(z;)j>1 and D' = (Z/j)jzl be two countable dense or-
dered sets ofRz. Fixm > 1and tubes Ty, ..., T,, € 70. Let

p(Ti, ..., Ty) =nli)rrgoIF’(W(z1,...,zn) eBr,N---NBr,) and
p/(Tl, o Ty) =nli)I&P(W(Zi,...,Z;1) S E’T] ﬂ-"ﬂETm).
Then p(Ty, ..., Ty) = p'(T1, ..., Ty).

PROOF. The limits p(Ti, ..., T;,) and p'(T}, ..., T,,) exist due to monotonic-
ity. Let z; = (x;, ;) and z; = (x;, ;). We may suppose without loss of generality
that the points z1, z2, .. . (resp., z/l, z'z, ...) are distinct. For 1 <i < m, let the lower
face of the tube 7; is given by doT; = [a;, b;] X {u;}, u; being the start time of 7;.
We denote by A the event Hy, N---NHy,,.

Note that a Brownian particle starting from a point in the boundary of [a;, b;] at
time u; will immediately escape the interval [a;, b;] almost surely and the tube T;
can not be crossed by it. So, as far as the event A is concerned we can assume that
none of the points in z; or z; lies in {(a;, u;), (bi, u;): 1 <i <n}, the boundary of
the lower face of any tube.

For x,t € R and ¢ > 0, define two rectangles R(x,t;¢) =[x —e,x +&] x [t —
e,t+¢eland RT(x,t;8) =[x —e,x +¢&] x [t,t + ¢]. Let W be Brownian motion
starting from the space—time point (x, t) and W’ be another independent Brownian
motion starting from the space—time point (x’,7"). Let T > max(z, t") be the first
hitting time of W and W’. Then for any fixed ¢ > 0, the probability of the event

{t <t+eand (W(s),s) € R(x,t;¢) Vi <s <t and
3.2)
(W'(s),s) € R(x,t;6) Vi’ <s <t}

converges to 1 as (x’, ") — (x, t). This follows from the right continuity of Brow-
nian paths and the fact that t \ ¢ almost surely as (x’, ") — (x, ).

Fix n € N and § > 0. We can choose gy > 0 sufficiently small such that it satis-
fies:
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(i) R(xj,tj,€0), 1 < j <n are pairwise disjoint.

(ii) Foreach1 < j <nandeach 1 <i <m,ift; <u; thent; +¢&o < u;.

(iii) Foreach 1 < j <nandeach 1 <i <m, if t; = u; and x; € (a;, b;), then
Rt (xj,1j,€0) C[T;].

Given any 8 > 0 and some ¢ > 0 that will be specified in a moment, find y; =
(V1,8 ..., ¥, = (v, s,,) € D' such that s;. <t;and |x; — v;-| + It —s}l < ¢ for
1 < j <n. This is possible since D’ is dense in R2. By (3.2), there is g such that
if we choose ¢ < gq sufficiently small, then for each 1 < j < n, two independent
Brownian motions starting from the space—time points z; and y} collide before
the graphs of their trajectories leave the rectangle R(x;, t;, &9) with probability at
least 1 — % Obviously,

(3.3) PW(@i, ... 20) € A) POV, .oy Y0y 21y -5 2n) € A),

by invariance under reordering (using the strong Markov property of Brownian
motion). Thus, by our choice of ¢ and a simple union bound, we obtain

POV(Y]s o oos Vps 25 o5 20) € A)
©h POV, -0 yp) € A) +
<p'(Th,.... Tp) +38.
Combining (3.3) and (3.4), we obtain that, for each n > 1

POV, ... z0) €A) < p'(Th, ... Tp) + 6.

Taking limit as n — oo and noting that § > 0 is arbitrary, we have p(T1, ..., T,;) <
p/(T1, ..., T,,). Interchanging the role of D and D’ we deduce the equality. This
completes the proof of the lemma. [

Now, let us show how Lemma 3.3 implies Theorem 3.1. Take any countable
dense set D’ = (Z;-)jzl. By Lemma 3.3, for fixed tubes T, ..., T, € 7o,

p(Ti,....Ty) =nli)ngoIP’(W(zl,...,zn) € A) =nl_i)ngOIF’(W(z/1,...,z;) € A)
=p/(Ty,...,Ty).

Since 70 is super-dense in 7, by Proposition 2.12, we know that p(T1, ..., T,) =
P2 (A) and p/(Ty, ..., T,,) = P2 (A) at least when Ti..... Ty €T', where T'is
super-dense in 7. Thus, we conclude P2 (A) =PL (A) if Ty,..., T, € T'. By
Lemma 2.11, this shows P2 = Pg and completes the proof of Theorem 3.1. [



COALESCING BROWNIAN FLOWS: A NEW APPROACH 3191

3.2. Characterization of Arratia’s flow. Let Py, be the law of Wy, on 7, and
for any tubes Ty, ..., T, € T (and hence in 70), let

p(T1,....Ty) = lim POV(z1, ....22) €Br, N---NBg,).
n—oo

It follows from Theorem 3.1 and Proposition 2.12 that there exists a super-dense
family of tubes 77, such that for all Ty, ..., T, € T,

(3.5) p(Ti..... Tw) = Po(Br, N---NEp,).

This characterises uniquely P, though in practice a drawback of this conclusion
is that we do not know what 7'D’ is. Howeyver, the following result shows that this
conclusion remains valid for all Ty, ..., T,, € 7. We stress, however, that this
result is not needed for the rest of the paper, so this section may be skipped by a
reader who is only interested in the invariance principle (Theorem 4.1).

THEOREM 3.4. Py is the unique probability distribution on F€ such that for
all m > 1 and for all fixed tubes Ty, ..., Ty, € T,

Poo(E]Tl n---N Ele)
(3.6)
= sup PW(zi,...,z,) €Bp, N---NBg,).

n>1;z1,..., ZHGRZ

PROOF. Note that the supremum in the right-hand side of (3.6) is simply
p(T,...,T,). The lower bound is easy: indeed, since A =Hz, N---NHg, is
closed in 47, and since W(z1, ..., Zn) = Wso in distribution on .77,

Py (A) > lim POWV(z1,...,zs) € A).
n—oo
Taking a supremum over n > 1 and zy, ..., z, shows that
Po(A) > sup POW(z1, ..., zn) € A).

n>1;z1,...,2,€R2

We now turn to proof of the upper bound in (3.6). Recall that by Lemma 2.8,
PL (A)=P(T\, ..., T,y € Up Wk), where A =B, N---NBg,. We need to prove
that for any finite number of tubes 71, T2, ..., T, € 7O,

IP’(TI,...,TmGW>=P<T1,...,Tm€UWk),
k k

as the right-hand side of the above equation is the increasing limit (as k — 00) of
P(W(Zl, e, 2k) € ElTl Nn---N BTm)-

Note that it is enough to prove the above equality for m = 1 since

P(T1..... Tw e UWi) —B(Ti..... Tw e W)
k k

<Y (B e U — P(T e W),
i=1

k
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So, we fix a tube T € 7. We are going to show that

(3.7) P(T e JWi) =B(T e[ JWi).

Now T e [J;, Wk means that there exists an increasing sequence k, of integers
and tubes T,, € W, such that T,, — T. For any tube 7’ < T, we can always find
an open neighborhood U of T such that T’ < T” for all T” € U. Consequently,
T’ < T, for large enough n and thus 7" € Wy, < [J; Wk. This implies that for any
tube T’ < T, we have

B(T e W) <B(T e W)

Our goal is to show that for any & > 0, there exists a tube 7' € 7, such that 7/ < T
and

(3.8) P(1' e Uwi) <B(T e UWi) +e,
k k

which immediately implies (3.7). Let 09T = [a, b] x {tp} and 0; T = [c, d] x {¢t*}.
By the definition of the class of tubes 7, we can find 7, > 0 such that [T]N (R x
[0, t0 + 1.]) = [a, b] x [0, to + tc] and [T] N (R x [t* — 1., t*]) = [c, d] x [t* —
te, t*].

For § < t,, recall the tube T° € 75 introduced in Section 2.6.1: this is the tube
such that [T®]1=[T1PP N (R x [to+ 38, t* —8]), 3T® =[a — 8, b+ 8] x {tn + 8} and
T =[c—8,d+8] x {t* — 8}. It follows from the definition of the class of tubes
7 that T® < T and dT(T‘S, T)—> 0asé— 0+.

We are going to prove (3.8) taking 7" = T for some small enough 8, depending
only on ¢ and T € 7. We are going to argue this by a (rather long) series of simple
observations.

For s <t and an interval I, let Aj(s, t) denote the locations of particles at time
t whose trajectories started before or at time s and stayed in / throughout [s, 7].
The proof of Lemma 3.3 also shows that the law of A; (s, t) does not depend on D.
We first need a well-known and simple lemma which states that the coalescing
Brownian paths “come down from infinity”.

LEMMA 3.5. If 1 is bounded then |A(s,t)| < oo almost surely for s < t. Its
law depends only on t — s and 1, and is continuous (say in total variation) in both
sandtifs <t.

PROOF. The first statement is well known and follows, for instance, from Ar-
ratia’s work [4]. The continuity of the law of |A; (s, #)|, in total variation, is trivial
to verify as s is fixed and ¢ varies, since a.s. lim;,, o |A;(s,t +n)| = [A;(s, 1)].
Hence, continuity follows in both s and ¢ provided that s <¢. [
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Now let o = %’ be fixed. Set I = [a, b] and I° = [a — 8, b + 8], where & will
be chosen sufficiently small. Let t; = #9 + § and #» = 9 + § + . Consider the sets
Ag=A[(to, 1) and Ay = Aps(t1, ).

LEMMA 3.6. For e > 0, we can choose 5y > 0 so that Ay and A agree with
probability greater than 1 — ¢ for all § < .

PROOF. Note that Ag C A, and hence it suffices to show that P(|Ag| =
|A1]) > 1 — e. It is a straightforward consequence of Lemma 3.5 that |Aj (1, 12)|
and |Aj (ty, t2)| agree with probability greater than 1 — & /2 for § sufficiently small.
Using scale and translation invariance of Brownian motion and the same argu-
ment, we see also that |A;(#1, #2)| and |A;s(t1, 12)| agree with probability greater
than 1 — ¢/2. Hence, the result follows. [

Now for ¥ > 0, define J =[a +«,b —«].

LEMMA 3.7. Forall e > 0, we can choose k > 0 and 8y > 0 so that, uniformly
in 8 < 8o, the tube T® is crossed if and only if it is crossed by a path touching
(A1 N J) x {2}, except with probability at most €.

PROOF. Obviously, if 7% is crossed by a particle, then that particle has to
touch A x {2}. So, it suffices to show that with probability at least 1 — &, none of
the particles starting from (A1 N J€) x {#p} will stay inside [T%] up to time #y + %

Clearly, I8 \JCla—«k,a+«k]U[b—«k,b+ k] if 6 < «. Now, choose n large
enough that for all § < 5, [A1| < |A[g—1,6+1](to + 5, fo + )| < n with probability
greater than 1 — £. Observe that we can take « > 0 small enough such that any
coalescing Brownian path in [a — k, a 4 k] at time #» will hit the line x =a — «
by time 1, + % with probability at least 1 — 5, uniformly in §. Such a particle
necessarily leaves T and T?, if § < k. Likewise, any coalescing Brownian path in
[b—«, b+ K] at rp will also hit the line y = b+« by time 1, + tZe with probability at
least 1 — %, uniformly in §. Summing over all particles at time #,, we see that with
probability greater than 1 — &, any particle at time #, located within (1% \ J) N A,
can cross 7°. Lemma 3.7 follows with 8y = min(x, 5). O

Combining Lemmas 3.6 and 3.7, we deduce that for § < §y (with §p as in Lem-
mas 3.6 and 3.7, depending only on € and T),

IP’(T‘S eUWk> —IP(TEUWk) <2 +p,
k k

where p is the probability that one of the particles passing through (x, #,) for some
x € A1 N J will stay within [7%] until the time t* — § but the trajectory of that
particle will leave the tube T at sometime between #, and #*. Recall also that, by
Lemma 3.5, we can find a large n (depending only on ¢ and 7') such that |A{| <n
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| corner point of T'

[y —Byy+ 8] x [t — Bt

F1G. 3. The path y; leaves both T and T? whereas the path yy exits from T near a corner point
and continues to stay inside Té.

with probability at least 1 — ¢. Hence, using the Markov property of Brownian
motion, we complete the proof of (3.8) using the following lemma.

LEMMA 3.8. Let Bs x be the event that a Brownian motion starting from x at
time tp will stay within T® until t* — § but the trajectory of that Brownian motion
leaves the tube T at sometime between t> and t*. Then

3.9 lim sup sup P(Bs.x) =0.
8—0+4+ x€la+x,b—k]

PROOF. Note that if T € 7, then the boundary of the set [T'] can be expressed
as the union of finitely many vertical and horizontal line segments. We call a point
(y,t) a corner point of T if (y, t) lies at the point of intersection of a vertical and
a horizontal line segment on the boundary of [7T'] as described in Figure 3 above.
Let S be the set of all corner points (y, ) of T such that t, <t <t*. Let W* be
Brownian motion starting from x at time .

To estimate [P(B; ), we consider the following event:

W*(s)ely — B,y + Bl for some s € [t — B,¢] and (y,t) € S.

Since the set S is finite, we can find 8 > 0 small such that the above event has
probability at most €, uniformly in x € [a + «, b — «].

Note that if the above event does not occur and if § € (0, B), then for the event
Bj; » to happen, W* must exit the tube T for the first time through some point
(', ") on the left or the right boundary of [T'] such that:

(i) the vertical line segment joining the points (y’,#") and (y', ¢’ 4+ B) lies on
the boundary of [T'] and

(ii) for all time [/, ¢’ 4+ B], the trajectory of W* must continue to stay inside
the lines x =y’ — § or x = y’ + 8, depending on which of the two boundaries (left
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or right) of T it violates. By choosing § > 0 small, we can make this probability
smaller than e. Thus, for small enough § > 0,
sup  P(Bsx) <2,
x€la+k,b—«]
which proves (3.9). This establishes (3.8), and thus completes the proof of the
upper bound. [J

In turn, this completes the proof of Theorem 3.4. [

4. Invariance principle for coalescing random walks. Consider a system of
independent coalescing random walks started from every space—time point (x, )
on Z x 7. We assume that the step distribution & satisfies

4.1) E[£] =0, E[£?]=0? and £ is aperiodic.

Under diffusive scaling, this gives rise to a collection of continuous paths in (I1, o)
obtained by interpolating linearly the paths of the coalescing random walk in the
rescaled lattice I, := a‘an X nzZ, which we will denote by I'"7. Note that in I'"7,
two paths can cross over each other several times before they finally merge at
some point in L,,. Note that if WW" := Cr(I'") then W" € J# by Remark 2.10: in-
deed, in the notation of this remark, the collection of paths (I'") 7, restricted to any
particular tube T, is finite, and hence compact. We call P7 the law on 7 of W".

THEOREM 4.1. Assume (4.1). Then as n — 0,
P"—Py,

weakly in 7€, where P is the law of the coalescing Brownian flow on €, as
defined in Theorem 3.1.

REMARK 4.2. As can be trivially seen from the proof, the same conclusion
holds for many variants. Here is one such example. Fix a step distribution & which
is nonlattice, centred and such that E[£] = 0 and E[£%] = o2. Consider I'" a Sys-
tem of coalescing random walks in continuous time (jumping at rate one according
to the distribution &). The particles start from a cloud of points (x, ) € R x R dis-
tributed according to a Poisson point process with intensity dx ® dt, and particles
coalesce as soon as their mutual distance is less than one (i.e., the path of the parti-
cle with higher label merges with the path of the particle with lower label, in some
fixed enumeration of the Poisson cloud particles, as in Section 3.1). Then apply-
ing the same diffusive scaling, this gives rise to a law P” on .7 which converges
weakly to Arratia’s flow Py, as n — 0.

PROOF OF THEOREM 4.1. Fix Ty, ..., T, € 7o, and recall our notation from
equation (3.1) and Lemma 3.3:

p(Ty, ..., Ty) = lim POW, € A),
n—oo
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where A =Hrp, N--- N Hr,. We split the proof of Theorem 4.1 into two parts,
a lower and an upper bound. The lower bound will consist in showing that for
Tl’-"aTm ETD’

4.2) liminfP, (A) > p(T1, ..., T;).
n—0
For the upper bound, we will show that for Ty, ..., T, € 70,
4.3) limsup P, (A) <P (A).
n—0

By Proposition 2.12, there exists a super-dense family 77 such that when
T,...,T, € ’7|':/|, it holds that p(T1,..., T;y) = Px(A). Consequently, by (4.2)
and (4.3),if Ty, ..., T,, € T, then

lim P (A) = Poo (A).
7]—)

Since T is itself super-dense, another application of Proposition 2.12 completes
the proof of the theorem.

4.1. Proof of lower bound. Fixn>1andletzy,...,z, € R2. Let z?, ez
be space—time points in the rescaled lattice I, such that z'f — Z1y..., 20— Zp S
n—0.LetT,) = F"(z?, ..., Zn) be a system of n independent rescaled coalesc-
ing random walks in L, started from z?, ...,z viewed as a random element of
(I1", o") as defined in (2.5). Let ', =T'(z1, ..., z,) be a system of n independent
coalescing Brownian motions started from zj, ..., z,, also viewed as a random
variable in (IT", ™).

LEMMA 4.3. Asn— 0,
rl—r,

in distribution on (IT", o™).

The lemma says that n coalescing random walks converge to n coalescing Brow-
nian motions, which is of course hardly surprising. For a detailed proof of this fact,
see [20], which we will not repeat here. But later while treating coalescing random
walks on Sierpinski gasket, we will provide a new proof of the above result that
holds in greater generality.

The proof of the lower bound (4.2) is now easy. Fixn > 1 and z1,...,2, € R2.
Let z{,...,z; € L, such that z] — z;. Let W, = Cr(I'"(z{, ..., z)) and W, =
Cr(I'(z1, - - -, zn))- By monotonicity,

P'Br,N---NnBg,) > PW! eBp, N---NBg,)
—PW, eBrN---NBr,)
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as n — 0, where the convergence follows from Lemma 4.3. Taking a limit as n —
00, for a fixed enumeration z1, 22, ... of a dense countable set D in R2, we obtain
by Theorem 3.1

4.4) 1imi(r)1fP”(E|Tl N---NHQr,) > p(T, ..., Ty),
7}4)
as desired.

4.2. Uniform coming down from infinity. Let us now prove (4.3), which, to-
gether with (4.2) proves Theorem 4.1, as already explained. The proof of (4.3)
relies essentially on the following property, which we call uniform coming down
from infinity. It says that, after a positive amount of time § > O the number of
rescaled coalescing random walks which are killed upon exiting a bounded region
of space stays finite as n — 0 (i.e., is a tight family of random variables).

PROPOSITION 4.4. Let K > 0 be fixed. Consider coalescing random walks
on 7. x 7 with increments distributed as & satisfying (4.1), starting from each
x €[—Kn,KnlNZ at time 0, and that are killed upon leaving the interval
[—Kn, Kn]. For § > 0, let U,, be the number of distinct coalescing random walks

at time 8n>. Then there exists a constant C independent of 8 and n such that for
allk,neZ,

C
P(Un 2z k) = =
Sk

We start with a simple lemma.

LEMMA 4.5. Let X', X2 be two independent random walks on 7. with incre-
ments distributed as & and starting at x,y € Z at time 0, respectively. Let T, y be
the integer stopping time when the two walkers first meet. Then for all t € 7,

Co
P(ty,y>1t) < —|x —
( X,y ) — \/;l y|
for some constant Cy independent of t, x and y.

PROOF. This bound is easy to derive and had already been used by [20] (see
Lemma 2.2). Assume without loss of generality that x < y. When |x — y| =1,
this is simply Proposition 32.4 in [24]. When |x — y| > 1, imagine that there are
coalescing random walks started at every position in {x, x + 1, ..., y}. Until time
Ty,y, We may regard X 1 as the path started from x and X2 as the path started
from y. If all the random walks have coalesced by time 7, then X' and X2 have
also coalesced, and hence 7, y <. Thus,

y—1
Co
P(te,y >1) <Y P(riiy1>1) < —=|x — |
i=x \/;

by thecase [x —y|=1. U
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PROOF OF PROPOSITION 4.4. Suppose there are m distinct particles in the
interval [-Kn, Kn] at time 0. By the pigeonhole principle, there exists at least one
pair of particles that are at a distance of at most a,, , :==2Kn/m. By Lemma 4.5,
the probability that these two unkilled random walkers will meet each other by time
b = 4C§a,%m is at least 1/2. Hence, in the coalescing system the probability
that there is at most m — 1 particles after time ¢,, , is certainly at least 1/2. This
happens due to one of the following scenarios:

(i) At least one of the particles leaves the interval [—-Kn, Kn] and hence gets
killed.
(i) The two distinguished particles collide with each other and no others.
(iii) Some other particle(s) collides with one or both of the distinguished parti-
cles.

Moreover, if after time #,, ,, the number of distinct particles in the coalescing sys-
tem still remains m then we can again find at time #,, , a possibly different pair of
particles that are within distance a,, , from each other, and the probability that this
pair of particles will collide within the time interval [#,, ,, 2t ,] is again at least
1/2. By repeating this argument and using the Markov property, we see that if we
let 7' | =1, ;(n) be the first time there are m — 1 surviving particles starting
from m particles, then, regardless of the particular initial configuration of the m
particles in [—Kn, Kn],

P(z"_| > kty.n) <275

m

In particular, E[7)" ;] < 2t;, ,. Thus, if we start with one particle at each x €

[—Kn, Kn] N Z, then the probability that after $n? time the number of particles

remaining is greater than k is, by Markov’s inequality, bounded above by
2K L1 32K

. 2 N
— Y E[gn <=5 Y tman < Y S =—27,
8n2m:k+1 " 5”2m=k+1 m—k+1 ? Sk

where N = #([—Kn, Kn] N Z). This completes the proof of the proposition. [J
4.3. Proof of upper bound. We now prove (4.3).

Single tube case. We first prove (4.3) in the case where m = 1, which is
slightly simpler to explain. Set T = T1, and assume that do7 = [a, b] x {s}. For
8§>0,let [Ts]=[TINMR x [s+6,1]), 00Ts = [a,b] x {s + 6} and 01 T5 =01 T.
Clearly, Ts € 70 for small enough 8 and 75 < T'. Choose K > 0 large enough that
[T1CS[-K/2,K/2] x R. For any a € R, set @, = [an~2|n?.

Since we only care about crossing of the tube 7', we can work with coalescing
random walks on L, that start from every point in I, = [-K, K]N o ~!nZ at time
sy and are killed upon leaving [— K, K]. Let U, be the number of distinct particles
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in the system at time (s + 3y and let z'f, zg, e z"Un denote the space—time posi-

tions on L, of these particles at time (s + §),, enumerated in some predetermined
order. Let F”(z?, ey z?,n) denote the system of coalescing random walks started
from these space—time positions. Observe that if 7" is crossed by the system of
coalescing random walks then necessarily T is crossed by F”(zi], e z?/n).

Now, for all & > 0, by Proposition 4.4, we can find & so that P(U, > k) < &. Set
¢ =limsup,_,,P"(Br), and assume that this limsup is achieved along a partic-
ular subsequence which we will still denote by n with a small abuse of notation.
Then by compactness of [— K, K] x [s, t], we can find a further subsequence (also
denoted by n) such that U,y — U and (Z?, Zg, e ZZAU,,) — (21, ..., 2kAv) In dis-
tribution. Along this particular subsequence,

P"(Br) < P(Ts is crossed by I'(z], ""Z?Jn))

A

&+ P(Ts is crossed by I (], ..., ZZAU”))
— &+ P(Ts is crossed by '(z1, . . ., Zkav))

by Lemma 4.3, the Markov property and the bounded convergence theorem where
I'(z1,...,2kay) denotes coalescing Brownian motions started from (zi,...,
Zkau)- By Theorem 3.1, we conclude

t <e+P(Hry).

Since ¢ is arbitrary, £ < Px(Hry). Now, as § — 0, the events Hy; are decreasing,
SO

lim Poo (B7,) = Poo<ﬂ EIT(S).
5—0
6>0
Since ¢ consists of closed collection of tubes, (5. (B, = Br. Thus,

4.5) ¢ <Pux(B7)
and so (4.3) holds in the case m = 1.

Multi tube case. Now assume that m > 1, and to keep notation simple we will
assume that m = 2. Let T, T’ be two tubes in 77 with the start and the end times s, ¢
and s’, ¢, respectively. We assume without loss of generality that s < s’. Reasoning
as in the case m = 1, it is easy to deal with the case where [T]N[T'] = &. We thus
assume that [T] N [T'] # @, and hence s’ < ¢. For § > 0 small enough, let Ts and
Ty be tubes in 7 obtained similarly from 7 and 7’ as in the single tube case.

Further, the tube T is decomposed into two tubes Ty and T5+ in 7 such that
[T, ]=ITIN(R x [s+8,5'+8]) and [T, ]=I[T1N R x [s' +8,1]).

Choose K > 0 large enough that [T],[T'] € [-K /2, K/2] x R. Essentially,
we wish to consider coalescing random walks in L, that start from every point in
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I, =[—K, K]NnZ at time 5, and E;}, that are killed upon leaving [— K, K]. It is
useful to picture the particles starting at time §, as being colored blue and those
starting at time 5;7 as being colored red. We wish to apply the reasoning of the case
m = 1 separately to all three tubes above, but we need to be a little careful to avoid
interactions between the blue and red particles during the interval [s’, s’ + 8].

In order to do so, we introduce a coupling of red and blue particles which dom-
inates the coalescing random walks. Here is the precise definition. We start by
associating to each vertex z € L, a random variable &, which is an i.i.d. copy of
the step distribution &. Coalescing random walk (Sk, #)k>0 in L, from space—time
point z = (xo, fo) € I,, may be defined by setting, Sy = x¢ and for k > 0,

(4.6) Sk+1 =Sk + o} NES_1.te_1) and 1, =19+ knz.

In order to prevent the blue and red particles from interacting during the interval
[F,], (s +8),], we modify this description as follows. Consider all the points z €
I, x [?,7, (s"+8),] NL;. We endow each such z with a new independent copy 134
of £ in addition to the original &;. Then a blue particle will use the random variable
&, to move forward from space—time point z, but a red particle will always use the
random variable f;-'z/ if it has the choice between &, and éz/ (otherwise it uses &). The
particles still get killed upon exiting the interval [— K, K]. Note that as a result of
this definition, after time (s/ + 8)ys if a red and a blue particle are on the same
site then they coalesce and necessarily follow the same path afterward. We may
thus think of the resulting particle as carrying both the red and blue colours (see
Figure 4).

Then observe that if H7 NHy+ occurs then necessarily the following three things
must occur:

(a) Ty is crossed by the blue particles.
(b) T;r is crossed by the remaining blue particles at time (s” + §),,.
(@) Ta/ is crossed by the remaining (blue or red) particles at time (s" + §),,.

LS R
e |
1o |

FI1G. 4. The coupling of partially coalescing (simple) random walks.

s+0
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Let U, be the number of distinct blue particles in the system at time (s + 6),),

and let z?,zg, e an, denote the space—time positions on L, of these parti-
n

cles. Let I'7 = FZ(Z?, e ZZ/,;) denote the system of coalescing random walks
started from these space—time positions, and ended at time mn' Let U,;"
denote the number of blue particles in I" Z(z?, . z?]n_) left at time mn'
Let also U,’7 denote the number of distinct red particles at time (s” + d),. Denote
by w'f, ey w'gj;, y{’, ey y;’]’,] the locations of the blue and red particles at time

(s’ + 6),], and denote by Fl = Fl(w?, e, w[nﬁ, y?, e, y?j,) the collection of
n n

coalescing blue and red particles started from these positions at time (s” +§),,.
Note that blue and red particles are allowed to coalesce after this time (in which
case they count as both blue and red particles for what follows).

From the above discussion, it follows that

4.7y P8y NBr) <P(T; , T, are crossed by I'" and T} is crossed by ).

As in the case m =1 set £ = lim sup,_,q P7(Hr NByv), and assume that this lim-
sup is achieved along a particular subsequence which we will still denote n with
a small abuse of notation. For all ¢ > 0, by Proposition 4.4, we can find k so
that ]P’(max(U,; , U,/’) > k) < ¢ for all n. Then by compactness, we can find a fur-

ther subsequence (also denoted by n) such that (U,’_ , Urlz) — (U7, U’) and the

n n n n .
two vectors (zy, ..., Zk/\U,;) and (y;,..., yU,’] /\k) converge jointly to two vectors
(215 -+, 2kay-) and (y1, ..., Ykay’) in distribution. Let I'(z, y) denote coalesc-
ing Brownian motions starting from (z1, ..., Zxay—»> Y1, - - - » Yeay+)- Applying the

Markov property in (4.7) repetitively and by bounded convergence theorem, we
see after taking the limit that along this particular subsequence:

€ <&+ P(Ts, Ty are crossed by I'(z, y))
<&+ P(Br,NB7).

From there, we conclude as in (4.5), since ¢ > 0 is arbitrary and 7 consists of
closed collections of tubes,

L <P (Br NnHy).
This proves (4.3), and hence Theorem 4.1. [J

5. Coalescing flow on Sierpinski gasket.

5.1. Sierpinski gasket. Let Hy be the unit triangle in R? with vertices
{(0,0), (1,0), (1/2,+/3/2)}. The finite Sierpinski gasket is a fractal subset of the
plane that can be constructed via the following Cantor-like cut-out procedure. Let
{bo, b1, b2} be the midpoints of three sides of Hy and let A be the interior of the
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triangle with vertices {bg, b1, b2}. Define H| := Hp \ A so that H; is the union
of 3 closed upward facing triangles of side length 2~!. Now repeat this operation
on each of the smaller triangles to obtain a set Hy, consisting of 9 upward facing
closed triangles, each of side 272. Repeating this procedure, we have a decreas-
ing sequence of closed nonempty sets { H,},_ , and we define the finite Sierpinski
gasket as

o
Gtin:= [ )| Ha-
n=0
We call the unbounded set
o0
G:=J2"Gn
n=0

the infinite Sierpinski gasket. We equip it with the shortest path metric pg which
is comparable to the usual Euclidean metric | - | (see, e.g., [5], Lemma 2.12) with
the relation,

lx —y| < pg(x,y) <clx —y| Vx,y€G,

for a suitable constant 1 < ¢ < 0o. Let u denote the d r-dimensional Hausdorff
measure on G where dy :=1log3/log?2 is the fractal or mass dimension of the
gasket. The following estimate on the volume growth of p is known (see [6]):

(5.1) w(B(x,r))<Cr¥  forxeG,0<r<I,

where B(x,r) C G is the open ball with center x and radius r in the Euclidean
metric.

For each n € Z, the set 2" H,,,, is made up of 3" triangles of side length
27" whenever m > n. Each of those triangles are called an n-triangle of G. De-
note by S, the collection of all n-triangles of G. Let V), be the set of vertices of
the n-triangles. We will restrict our attention to infinite Sierpinki gasket while con-
structing the coalescing Brownian flow. The case of finite gasket can also be dealt
with very similar arguments.

5.2. Brownian motion on gasket. We construct a graph G, embedded in the
plane with vertices V), by adding edges between pairs of vertices that are distance
27" apart from each other. Let X" be the nearest-neighbor random walk on G,
simultaneously defined on the same probability space. It is known (see [5, 6]) that
the sequence (X fS"t J)tzo converges almost surely as n — 00 to a limiting process
(X:t)r>0 that is a G-valued strong Markov process (indeed, a Feller process) with
continuous sample paths. The process X is naturally called the Brownian motion
on the gasket. It has the following scaling property:

(5.2) (2X¢)t>0 under P* has same law as (X5;);>0 under P,
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The process X has a symmetric transition density p;(x,y),x,y € G,t > 0 with
respect to the measure w that is jointly continuous on (0, 00) X G x G. Letd,, :=
log5/log?2 denote the walk dimension of the gasket. The following crucial “heat
kernel bound” is established in [6]

_ yldw 1/dy—1)
(53) pi(x, y) < ey /e exp(—cz(%) )

A matching lower bound (with different constants ¢3 and c¢4) also exists. This
shows that the Brownian motion on the gasket is sub-diffusive.

5.3. Coalescing Brownian flow on gasket. We now state the analogue of The-
orem 3.1 in the case of the Sierpinski gasket. Let D = {z1, z2, ...} be a countable
ordered set which is dense in G x R where z; = (x;, ;). Let (W;) ;> be an inde-
pendent family of Brownian motions on the Sierpinski gasket G defined on a com-
mon probability space (2, F, P), started from time 7; at position x ;. We can apply
the coalescing rule to obtain a collection I';, of n coalescing Brownian motions on
G denoted by Wy, Wy, ..., Wy. Let us define W, to be, as before, the set of all
tubes (now d = 2) crossed by Ty, that is, W, = W(zy, ..., z,) :=Cr([I,) € 7.
The next theorem defines the coalescing Brownian flow on the gasket and its proof
is a straightforward adaptation of the arguments in the proof of Theorem 3.1 (we
leave the details to the reader).

THEOREM 5.1. As n — oo, W, converges in distribution to a random vari-
able Wy, whose law does not depend on D (including its order).

DEFINITION 5.2. A random variable on .77 with law P is called a coalesc-
ing Brownian flow on the Sierpinski gasket.

5.4. Characterization. In a way which is analogous to Theorem 3.4, we state
a useful characterization of the coalescing Brownian flow on the Sierpinski gasket.
The result will be formally very similar to Theorem 3.4 but we will work with a
slightly different class of tubes, chosen so that they are more suited to the geometry
of the Sierpinski gasket. Let Ag denote the convex hull of the vertices 0, 1 and ¢/™/3
in R2. Let T, be the triangular lattice on the plane with mesh size 27" (so that G,
is a subgraph of T,,). Define

1
&= {z-l—z—nAo:nEZ,zeTn}.
Note that if A € £, A is an upward-facing equilateral triangle in T, for large
enough n. The Brownian motion starting at some point inside A can escape A
only through one of the three vertices of A.

DEFINITION 5.3 (A dense family of triangular tubes). Let Ta be the family
of all tubes T such that:
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(a) The set [T] can be expressed as an union of a finite number of cylinders
(triangular prisms) of the form A x [s, t] with s < ¢, for some A € £.

() T =[T1N [R? x {to}) and 8; T =[T]N (R? x {r1}), where fy and 7, are
the start and the end time of 7.

One can check that T, is dense in 7 because every downward-facing triangle
is a subset of an upward-facing triangle of twice its size.
We now state our characterization.

THEOREM 5.4. Py is the unique probability measure on € such that for all
m > 1 and for all fixed tubes Ty, ..., T, € T,

POQ(EIT1 ﬂ---ﬂETm)
5.4
= sup POW(z1,...,z20) €Br, N---NBg,).

n>1;z1,....2.€GxR

PROOF. The proof of Theorem 3.4 can be adapted as follows. Lemma 3.5,
which relies on the fact that Arratia’s flow comes down from infinity, will now use
Theorem 5.1 in [11] which says that the same is true even for coalescing Brownian
motion on the gasket. But Lemma 3.6 needs a different argument, since it relies on
scale invariance of (real) Brownian motion at all scales. Since Brownian motion on
the gasket is scale-invariant only for a discrete set of scales (which does not come
arbitrarily close to 1), this lemma needs a different proof.

Thus, let T € Ta be fixed and let 00T = B x {fy}, where B is the union of
finitely many triangles from £. To keep the presentation simpler we will assume
that B = A for some fixed equilateral triangle A in £ of side 1. Let #, > 0 be such
that 7 N (R2 x [19, t0 + 2.]) = A X [fo,to + 2.]. Let t; =19 + 8 and tr = 1] + «,
where o = £, /4. Fix a countable dense set D of G x R and consider a countable
system of coalescing Brownian particles starting from the space—time points in D.
Let AA(s, t) denote the set of locations at time ¢ of the particles that started at some
time before s and were in A throughout the time interval [s, #]. For § > 0, let A be
the §-enlargement of A. We wish to show that for all € > 0, we can choose § > 0
so that A (t1, f2) = A xs(f0, 12) with probability greater than 1 — ¢. Again, by con-
tinuity of the distribution of |AA (s, #)| in s and ¢, it suffices to show the following.

LEMMA 5.5. Given € > 0, there exists §o > 0 such that for all § < §y, the
event |An(t1, )| = |Aps(t1, 12)| holds with probability greater than 1 — ¢.

PROOF. Let vy, v2, v3 be the vertices of the triangle A. Call the vertex v; an
exit point of A if the set B(v;, 1) \ A has nonempty intersection with G for each
A > 0. Similarly, call the vertex v; an entry point of A if the set B(v;, A) \ {v;} has
nonempty intersection with A N G for each A > 0. For the vertex v;, let q,i (resp.,
r,i) be the union of one or two (resp., one) k-triangle(s) in Sy attached to v; and
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FIG. 5. The triangles A1, Ay € € are shown with thick lines. For example, u is an entry point of
Ay but not an exit point where as v is an exit point of Ay but not an entry point. The shaded region
attached to v is q; and the shaded triangle attached to u is r}! (for k =3).

lying outside (resp., inside) of A, if v; is an exit (resp., entry) point of A and the
empty set otherwise (see Figure 5). Since A is an upward-facing triangle adapted
to the triangular lattice To, the difference between A° N G and A N G is “tiny”
when § is small. Indeed, for § =2+ (AS\ A)N G C q,l U q,f U q,f. Thus, we
can assume that each v; is an exit point of A, if not we can safely ignore it for the
rest of the proof. For § = 2~%+1D et A~9 be the closed set obtained by removing

rd,r? and r{ from A. We first show that:

CLAIM 1. One can choose §; > 0 small enough that with probability at least
1 — &/2, no particle starting in A%\ A% at time 7, can stay inside A® up to time 5,
for any 6 < 4.

The proof of the above claim relies on the following further claim.

CLAIM 2. Given ¢; > 0 and y > 0, there exists kg, such that for all k > ko,
the total coalescence time of the countable particles starting from any k-triangle of
G is less than y with probability 1 — &;.

PROOF OF CLAIM 1. To see this, note that for § = 2~*+D the set A%\ A9
consists of three connected regions, say E,i, Z% and €3, of diameter bounded by
2-&=1) where E}'{ = q,i U rik. Consider the particles starting from fo1<i<3at
time #1. By Claim 2, for y > 0 fixed but sufficiently small, at time #; 4 y, the
number of descendants of these particles is one with probability at least 1 — /4,
and hence coincides with the particle starting from v; at time #;. By choosing y > 0
small and § > 0 even smaller, the particle starting from v; at time #; is guaranteed
to exit the triangle q,i via one of its vertices other than v; between time #; + y and
to with probability 1 — ¢/4. On the intersection of these two events (which has
probability at least 1 — £/2), no particle starting from ﬂfc can cross A? x [t1, 1],

g
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PROOF OF CLAIM 2. We first claim that there exist n > 1 and u € (0, 1),
depending only on &1, such that with probability at least 1 — ¢1/2, the number
of descendants at time u of the particles starting from any O-triangle L in Sy is
less than n and moreover, those particles are inside L + B(0, 1/2) at time u. The
main content of the claim lies in the fact that n and u can be chosen independent
of L. This follows from Lemma 5.6 of [11], which actually gives much more in
terms of quantitative bounds. Thus, by scaling, for any k£ > 1, with probability
at least 1 — g1/2, the number of descendants at time u5~% of particles starting
from any k-triangle L is less than n, and moreover, those particles are inside L +
B(0,2=*+Dy at time u5%. Now choose ko large enough such that for all k >
ko two independent Brownian motions starting within distance 2~*~1 from one
another at time 0 will meet by time y /2 with probability at least 1 — &1 /(2n). This
is possible by (6.6) whose proof is given in Section 6.2. This completes the proof
of Claim 2. [J

Now we will continue with the proof of Lemma 5.5. Consider the particles
starting from A™%! at time 7. We have to argue that for sufficiently small § with
probability 1 — &/2, no such particle can stay within A® between time [t1, 73] but
go outside A at some time in [#1, #2]. Let E; be the closure of the locations of the
coalescing particles at time ¢1 +¢ which were in the compact set A™%1 at time 7;. It
was proved in [11], Theorem 5.2, that E; — Eg = A% in probability as t — 0+
in the Hausdorff metric. Consequently, we can find n > 0 sufficiently small such
that no particle which was inside A% at time #; can leave A before time 7] + n,
with probability greater than 1 — ¢/6. By coming down from infinity, choose n
sufficiently large, so that |Aa (¢1, 1 + 1)| < n with probability at least 1 — ¢/6.

Now the lemma will follow if we show that for any particle, say X, which is
inside A at time #; + 7, the probability that it leaves A some time between #; + 7
and 7, but always stays inside A% within time [#; + n, 2] is at most g9 = ¢/(6n).
Let t be time when X hits one of the vertices of A for the first time after #; + 7.
We find g € (0, t — t; — n) small such that P(z € [, — B, 12]) < £09/2, uniformly
over the position of X in A at time # + n. If T <, — B, then X; will be at one
of the vertices v; at time t and by choosing § small, it will leave A% some time
during the time interval [, T 4+ 8] with probability at least 1 — g¢/2.

Putting together these observations we have completed the proof of the lemma.

O

The rest of the proof of Theorem 5.4 is a straightforward adaptation of Lem-
mas 3.7 and 3.8, which is left to the reader. Note in particular that for a tube
T € Tp with [T] = UIJ‘-:1 Aj x [sj,t;], the set of corner points of T is a subset
of {(vij,s;), (vij,1;):1 <i <3,1 < j <k}, and hence is finite. Here, v}, v; and
v3; denote the vertices of the triangle A; € £. [
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6. Invariance principle for coalescing random walks on gasket. Let n =
27" and consider an infinite Sierpinsky gasket G, with mesh size 27". In this
section, we consider coalescing random walks on G,, defined as follows: initially
there is a particle at every vertex of G,. They perform independent simple random
walks, jumping every 57" units of time, and coalesce when they are on the same
vertex of G,. Consider the law P"7 on J# that these particles induce.

THEOREM 6.1. Asn— 0,
P'—P,,

weakly, where P is the law of the coalescing Brownian flow on G, as defined in
Theorem 5.1.

PROOF. The proof of Theorem 6.1 follows the same outline as in the Brownian
case. However, two important facts are needed to make the strategy applicable. The
first is a statement about “uniform coming down from infinity” (stated below in
Proposition 6.2). The second is an intuitively obvious statement that finitely many
coalescing random walks converge to the same number of coalescing Brownian
motions. This will be stated in Proposition 6.6. This is probably well known in the
folklore, but we could not find a reference for it.

6.1. Uniform coming down from infinity on the gasket. Consider the setup
above, with coalescing random walks started at time 0 on G, and jumping ev-
ery 57" units of time. Give a bounded region 7 C R?, suppose that the random
walk particles are killed as soon as they touch R? \ 7. Let N(¢) denotes the num-
ber of particles left at time ¢. The following is the analogue of Proposition 4.4 but
for the case of the gasket. As before, this is essentially the only place where one
needs some quantitative estimates about coalescing random walks.

PROPOSITION 6.2 (Uniform coming down from infinity). For every § > 0 and
& > 0, there exists k > 0 depending only on T, such that P(N (§) > k) < ¢ for all
sufficiently large n.

PROOF. The proof depends on two simple lemmas. In the rest of the proof, we
assume without loss of generality that 7 is the unit equilateral triangle with apices
atz =0, z=1, and z = ¢/"/3 when viewed as a subset of the complex plane. [

LEMMA 6.3. There exists a universal constant 0 < C < oo such that the fol-
lowing holds for all 1 <k <n. Let X, Y be two independent (unkilled) random
walks started at x,y € Gy, such that |x — y| < 27k Then

1

Pt <57 > =
(t<5%z 2
uniformly on x, y € G, such that |x — y| < 27K where t is the first meeting time

of XandY.
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PROOF. This relies on uniform heat-kernel estimates of the random walks
on the gasket due to Jones [15]. To use this, it is convenient to use a different
scaling of space and time: thus consider Gy = 2"G,, and let the random walks
X, Y make jumps at integer times. Then Lemma 6.3 is equivalent to the state-
ment that, uniformly over x,y € Go with |[x — y| < 2k, P(t < 5k) >1/C. Let
p:(x,y) =P(X; = y|Xo = x) be the transition density function of the random
walk X. Now, Theorem 18 of [15] states that for all ¢ > co|x — y| V 19,

_ vldw 1/dw—1)
6.1) pi(x.y) = crp b1 exp(—cz(%) )
where
2log3 log5
6.2) di= "2 dy=
og5 log?2

Likewise, Theorem 17 of [15] states that for all # > cglx — y| V 19,

—_ dw 1/(d7‘)_1)
(6.3) i) = ext P exp (g ) T,

Let J denote the number of intersections of the walks X, Y during the time interval
[1, 5K]. Then by reversibility, and (6.1), for k large,

5k 5k
E[J]=) Y P(X;=Y,=2)=)_ pa(x,y)
s=1z€Gy s=1
5k kylog5/log2\ 1/(dy—1)
1 (2 ) g g k
> C1 Z (Sk)log—3/log56Xp(—cz(5—k> > ZC(5/3) .

s=(1/2)5k
On the other hand, by (6.3), for k large,

E[J2]<E[J]+2 Y PX;=Y,) sup pay—s(w, w)

l<s<t<5k weGo
sk ¢
SBUI+2) PO =10 D) G oesyies
51(

<ElJ1+ Y PX, =Y)(5/3)F </ (5/3)*ELJ1.

s=1
Thus, by the Payley—Zygmund inequality,

E[J]?> _ E[J]-c(5/3)* ,
PI=02 g = wspa =

as required. [l
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REMARK 6.4. Note that Lemma 6.3 implicitly relies on the fact that the sim-
ple random walk on G, is aperiodic [similarly as the distribution & in (4.1)].
Though we do not directly appeal to aperiodicity in our proof, it is used in Jones’
lower bound estimate (6.1).

Our second lemma is an induction scheme which is inspired by an argument in
[11] for the fact that coalescing Brownian particles come down from infinity. See
also [2] where a similar argument is used.

LEMMA 6.5. Fix t > 0 and let m be such that 3"t < N = N(t) < 3"m+2,
Then there exists an absolute constant 0 < 1, such that by time t' =t + 5™,
N(t") < ON(t) with probability greater than 1 — e~V .

PROOF. We first claim that it is possible to find a pairing of the particles
(Xi,Y)1<i<n/2 such that |X;(z) — Y;(t)| <27 forall 1 <i < % Indeed, tile
T with 3™ triangles of side length 27"". Within each such triangle, pair as many
particles as possible. This leaves at most one unpaired particle per triangle, and we
pair these arbitrarily.

Having constructed this pairing, consider now a partial coalescing system in
which coalescence occurs only between matched particles, and distinct pairs of
particles evolve completely independently of one another. By the monotonicity
property of coalescing random walks, it is easy to argue (see [11]) that the partial
system dominates in distribution the fully coalescing system. Hence, it suffices to
prove the claim on the partially coalescing system.

By Lemma 6.3 and by the strong Markov property, at time ¢, each pair (X;, Y;)
with1 <i < % has a probability at least 1/C to have coalesced, and these events
are independent of one another. (Note further that the number of particles may
decrease further due to particles leaving the region 7', but this can only help us.)
Thus, N(#') < N — (1/C’)(N/3) with probability greater than 1 — exp(—cN’),
by an easy large deviation bound on the binomial random variables. Taking 6 =
1 —1/(4C’) gives the desired result.

With these two lemmas, we can now complete the proof of the proposition.

Let t, = 0, and define for m < n, 7, = inf{t > 0: N(¢) < 3™}. By iterating
Lemma 6.5 [log,-1 3] times, we see that there exists C > 0 such that

(6.4) Pty — tm—1 = C5™) < Cexp(—3"/C).

Let A,, denote the complement of the event above, and let A =), _,, A, Where
M is a fixed large number. Then on the one hand, by (6.4),

P(A¢) < Cexp(—3M/C)
uniformly in n. On the other hand, on the event A,

o <C5 My ... yCc5"<C5M,
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Thus, if § > 0, ¢ > 0 are fixed as in the statement of the proposition, we choose M
large enough that C5~™ < § and Cexp(—3™/C) < e. Then picking k = 3™, we
obtain

P(N@) > k) <P(ty > 8) <P(A°) <e.

Noting that the choice of M (and thus of k) depends only on § and ¢ (and not on
n) completes the proof. [J

6.2. Finitely many coalescing random walks. Fix n > 1 and let zy,...,2, €
G xR. For n =27 let z?, ...,z be space—time points in the rescaled gasket
L, = Gy x 5™Z such that z'f — Z1,...,20 — zn as n — 0. Consider n inde-
pendent rescaled coalescing simple random walks in G, started from z?, e 2
and making jumps at times in 5~"Z. Let (Y, ,...,Y,)), viewed as a random ele-
ment of (IT", ") as defined in (2.5) with d = 2, be the collection of n continuous
paths obtained by linearly interpolating the above n coalescing random walks. Let
(Y1,...,Y,) be a system of n independent coalescing Brownian motions started
from zy, ..., z,, also viewed as a random variable in (IT", o").

PROPOSITION 6.6. Asn— 0,

(Y, ..., ¥ = (Y1,...,Yn)

n

in distribution on (IT", o™).

PROOF. We need the following two facts (6.5) and (6.6) in the proof. Let
(ng’g,m )ik>0 and (Z,’fs,m)kzo be two independent simple random walk on G, start-
ing at time O and let

" =min{k5" = 0: Wk, = Z]s_n}
denote their coalescence time. Then for all o > 0,

(6.5) limsup sup Pr" >a|Wy' =x,Z5 =y)—>0 ase — 0.
m—>00 x,yeGp: |x—y|<e

Similarly, if (W;);>0 and (Z;);>0 are two independent Brownian motions on G

with coalescence time t, then for all o > 0,

(6.6) sup Pt >a|Wo=x,Zg=y)—> 0 as e — 0.

x,yeG: |x—y|<e
Let us now prove (6.5). By scaling it is enough to show that

lim sup sup Pz > 5" ™MW = x, Z) =y) — 0
m x,y€Go: |x—y|<2m

(6.7)
as M — oo.
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By Lemma 6.3, if |x — y| < 2™, then
(6.8) P(®<5"Wi=x,20=y)>c

for some absolute positive constant c. Using the heat kernel upper bound (6.3), it
is straightforward to show that given « > 0, there exists K € Z4 such that for all
m>1,

(6.9) P(|W3 — W| > 2" TK=2) <.

Fix ¢ > 0 and let L be such that (1 — ¢)L < &/2. Note that (6.8) and (6.9) with
k = e(4L)~! imply that when m large enough, starting from x, y € Go with |x —
y| < 2™, with probability at least ¢, the random walks W9 and ZY either hit each
other by time 5™ or else they will be at most 2 4 2 . 2"+K=2 < om+K djstance
apart at time 5", with probability at least 1 — e(2L)~ L. In the latter case, using the
Markov property, again with probability at least ¢, the random walks W° and Z°
either hit each other by the next 5"*+X amount of time, or else, they will be at most
pmtK 4 . gmH+2K=2 < pm+2K (distance apart at time 5 + 5K with probability
at least 1 — (2L)~!. Repeat this procedure L times to deduce that for M = LK,
the probability in (6.7) is bounded above by €/2 4 (1 — ¢)! < & and hence (6.5) is
proved.

To conclude (6.6) from (6.5), use the weak convergence random walk in the
gasket toward Brownian motion, keeping in mind that the event {(f, g): f, g €
CRy), f(s) =g(s) for some s € [0, ]} is closed in C(R4) x C(R4).

Now we are ready to prove Proposition 6.6. Recall n =27, Let X '17 ¢
be the continuous paths of the independent random walks on G, starting from
Z?, ez Similarly, X1, ..., X, are independent Brownian motions on G from
Z1,...,2n. 10 keep things simple, we will assume n = 2, but the argument can
easily be extended to general n > 2 by induction. By the invariance principle,
X;’ — X; in distribution on (I, ¢). By the Skorokhod representation theorem,
we may assume that (X{, X3) — (X1, X2) almost surely on (I12, 0?). Let us
show that ,Q(Yzf7 ,Y2) — 0 in probability. It is enough to show for any R > 0,
|I}2n(t) — fz(t)|Loo([_R’R]) — 0, where for (y,t9) € I1, we denote by y the con-
tinuous function that extends y to all of R by setting 7 () = y (tp) for all 7 < 1.
Define

o . o .
ey = |X| (1) — Xl(t)‘LOO([—R,R]) Vv [X3(1) - Xz(t)‘LOO([—R,R])‘

We have g, — 0 almost surely. Let 7 = inf{r € 57" Z: X'f(t) = Xg(t)} and T =
inf{r e R: X1(t) = X»(¢)}. Now, we can estimate

}?277(’) - ?Z(t)‘LOO([_R’R]) <é&p+ 1{t,,>r}se[f TS]%I[) R R]|X3(S) - Xl(s)|
yTplP I — K,

+1{r,7<r} sup |X?(S)—X2(S){,
s€lry,T]IN[-R,R]
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which is bounded by

3ep + 1g,>1) sup |X2(s) — X1(s)]
s€lzr,ty]N[—R,R]
(6.10)

+1{1:,7<1:} sup |X1(S)—X2(S)‘.
s€[ty, T]IN[—-R,R]

Note that whenever one of the pairs (X ' g ) or (X1, X») coalesces at some time
within [— R, R], at that moment the two processes of the other pair can be at dis-
tance at most 2¢, apart from each other. Hence, by (6.5) and (6.6), for any § > 0,
except for an event with probability at most 0, (1), (6.10) can be bounded by

3¢y + sup |X1(s) — Xa(s)| <3e, +0sc(X| — X2; 8),
se[t—8,74+8]N[—R,R]
where for a function ¢, its oscillation is defined as osc(g; 6) = sup{|e(s) —
@(t)|:s,t € [—R, R],|s —t| <6}, and we have used the simple observation that
X1(5) — X2(s) = (X1(s) — X2(s)) — (X1(r) — X(7)). Since, X1 and X, are uni-
formly continuous on [— R, R], almost surely osc(X| — X»; §) — 0 as § — 0. This
proves Proposition 6.6. [

This completes the proof of Theorem 6.1. [

APPENDIX: CONNECTION TO THE BROWNIAN WEB OF FONTES
ET AL. [12]

We now briefly recall from [12] the construction of the Brownian web in the
space of compact sets of continuous paths. Let Rg denote the completion of the
space—time plane R? with respect to the metric

tanh(x;) tanh(xp)

d((x1,11), (x2, 1)) = |tanh(¢;) — tanh(5)| V .
((x1,t1), (x2, 12)) = |tanh(z]) ()] Tl 1+ 1nl

It is helpful to think of Rg as the continuous image of [—00, oo]? under a map that
identifies the lines [—o00, oc] x {oo} and [—o00, 00] x {—oco} with points (x, 00),
and (x, —00), respectively. Let I1 be the space of all continuous paths in Rg with all
possible starting times in [—00, o0]. A continuous path y in R2 with starting point
oy € [—00, 00], is a mapping y : [0, 00] — [—00, 00] U {*} such that y (00) = *,
y(oy) =% if 0, =00, and 1 = (y(?), ) is continuous from [0, 00] — RZ. The
space I is equipped with the metric

o((y1, 0y,), (2, 0y,)) = |tanh(o, ) — tanh(oy, )|

tanh y; (( V 0y,)) B tanh(y,(z Vv 0,,))

+
120y, NGy, 1+ 7] 1+ 1]

9
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which makes IT a complete separable metric space. Now define K to be the space
of compact subsets of 1T and endow K with the standard Hausdorff metric d.
The space (IC, dxc) again turns out to be a complete separable metric space and the
Brownian web can be defined as a random element in K via the following recipe.

Fix a countable ordered set D = (z1, 22, ...), which is dense in R2. Let B, :=
{W{,..., WS} be the set of n coalescing Brownian paths starting from the space—
time points z1, ..., Z, as in Section 3.1, viewed as a random element in K. In [12],
the authors showed that almost surely, 3, converges in X to some random element
B, which they called the Brownian web. Its distribution does not depend on the
choice of D. Let Wy, be distributed according to the coalescing Brownian flow
on JZ. It is natural to ask how these two different objects By, and Wy are related.

For (y,0,) € fI, the notion of a tube T being crossed (or traversed) by (y, 0})
remains exactly the same. Namely, a tube T is crossed by (y,0,) if o, < 1,
(y(tg), t0) € 0T, (y(t1),t1) € 01T and (y(s),s) € [T] for all s € (¢, t1), where
to and t1 be the start time and the end time of 7', respectively. For a subset F of f[,
let ér(F ) denote the set of tubes in 7 which are crossed by at least one path in F.
Clearly, Cr(F) is always hereditary. The exact same proof of Lemma 2.9 shows
that Cr(F) is closed in 7 if F is compact. This means Cr maps K into 7.

THEOREM A.1. We have

Cr(Buo) £ Wi

The above theorem says that the law of the coalescing Brownian flow on R
in the tube topology is nothing but the push-forward of the law of the Brownian
web in the path space. It gives another construction of the coalescing Brownian
flow on R, though the similar construction does not work for the gasket due to the
absence of appropriate ‘Brownian web on the gasket’.

PROOF OF THEOREM A.l.  Let W, = W(zi,...,z) € J be as defined in
Section 3.1. Clearly, Cr(B,)) = Cr(B,,) = W,. We have seen in the proof of Theo-
rem 3.1 that

Wi s Wae  in (S, dy).
Hence, the proof of the theorem is complete by Lemma A.2 and the continuous
mapping theorem. [

LEMMA A.2. The map Cr: (K, dx) — (A, dy) is continuous.

PROOF. Let F;, — F in Hausdorff metric dx.. A basis element in the topol-
ogy of JZ is of the form B=—Hr, N---N—=Hx N BUirn...Nn8Y, where
Ti,...,Ty € T and Uy,...,U; are open sets in 7. We need to show that if
H = ér(F) € B, then H,, := ér(Fn) € B for sufficiently large .
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Note that H € BYi means that there isa T € U; such that T is traversed by some
(f,t) € F. Since U; is open, we can find another tube 7’ € U; such that T’ < T.
Moreover, there exists ( fy, t,) € F, such that o((f,, 1), (f, 1)) <2dx(F,, F) —
0. Clearly, T’ is traversed by ( f,, t,) for all n > ng, and hence, H, € BYi for all
n = ny.

Next, we have to argue thatif 7 € 7 is not traversed by F, then T € T is not tra-
versed by F, for sufficiently large n. Suppose that T is traversed by (f,, ;) € F,
infinitely often, then it suffices to prove that T is traversed by F as well. For no-
tational convenience, we will assume that 7 is traversed by ( f,, t,) € F,, for all n.
Using compactness of F and the fact that dic(F,,, F) — 0, we can find (f,t) € F
such that o((fy, tn), (f, 1)) — 0. It is now easy to check, along the lines of the

proof of Lemma 2.9, that T is traversed by (f,t) € F. This completes the proof.
O

REMARK A.3. By Lemma A.2, the pre-image of any event in the tube topol-
ogy under the map Cr is measurable in the path topology. So, the tube topology is
weaker (or coarser) than the path topology. It would be interesting to find examples
of events which are measurable in the path topology but whose images under Cr
are not measurable in the tube topology.
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