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Preface

The road to hell is paved with good intentions. The original idea of these
lecture notes was to give an overview of a number of “Brownian” continuum
objects that have been studied in recent years, namely the Brownian con-
tinuum random tree, the Brownian snake, the Brownian map, the Brownian
web, the Brownian net, and the Brownian castle. Here the first three (the
tree, snake, and map) are closely interrelated, and so are the second three
(the web, the net, and the castle). The relations between these two groups
are a bit more loose, but there are still sufficiently many similarities to justify
treating them together. For example, there has been recent work viewing the
Brownian web as a real-tree. There are also relations to older, by now classi-
cal topics. In particular, the theory of the Brownian continuum random tree
makes use of Brownian excursion theory and the Brownian snake is closely
related to super Brownian motion.

Introducing all these objects in one semester course was always going to
be hard. There are some useful overview texts. For the Brownian continuum
random tree and the Brownian snake, there is Le Gall’s excellent exposition
[LeGO5| (for the continuum random tree there is moreover [Eva08]) while
for the Brownian web and net there is [SSS16]. Nevertheless, after being
impressed by the technical difficulty of these texts, I decided at the very last
moment to write my own lecture notes. Unsurprisingly, I managed to cover
less material than I hoped for, so sadly, I did not find time to include the
snake, map, and castle. The lecture notes are also still very much work in
progress, but as a somewhat chaotic first draft, they are nevertheless written.
Perhaps they will be improved and extended in due time.
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Chapter 1

Topological prerequisites

1.1 Topological spaces

A topological space is a set X equipped with a collection O of subsets of X’
that are called open sets, such that

(i) If (O,)yer is any collection of (possibly uncountably many) sets O, €
O, then |, O, € O.

yerl’

(11) If Ol, 02 € O, then 01 N 02 e 0.
(iii) 0, X € O,

Any such collection of sets is called a topology. It is fairly standard to also
assume the Hausdorff property

(IV) For each x1,To € X, 1 7é T 301702 € O s.t. 0,N0y = @, T € 01,
To € 02.

A set V C X is a neighbourhood of a point x € X if x € O C V for some
O € O. We let V, denote the set of all neighbourhoods of x. A fundamental
system of neighbourhoods of x is a set V., C V, such that

vWwey, V' eV, st. Vi Cc V.

For example, the set of all O € O such that x € O is a fundamental system
of neighbourhoods of x. A sequence of points z, € X converges to a limit
x in a given topology O if for each V € V, there is an n such that z,, € V
for all m > n. It suffices to check this condition for a fundamental system of
neighbourhoods V.. If the topology is Hausdorff, then limits are unique, i.e.,
x, — x and z, — ' implies x = 2/
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If (X,0) is a topological space (with O the collection of open subsets of
X) and X’ C X is any subset of X', then X” is also naturally equipped with
a topology given by the collection of open subsets @' :={0ON&": 0 € O}.
This topology is called the induced topology from X. If z,,x € X', then
x, — x in the induced topology on X" if and only if z,, — x in X.

A basis of a topology is a subset O’ C O such that each element of O
can be written as the union of (possibly uncountably many) elements of O'.
Equivalently, this says that

O={0CX:V2c030 €O st.x€0 CO).

If @ is a basis for O, then V., := {0 € O’ : x € O} is a fundamental system
of neighbourhoods of z. A topology is first countable if every x € X has
a countable fundamental system of neighbourhoods. A topology is second
countable if there exists a countable basis of the topology.

A set C C X is called closed if its complement is open. Because of
property (i) in the definition of a topology, for each A C X', the union of all
open sets contained in A is itself an open set. We call this the interior of
A, denoted as int(A) :=(J{O : O C A, O open}. Then clearly int(A) is the
largest open set contained in A. Similarly, by taking complements, for each
set A C X there exists a smallest closed set containing A. We call this the
closure of A, denoted as A := (N{C : C D A, C closed}. If the topology is

first countable, then
A={r € X : 3z, € X st. z, = 1}, (1.1)

i.e., A is the set of all limits of sequences in A. A similar statement holds
for general topological spaces if we replace sequences by the more general
concept of a net, that we will not discuss here. Since a set is closed if and only
if it coincides with its closure, it follows from that in a first countable
topological space, knowing all convergent sequences and their limits uniquely
determines the closed sets and their complements, the open sets, and hence
the whole topology.

A topological space is called separable if there exists a countable set D C
X such that D is dense in X, where we say that a set D C X is dense if
its closure is X', or equivalently, if every nonempty open subset of X has a
nonempty intersection with D.

A metric on a set X is a function d : X x X — [0,00) such that for all
x,y,z € X,

(i) d(z,y) = d(y,z),
(il) d(z,z) < d(z,y) + d(y, 2),
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(iii) d(x,y) = 0 implies = = y.

A metric space is a space with a metric defined on it. If d is a metric on X,
and B.(z) :={y € X : d(x,y) < £} denotes the open ball around z of radius
g, then

O:={0CX:Vze0 I >0st Bfzx) CO}

defines a Hausdorff topology on & such that convergence x,, — x in this
topology is equivalent to d(x,,x) — 0. Note that the open balls form a
basis for this topology. Since open balls of radius 1/n around a point = form
a fundamental system of neighbourhoods, metric spaces are first countable.
We say that the metric d generates the topology O. If for a given topology
O there exists a metric d that generates O, then we say that the topological
space (X, 0) is metrisable. Such a metric, if it exist, can always be chosen
such that it is bounded. For example, if d is any metric on X, then d'(z,y) :=
d(x,y)A1is a bounded metric that generates the same topology. A metrisable
space is always first countable. It is second countable if and only if it is
separable.

A sequence z,, in a metric space (X,d) is a Cauchy sequence if for all
e > 0 there is an n such that d(zy,z;) < € for all k,1 > n. A metric
space is complete if every Cauchy sequence converges. Every metric space
(X,d) has a completion, i.e., there exists a complete metric space (X, d) such
that X C X is dense and the metric on X is the induced metric from X,
ie., d(z,y) = d(z,y) for all z,y € X. Such a completion is unique up to
isometries.

A Polish space is a separable topological space (X, Q) such that there
exists a metric d on X with the property that (X,d) is complete and d
generates O. Warning: there may be many different metrics on X that
generate the same topology. It may even happen that X is not complete
in some of these metrics, and complete in others (in which case X is still
Polish). Example: R is separable and complete in the usual metric d(z,y) =
|xr — y|, and therefore R is a Polish space. But d'(x,y) := |arctan(z) —
arctan(y)| is another metric that generates the same topology, while (R, d’)
is not complete. (Indeed, the completion of R w.r.t. the metric d’ is [—o00, o¢0].)

1.2 Compactness

A subset K of a general topological space X (with collection of open sets
O) is called compact if every open cover has a finite subcover, i.e., if for any
collection (O, )er of open subsets of X such that |, . O, D K, there exists
a finite A C I' such that U'yEA O, D K. Using this definition, it is easy to
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see that the image of a compact set under a continuous function is again
compact. Compact subsets of Hausdorff topological spaces are closed. A
subset K of a metric space X is compact if and only if it is closed and totally
bounded, which means that for every ¢ > 0 there exists a finite collection
{B:(x1),...,B:(z,)} of open balls such that

B.(z1)U---UB:(z,) D K.

From this, it is not hard to see that compact metrisable spaces are always
separable. If (x,),en is a sequence and m : N — N is a function such that
m(n) — oo as n — oo, then setting !, := Xp) (n € N) defines a new
sequence. Such a sequence is called a subsequence of the original sequence.
A cluster point of a sequence is a limit of a subsequence.

Theorem 1.1 (Bolzano-Weierstrass) Let X' be a metrisable space and
let K C X. Then K is compact if and only if every sequence in K has a
subsequence that converges to a limit in K.

The Bolzano-Weierstrass theorem also holds for second countable spaces.
(Note that metrisable spaces need in general not be second countable, and
conversely, not every second countable space is metrisable.) There is also a
version of the Bolzano-Weierstrass theorem that holds in general topological
spaces but in this case one has to replace sequences by the more general nets.
A set A is precompact if its closure is compact. In metrisable spaces, this
is equivalent to the statement that each sequence of points z, € A has a
convergent subsequence. Note that in this case we do not require that the
limit is an element of A. The following simple lemma is often useful.

Lemma 1.2 (Convergence and compactness) Let X' be a metrisable
space and let x,x, € X. Then x, — x if and only if the following two
conditions are satisfied.

(i) The set {x, : n € N} is precompact.

(i) For every subsequence Tp(m) such that xnm,) — ' for some 2’ € X,
m—r0o0

one has ¥’ = x.

If (X, Q) is a topological space, then a compactification of X is a compact
topological space X such that X is a dense subset of X and the topology
on X is the induced topology from X. If X' is metrisable, then we say that
X is a metrisable compactification of X. It turns out that each separable
metrisable space X has a metrisable compactification [Cho69, Theorem 6.3].

A topological space X is called locally compact if for every x € X there
exists a compact neighbourhood of x. We cite the following proposition from
[Eng89, Thms 3.3.8 and 3.3.9].
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Proposition 1.3 (Compactification of locally compact spaces) Let X
be a metrisable topological space. Then the following statements are equiva-
lent.

(i) X is locally compact and separable.

(ii) There exists a metrisable compactification X of X such that X is an
open subset of X.

(iii) For each metrisable compactification X of X, X is an open subset of X .

We note that if X' satisfies the equivalent conditions of Proposition [1.3]
then it is possible to find a metrisable compactification X of X such that X'\ X
consists of just one point, usually denoted by co. In this case, X = X' U{oo}
is called the one-point compactification of X. The open sets of X' U {oco} are
all open sets of X plus all sets of the form {oo} UO where X\O is a compact
subset of X.

A subset A C X of a topological space X is called a Gg-set if A is
a countable intersection of open sets (i.e., there exist O; € O such that
A =7Z,0; If X is metrisable, then every closed set A C X is a Gs-set,
since it is the intersection of the open sets {z € X : d(z,A) < 1/n}. The
following result can be found in [Bou58, §6 No. 1, Theorem. 1]. See also
[Oxt80, Thms 12.1 and 12.3].

Proposition 1.4 (Compactification of Polish spaces) Let X' be a metris-
able topological space. Then the following statements are equivalent.

(i) X is Polish.

(ii) There exists a metrisable compactification X of X such that X is a
Gs-subset of X.

(iii) For each metrisable compactification X of X, X is a Gs-subset of X.

Moreover, a subset Y C X of a Polish space X is Polish in the induced
topology if and only if Y is a Gs-subset of X.

We note that if X is a compactification of a Polish space X, equipped with
a concrete metric, then X is also the completion of X in this metric. Thus,
unless & is itself compact, it will never be complete in such a metric (even
though, by the definition of a Polish space, there exists metrics generating
the same topology with respect to which X" is complete).
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1.3 Decomposition of measures

Let (X,F) be a measurable space and let (),B())) be a Polish space,
equipped with its Borel-o-field. By definition, a probability kernel from X to
Y is a measurable map

Xz Kz, ) € Mi()).

Since the Borel-o-field on M;(}) is generated by the maps u +— u(A) with
A € B(Y), the measurability of K is equivalent to the statement that for each
A € B(Y), the function K(-,A) is a measurable real function on X. More
generally, if (), B())) is replaced by a general measurable space (), G), then
we define a probability kernel from X to ) to be amap K : X x G — [0, 1]
such that K (x, -) is a probability measure on ) for each z € X and K (-, A)
is a measurable real function on X for each A € G. With these definitions,
one has the following result.

Theorem 1.5 (Decomposition of probability measures) Let (X, F)
and (Y,G) be a measurable spaces. Let jn be a probability measure on X
and let K be a probability kernel from X to Y. Then there exists a unique
probability measure v on X X Y, equipped with the product-o-field, so that for
any measurable function f: X x Y — [0, 0],

/ F.y)w(d(e,y) = / u(da) / K, dy) (2, y), (1.2)

where on the right-hand side, x — [ K(x,dy)f(x,y) is a measurable function
on X that is integrated against .

Assume that moreover, (Y,G) = (¥, B(Y)) is a Polish space equipped with
its Borel-o-field. Then conversely for each probability measure v on X X Y,
there exist a probability measure p on X and probability kernel K from X
to Y such that holds. If holds, then p s the first marginal of
v. Moreover, determines the kernel K a.s. uniquely, i.e., if K, K' are
probability kernels so that holds both for K and K', then there exists a
set N € F with u(N) = 0 such that K(x, -) = K'(x, ) for all z € X\N.

We note that by subtracting a constant, we see that holds more
generally for functions f that are bounded from below.

The deep part of Theorem is the existence of K given v;. this may fail
in general if the Polish space (), B())) is replaced by an arbitrary measurable

space (),G). Formally, we may define a ‘measure’ p on X with values in
Mi(Y) by p(A) :==v(A x -) (A € F). Letting u denote the first marginal
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of v, we obviously have p(A) = 0 whenever u(A) = 0, i.e., formally p < p.
Now (|1.2)) says that

p(A) = / u(dz) K (z, ),

which we can formally read as saying that p has a density with respect to u,
which is given by the function x — K(z, - ). Thus, Theorem amounts to
proving something like a Radon-Nikodym theorem for functions and measures
with values in M;(Y). In fact, if we are just interested in K (-, B) for one
fixed B € B(Y), then (1.2)) says that

V(A x B) = /Au(dx)K(:c, B) (AeF) (1.3)

Since v(- x B) < p (where pu is the first marginal of v), the usual Radon-
Nikodym now tells us that for this fixed B, there exists an a.s. unique function
K(-,B) such that holds. This argument does not tell us, however,
whether for fixed z, we can choose K(z, -) such that it is a probability
measure. Theorem tells us that that such a regular version of K exists.

Corollary 1.6 (Regular conditional probability) Let Y be a random
variable defined on an underlying probability space (2, F,P) and taking values
in some Polish space )Y, and let G C F be a sub-o-field. Then there exists
a My(Y)-valued random variable P[Y € -|G], which is unique up to a G-
measurable set of probability zero, such that

(i) P[Y € -|G] is G-measurable.
(i) E[14P[Y € B|G]| =E[lalyyvepy for all A G, B € B(Y).

Proof It is not hard to see that there exists a unique probability measure
on w x Y, equipped with the o-field G ® B()), such that

[ () fe) = [Pldo) o (@)

for all f:w x Y — [0,00] that are measurable w.r.t. G ® B()). Applying
Theoremto v, we obtain a G-measurable, M (})-valued random variable
PlY € -|G] (i.e., a probability kernel from (£2,G) to )), unique up to a G-
measurable set of probability zero, such that

B Y @) = [Paw) [BY € dylgiw) flow
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By the uniqueness theorem (applied to v), to verify this equation, it suffices
to check it for functions f of the form f = 1445 with A € G and B € B()).
Thus, P[Y" € -|§G] is a.s. uniquely determined by the requirement that

E[1.P[Y € B|G]] = /P(dw)IP[Y € dy| Gl(w)laxp(w,y)
= V(A X B) = E[lAl{y:B}].

1.4 Weak convergence

Let X be a metrisable space. We let B(&X') denote Borel-o-field on X, i.e.,
the o-field generated by the open sets. We let C(X) denote the space of
all continuous functions f : X — R. We let By(X) denote the space of all
bounded Borel-measurable real functions on & and we let Cp(&X') := C(X) N
By,(X) denote the space of all bounded continuous real functions on X. We
equip with Cp(X) with the supremumnorm

[f1lo0 := gsclelglf(ﬂf)!'

With this norm, C,(X) is a Banach space [Dud02, Theorem 2.4.9]. We let
M(X) denote the space of all finite measures on (X, B(&X')) and write M (X)
for the subspace of all probability measures. We cite the following well-known
fact from [EK86, Theorems 3.1.7 and 3.3.1].

Proposition 1.7 (Weak convergence) Let X be a separable metrisable
space. Then it is possible to equip My(X) with a metric dp such that

(i) (My(X),dp) is a separable metric space,

(i) dp(pn, ) = 0 if and only if [ fdp, — [ fdu for all f € Ch(X).

If X is a Polish space, then dp can be chosen such that (M;(X),dp) is
moreover complete.

In many applications, we are not interested in the precise choice of dp
(there are several canonical ways to define such a metric). Since a metrisable
topology is uniquely characterized by its convergent sequences, property (ii)
uniquely characterizes the topology generated by dp in terms of the topology
on X. We call this topology the topology of weak convergence and denote
convergence in this topology as

[ = H.
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Proposition shows in particular that if X is a Polish space, then so is
M (&), equipped with the topology of weak convergence.

One possible choice for a metric dp as in Proposition is the Prohorov
metric. For each subset A C X and € > 0, we set

A ={ze X :d(x,A) <e} with d(z,A):=infd(z,y).
yeA

If (X,d) is a metric space, then the Prohorov metric is the metric dp on
M;(X) defined as

dp(p,v) == inf{e > 0: p(A) < v(A%) +e VA € B(X)}.

It follows from [EK86, Lemma 3.1.1] that dp is a metric. It is possible to
give an alternative characterisation of dp in terms of coupling. Let C'(u,v)
denote the space of all probability measures n on X x X whose first and

second marginals are given by u and v, respectively. We cite the following
lemma from [EK86, Thm 3.1.2].

Lemma 1.8 (Prohorov metric and coupling) Let (X,d) be a separable
metric space and let p,v € My(X). Then

dp(p,v) =inf {e > 0:3n € C(p,v) s.t. n({(z,y) € X*: d(z,y) > €}) S(s})
1.4

In words, (1.4)) says that dp(u,v) is the infimum of all &€ > 0 for which
it is possible to couple random variables X,Y with laws p,v such that
Pld(X,Y) > ¢] < e. We cite the following lemmas from [EK86, Thms 3.1.7
and 3.3.1].

Lemma 1.9 (Properties of Prohorov metric) Let (X, d) be a separable
metric space and let dp be the Prohorov metric. Then (My(X),dp) is a
separable metric space. If (X, d) is complete, then so is (M1(X),dp).

Lemma 1.10 (Prohorov metric and weak convergence) Let (X,d) be
a separable metric space and let dp be the Prohorov metric. Then pi,, u €
M (X) satisfy dp(pn, ) — 0 if and only if [ fdu, — [ fdu for all f €
Co(X).

In particular, Lemmas and imply Proposition [I.7] The following
well-known alternative characterisation of weak convergence [EK86, Theo-
rem 3.3.1] is sometimes useful.

Lemma 1.11 (Characterization with open and closed sets) Let u,
and p be probability measures on a metrisable space X. Then the following
statements are equivalent.
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() pon = p.
(i) limsup,,_,o pn(C) < u(C) for all closed C' C X.
(iii) liminf,eo pn(O) > u(O) for all open O C X.

Exercise 1.12 (Measures concentrated on a subset) Let X' be a Pol-
ish space and let X' C X be a Gs-set, equipped with the induced topology.
We naturally identify My (X") with the subset of My(X) consisting of all
€ My(X) such that p(X') = 1. Show that the topology on M;(X")
coincides with the induced topology from its embedding in My(X). (Hint:
Lemma(1.11)) Use this to conclude that My (X') is a Gs-subset of M;(X).
(Hint: Proposition .

A very useful characterization of weak convergence in terms of coupling
is given by the next theorem [EK86, Cor 3.1.6 and Thm 3.1.8].

Theorem 1.13 (Skorohod representation) Let p, and p be probability
measures on a Polish space X. Then p, = u if and only if it is possible to
couple random variables X,, X with laws p,, i, respectively, in such a way
that X,, — X a.s.

The next result is known as Prohorov’s theorem (see, e.g., [EK86, Theo-
rem 3.2.2] or [Bil99, Theorems 5.1 and 5.2]).

Theorem 1.14 (Prohorov) Let X' be a Polish space. Let My(X') be equipped
with the topology of weak convergence. Then a subset C C My (X)) is precom-
pact if and only if C is tight, i.e.,

Ve > 0 3K C X compact, s.t. sup u(X\K) < e.
pnel

1.5 Locally uniform convergence

Let E be a metric space and let I C R be a closed interval. We let C;(E)
denote the space of all continuous functions w : I — R.

Lemma 1.15 (Locally uniform convergence) For w,,w € C;(E), the
following conditions are equivalent:

(i) supd(wn(t), w(t)) — 0 for all compact C C I,

(ii) wy(t,) — w(t) for all t,,t € I such thatt, — t.
n—oo

n—oo
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Proof Assume (i) and let t,,,t € I satisfy ¢, — t. By Lemmal|l.2| (i), there
n—oo

exists a compact set C' C I such that ¢, € C for all n (and hence also t € C).
Then for each £ > 0, there exists an N < oo such that d(w,(t),w(t)) < e for
all n > N. Now

d(wy(tn), w(t)) < d(wa(ty), w(ty)) + d(w(t,), w(t)) < e+ d(w(t,), w(t))
for all n > N, and hence

lim sup d(wy(t,), w(t)) < e
n—oo
by the continuity of w. Since € > 0 is arbitrary, this shows that (i) implies
(i1). On the other hand, if (i) fails for some compact C' C I, then we can
choose t,, € C' and ¢ > 0 such that

d(wn(tn),w(tn)) >e Vn.

Since C' is compact, by going to a subsequence, we can without loss of gen-
erality assume that ¢, — t for some ¢t € C'. Since

d(wy(tn), w(t)) = d(wa(ty), w(t,)) — d(w(t,), wt)) > e+ d(w(t,), w(t)),
using the continuity of w, we see that

lim inf d(w, (t,), w(t)) > e,

n—oo

which contradicts (ii). |

There exists a metrisable topology on C;(E) such that a w,, € C;(E) con-
verges to a limit w if and only if the equivalent conditions of Lemma [1.15
are satisfied. Note that by and the remarks below it, these condi-
tions uniquely determine the topology. Note also that by condition (ii) of
Lemma , the topology on C;(FE) depends only on the topology on E and
not on the precise choice of the metric on E. A possible choice of a metric
on C/(F) is

p(v,w) = 22_" sup d(v(t),w(t)),
n—1 te[0,n]
where d is a bounded metric that generates the topology on E. Such a metric
can always be found: if d is any metric generating the topology on F, then
d'(z,y) :=d(z,y) A1 is a bounded metric that generates the same topology.
Usually, we do not care about the precise choice of the metric on C;(E); apart
from p, there are many other possible choices. We call this the topology on
Cr(E) the topology of locally uniform convergence.
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1.6 The Hausdorff metric

Let (E,d) be a metric space, let I(FE) be the space of all compact subsets of
E and set K, (F) :={K € K(E) : K # (0}. Then the Hausdorff metric dy
on K4 (E) is defined as

du(Ky, Ky) = sup d(z1, K3)V sup d(zg, K1)
1 €K1 z2€Ko (15)

:inf{5>0:K1CK§andK2CKf}>

where as before d(z, A) := infyc 4 d(z,y) denotes the distance between a point
z € Fandaset A C Eand A° := { € X : d(z, A) < £}. The corresponding
topology is naturally called the Hausdorff topology. Note the subtle difference
between “the Hausdorff topology” (the topology generated by the Hausdorff
metric) and “a Hausdorff topology” (any topology satisfying condition (iv)
of Section [I.1). We extend this topology to K(E) by adding @) as an isolated
point.

A good source for the Hausdorff topology is [SSS14, Appendix B], where
one can find the proofs of all the lemmas in this section. Some more infor-
mation can be found in [BBIOI, Chapter 7]. The first lemma of this section
shows that the Hausdorff topology depends only on the topology on E, and
not on the choice of the metric.

Lemma 1.16 (Convergence criterion) Let K,,, K € K. (E) (n > 1).
Then K, — K in the Hausdorff topology if and only if there exists a C €
K+ (E) such that K, C C for alln >1 and

K={x € FE:3x, € K, s.t. z, = x} (1.6)
={x € F:3x, € K, s.t. x is a cluster point of (x,)nen}- ‘

The following lemma shows that K(E) is Polish if F is.

Lemma 1.17 (Properties of the Hausdorff metric)
(a) If (E,d) is separable, then so is (K (E),dy).
(b) If (E,d) is complete, then so is (Ki(E), du).

The following lemma shows in particular that KC(E) is compact if E is
compact.

Lemma 1.18 (Compactness in the Hausdorff topology) A set A C
K(E) is precompact if and only if there exists a C € K(E) such that K C C
for each K € A.
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The following lemma is useful when proving convergence of K(E)-valued
random variables.

Lemma 1.19 (Tightness criterion) Assume that E is a Polish space and
let K,, (n > 1) be K(E)-valued random variables. Then the collection of laws
{P[K,, € -] : n > 1} is tight if and only if for each ¢ > 0 there ezists a
compact C C E such that P[K,, C C] > 1—¢ for alln > 1.

1.7 Squeezed space

Let (E,d) be a metric space, let {*} be a set containing a single element
called *, and let

R(E) :== (E x R) U {(*, —00), (*, +00) }. (1.7)

We extend d to E U {x} by setting d(z, *) = d(*,z) := oo if x # * and := 0
otherwise. Let R := [~00, c0] denote the usual two-point compactification of
the real line. We fix a continuous function ¢ : R — [0, 0c0) such that ¢(t) > 0
for all ¢ € R and ¢(+o0) = 0, we choose a metric dg that generates the
topology on R, and we define p : R(E)? — [0, 00) by

p((x,5), (4. 1)) = (6(s) A o(t)) (d(z,y) A1) + |(s) — d(t)| + dg(s. 1) (1.8)

Lemma 1.20 (Metric on squeezed space) The function p is a metric on

Proof For brevity, we write d'(x,y) := d(x,y) A1l. Then d’ is a metric on E.
The only nontrivial statement that we have to prove is the triangle inequality,
and it suffices to prove this for the function

P ((2,9), (4, 1) == (o(s) A o(t))d (z,y) + |d(s) — ¢(t)].
We estimate
P ((x,8), (z,u) < (8(5) A d(w)) (d'(2,y) + d'(y,2)) + |¢(s) — d(u)]. (1.9)

If o(t) > ¢(s) A p(u), then ¢(s) A ¢(u) is less than ¢(s) A ¢(t) and also less
than ¢(t) A¢(u), so we can simply estimate the expression in (|1.9)) from above
by

(@(s) N o) d (2, y) + (6(t) A D)) d (y, 2)) + |¢(s) = (t)] + |6(t) — $(u)]
and we are done. On the other hand, if ¢(t) < ¢(s) A ¢(u), then
|6(s) = o(t)| + [6(t) = d(u)| = |¢(s) — ¢(u)] +2((s) A $(u) = 6(t)).
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Using the fact that d’ < 1, we can now estimate the right-hand side of (1.9))
from above by

ot )(d’(a: y) +d’<y, z)) 2(p(s) A p(u) — (1)) + | (s) — d(u)|
= (o(s) N o(t))d'(x, (¢<t>A¢< >)d’<y, 2)
+ \¢ — o(t)] + \¢ d(u)],

and again we are done. [

The following lemma shows that the topology generated by the metric p
depends only on the topology on E and not on the choice of the metric on
E. Recall that by , a metrisable topology is uniquely characterised by
its convergent sequences, so the topology on R(F) is uniquely characterised
by the conditions (i) and (ii) below.

Lemma 1.21 (Topology on squeezed space) A sequence (x,,t,) € R(E)
converges to a limit (x,t) in the metric p defined in (@ if and only if the
following two conditions are satisfied:

(i) t, — t in the topology on R,
(ii) if t € R, then x,, — x in the topology on E.

Proof This is immediate from the definition of p. [

We can think of the space R(E) as being obtained from E xR by squeezing
the sets E x {£oo} into the single points (*, +oc). For this reason, we call
R(E) the squeezed space. In the special case that E = R, we can make a
picture of R(R) by mapping R xR into the closed unit disc using the function

= (V1= O(020(), (t)  with 9(z) == —

1+ 2|

(with ¢(d+00) := +£1), and mapping the points (x,+o00) to (0,£1). The
following lemma shows that R(E) is a Polish space if F is Polish.

Lemma 1.22 (Properties of squeezed space)

(a) If (E,d) is separable, then so is (R(E), p).

(b) If (E,d) is complete, then so is (R(E), p).

Proof If D is a countable dense subset of (F,d), then D x Q is a countable
dense subset of (R(E), p), proving (a).

To prove (b), let (z,,t,) be a Cauchy sequence in (R(E),p). Then by
(1.8) ¢, is a Cauchy sequence in R and hence t, — t for some t € R. If t € R,
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then by (1.8) x, is a Cauchy sequence in (F,d) so by the completeness of
the latter, x,, — « for some x € E. By Lemma|l.21} it follows that (z,,%,)
converges, proving the completeness of (R(E), p). n

The following lemma identifies the compact subsets of R(E). In particu-
lar, the lemma shows that R(FE) is compact if E is compact.

Lemma 1.23 (Compactness criterion) A set A C R(E) is precompact
if and only if for each T < oo, there exists a compact set K C E such that
{reFE:(z,t)e A te[-T,T|} C K.

Proof Assume that A C R(F) has the property that for each T' < oo, there
exists a compact set K C E such that {z € E': (z,t) € A, t € [-T.T]} C K.
To show that A is precompact, we will show that each sequence (x,,t,) € A
has a convergent subsequence. By the compactness of R, we can select a
subsequence (z/,,¢,) such that ¢/, — t for some t € R. If t = 400, then by
Lemma [1.21] (2, #)) — (x,200) and we are done. Otherwise, there exists a
T < oo such that t!, € [-T,T] for all n large enough. By assumption, there
then exists a compact set K C FE such that 2/, € K for all n large enough,
so we can select a further subsequence such that (z!,t") converges to a limit
(x,t) € E xR.

Assume, on the other hand, that A C R(F) has the property that for
some 1" < oo, there does not exist a compact set K C E such that {z € E:
(x,t) € A, t € [-T,T]} C K. Set

B:={z€E:(z,t) € Aforsomete [-T,T]}

The closure of B cannot be compact, since this would contradict our assump-
tion. It follows that there exists a sequence z,, € B that does not contain a
convergent subsequence, and there exist ¢, € [T, T] such that (z,.t,) € A.
But then, in view of Lemma [1.21] the sequence (z,,t,) cannot contain a
convergent subsequence either, proving that A is not precompact. |

1.8 Path space

Let E be a metrisable space and let R(E) be the squeezed space defined
in Section [1.7, By definition, a path in F is a nonempty compact subset
7 C R(E) such that {x € E : (z,t) € 7} has at most one element for each
given t € R. Theset I, := {t €¢ R: 3z € Est. (z,t) € 7r} is called the
domain of m and

or =infI, and 7, :=supl, (1.10)
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the starting time and final time of the path 7. For each t € I, we let
{r(t)} :={x € E: (x,t) € 7} denote the unique point 7(t) € E such that
(7(t),t) € m. Then t > 7(t) is a function from I, to E. We let II(E) denote
the set of all paths in F and set I, := I, N R.

Lemma 1.24 (Path viewed as a function) The domain I, of a path
7 € I(E) is a closed subset of R, and t — 7(t) is a continuous function
from I, to E. Conversely, if I C R is closed and t — f(t) is a continuous
function from I to E, then there ezists a path m € 1I(E) such that I, = I

and 7(t) = f(t) (t€1).

Proof We first show that for each m € II(F), the function I, > t — ()
is continuous. Assume that t¢,,t € I, and ¢, — t. Since 7 is compact,
the sequence (7(t,),t,) is precompact. Since 7(¢) is the only element of
{z € FE: (z,t) € 7}, each subsequence of the (7(t,),t,) must converge to
(m(t),t). By Lemma we conclude that (m(t,),t,) — (mw(t),t). Since
t € R, by Lemma [1.21] we conclude that 7(t,) — 7(¢), which shows that
I, >t 7(t) is continuous on I as claimed.

Let I C R be closed and let f : I — E be continuous. If I is nonempty,
then let I be the closure of I in R, and set [ := {co} otherwise. Extend f
to I by setting f(t) := x if t = +o00. Let m := {(f(¢),t) : t € I}. Tt follows
from Lemma and the continuity of f that the map

It (f(t),t) € R(E) (1.11)

is continuous. Since I is compact and since 7 is the image of I under the
continuous map , we conclude that 7 is compact. Clearly, {z € F :
(z,t) € m} has precisely one element for ¢ € I, and is empty for ¢ ¢ I. This
shows that m € II(E). |

In view of Lemma [1.24 we often view a path 7 € II(E) as a continuous
function defined on a closed domain I, C R. The correspondence between
paths and continuous functions is almost one-to-one. The only ambiguity
arises when —oo and/or +o0o are not elements of the closure of I, and we
have the choice whether to include them in I or not. If I is nonempty, then
it is natural to include 00 only when they are elements of the closure of 7.
With this convention, if I C R is a closed nonempty interval, then we identify
the space C;(F) defined in Section with the set {r € II(E) : I, = I},
where I denotes the closure of I in R.

Let IC(R(E)) be the set of compact subsets of the squeezed space R(FE).
We equip K(R(E)) with the Hausdorff topology. We observe that II(E) is
a subset of IC(R(E)). We naturally equip II(£) with the induced topology
from its embedding in K(R(E)).
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Lemma 1.25 (Paths with a fixed domain) Let I C R be a closed
nonempty interval. The induced topology on C;(E) from its embedding in
[I(E) is the topology of locally uniform convergence.

Proof Assume that m,,7 € C;(F), viewed as functions, satisfy m, — 7
locally uniformly. We need to show that viewed as compact subsets of R(E)_,
the sets m,, m satisfy m, — 7 in the Hausdorff topology on IC(R(E)). Let I

denote the closure of I in R. By Lemma [1.16] we need to show that |, 7,
is precompact and

T C {(z,t) € R(E): I, € I s.b. (ma(tn), tn) — (z,)},
{(z,t) € R(E) : (,t) is a cluster (1.12)
point of (Wn(tn), tn) for some t, € 7} C m.

To see that |, m, is precompact, we need to show that each sequence of
the form (7, (m)(tm), tm)m>1 has a convergent subsequence. If n(m) infinitely
often takes the same value n, then the claim is obvious from the compactness
of m,, so without loss of generality we may assume that n(m) — oo. Going
to a subsequence if necessary, we may assume that t,, — ¢ for some t € I. If
t = +o00, then the claim is again obvious so we may assume that ¢t € I. In
this case Lemma [1.15] (ii) tells us that m, () (tm) = 7(t) so we have found a
convergent subsequence as required.

To prove the first inclusion in (1.12), let (7 (¢),¢) € = and set t,, := ¢ for
all n. If t € I, then 7,(t) — m(t) since locally uniform convergence implies
pointwise convergence, and if t = oo then trivially (x,t) — (x,t) asn — oo.
To prove the second inclusion, assume that (7,(m)(tnm))s tam)) — (2,t) as
m — oo for some (z,t) € R(E), t, € I, and n(m) — oo. If t € I, then we
can use Lemma (ii) which tells us that m,(m)(tnmm)) — 7(t) and hence
(x,t) = (n(t),t) € m. If t = +o0, then trivially z = * and (x,t) € 7.

Assume, conversely, that 7, — 7 in the Hausdorff topology on C(R(E)).
We need to show that m,,7 € C;(F) and that m, — 7 locally uniformly.
Assume that t,,t € I such that ¢, — t. By Lemma m (i), it suffices
to show that m,(t,) — =(t) for all such ¢,,t. Equivalently, we may show
that (m,(t,),t,) — (7(¢),¢). By Lemma [1.2] it suffices to show that the
set {(mn(tn),tn) : n € N} is precompact and (m(t),t) is the only cluster
point of the sequence (m,(t,),?,). By Lemma [L.16] there exists a compact
set C C R(E) such that m, C C for all n, so {(m,(t,),tn) : n € N} is
precompact as required. Let (x,t) be any cluster point. By Lemmam (ii),
(x,t) € m and hence x = 7 (t), which shows that m,(t,) — 7(t) as required. B

Let 7 € II(R?). Assume that I, is the closure of I in R. Recall that o,
and 7, denote the starting time and final time of 7. For each ¢ € [0, 7] "R,
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let us write
|t] :==sup{s € [, :s<t} and [t]:=inf{uecl;:t<u}.

We define a linearly interpolated path 7 with domain 5 := [0, 7] by 7(t) :=
7(t) (t € I;) and

R o [t] —t - t
0= g

Note that this is well-defined because our assumption that I, is the closure
of I in R ensures that |t]| and [t] are finite for all t € [0y, 7x]\Ir. It often
happens that a sequence of functions f, : N — R? converges, after a rescaling
of time, to a continuous limit f : [0,00) — R%. To formulate this properly, it
is a common habit to linearly interpolate the functions f,, so that all functions
are elements of the space Cg ) (R?). As the following exercise shows, when
one uses the path space II(R?), no interpolation is necessary to formulate the
result.

W([ﬂ) (t € [0, Tr)\ L)

Exercise 1.26 (Con\_/ergence of interpolated patlls) Let that 7, m, €
H(Rd). Assume that I, is the closure of I, and that I, s the closure of
I, for each n. Show that m, — 7 in the topology on II(R?) if and only if
T, — 7.

Sometimes, when formulating convergence of a sequence of functions f,
to a limit f, one extrapolates with the aim of ensuring that all functions
are defined on the same space. Let E be a metrisable space and for each
7 € II(E), let 7 denote the path with domain I+ := I U [7,, 00] defined
as 7t (t) :=n(t) if t € I, and

() == 7(1) (Tr <t<oo) and 7 (00):= .

The next exercise shows that when one uses the path space II(F), no extrap-
olation is necessary.

Exercise 1.27 (Convergence of extrapolated paths) Let m,,m € II(E).
Show that the following conditions are equivalent:

(i) 7, — 7
(i) mF = 7" and 1, — 7.

Our next proposition says that the space of paths in E' is Polish provided
E has this property.
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Proposition 1.28 (Polish space) If E is a Polish space, then so is II(E).

The proof of Proposition [1.28 needs some preparations. Let d be a metric
generating the topology on E and let m € II(E). For each 7 € II(E), 6 > 0
and T' < oo, we define

mrs(m) = sup {d(7(s),7(t)) : s,t € Iy, - T <s<t<T, t—s<d}.
(1.13)
The quantity mys(m) is called the modulus of continuity of the path w. More
generally, for any compact subset K C R(E), we can define

mrs(K) = sup {d(z,y) : (x,5),(y,t) € K, =T <s<t<T, t —s <6},
which coincides with our previous definition if 7 is a path.

Lemma 1.29 (Characterisation of paths) A compact subset 1 C R(E)

is an element of the path space II(E) if and only if (lsin% mrs(m) = 0 for all
—

T < o0.

Proof Assume that 7 € K(R(E)) and limsups_,,mzrs(m) > 0 for some
T < oo. Then we can find (2, $,), (Yn, tn) € T and 6 > 0 with d(z,,y,) > 6,
T <s,<t, <T,and t, —s, < 1/n. Since 7 is compact, by going to a
subsequence, we can assume that (x,,s,) — (z,s) and (y,,t,) — (y,t) for
some (z,s), (y,t) € m with d(z,y) > >0, - T <s<t<T,and t —s = 0.
This shows that = ¢ I1(F).

Conversely, if 7 ¢ TI(E), then there exist (x,t), (y,t) € m with x # y.
Since (*,+o00) are the only points in R(E) with time coordinate +oo we
must have ¢ € R. But then mpgs(m) > d(x,y) > 0 for all T' > |¢|, which
shows that lim sups_,, mrs(m) > 0 for some T < oo. |

Proof of Proposition If E is a Polish space, then by Lemma [1.22) so
is R(E) and hence by Lemma so is L(R(E)). For each €,6 > 0 and
T < oo, the set

Ar.s ={K € K(R(E)) : mps(K) > €}
is a closed subset of K(R(E)) and hence its complement Af7._; is open. By

Lemma [1.29]
H(E) = n UA;,l/m,l/kv

nm k
which is a countable intersection of open sets, i.e., a Gs-set. |

A set A C II(E) is called equicontinuous if

lim sup mygs(m) =0 (T < 00).
§—0 TcA
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The following theorem identifies the compact subsets of II(£). Condition (ii)
is called the compact containment condition. If I C R is a closed nonempty
interval, then C;(F) is a closed subset of IT and hence the following theorem
can also be used to identify the precompact subsets of C;(F). In this con-
text, the result is known as the Arzela-Ascoli theorem. Note that while the
definition of equicontinuity depends (at least a priori) on the choice of the
metric d on E, whether a set A C TI(E) is precompact only depends on the
topology on FE, so when verifying conditions (i) and (ii) below, we are free
to choose any metric d that generates the topology on E.

Theorem 1.30 (Arzela-Ascoli) A set A C II(E) is precompact if and only
if

(i) A is equicontinuous,

(ii) for each T < oo, there exists a compact set K C E such that {m(t) :
TeA tel,N[-T,T]} CK.

Proof Let A denote the closure of A, viewed as a subset of the space
K(R(E)), equipped with the Hausdorff topology. Then A is a precom-
pact subset of II(E) if and only if A is a compact subset of X(R(FE)) and
A C TI(E). By Lemmas and , A is a compact subset of K(R(E))
if and only if condition (ii) holds. To complete the proof, it suffices to show
that assuming that (ii) holds, one has A C TI(E) if and only if (i) holds.

We first show that (i) implies A C II(E). Assume that 7, € A converge
in the Hausdorff topology to a compact subset 7 C R(FE). To show that
7 € II(E), will apply Lemma [1.29 If (z,s), (y,t) € 7, then by Lemma [1.16]
there exist (z,,sn), (Yn,tn) € T, such that (z,,s,) — (x,s) and (y,,t,) —
(y,t). If s,t € [-T,T] and |t — s| < ¢, then for n large enough we have
Spytn € [T — 1,T 4 1] and |t, — s,| < 26. Since d(xp,y,) — d(x,y), it
follows that

lim sup mys(7) < lim sup sup my1.25(m,) = 0 (6>0, T < o0),
6—0 6—0 n

which by Lemma implies that 7 € II(E).

Assume now that (ii) holds but (i) fails. Then there exist T < oo and
¢ > 0 such that for each n > 1, we can find 7,, € A with mq1/,(7m,) > €. This
means that there exist =7 <'s,, < t, < T such that d(m,(s,), mn(tn)) > €
and t, — s, < 1/n. By (ii), A is a compact subset of IC(R(E)), so by going a
subsequence we may assume that 7, — 7 € KL(R(FE)). By going to a further
subsequence, we may assume that s, — s and t,, — ¢ for some s,t € [T, T].
But then s = ¢ since t,, — s, < 1/n. Let z, := m,(s,) and y,, := m,(t,). By
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(ii), we can select a further subsequence such that x, — x and y, — y for
some x,y with d(z,y) > . By Lemma [l.16, we have (x,?), (y,t) € 7 which
shows that m ¢ II(E) and hence A is not a subset of II(E). |

For real-valued paths, the compact containment condition of Theorem
[L.30] can be relaxed.

Theorem 1.31 (Arzela-Ascoli - real version) Assume that w, € II(R)
satisfy:

(i) {m, : n € N} is equicontinuous,

(ii) there exist t,, € I, such that sup, |t,| < oo and a compact set K C R
such that m,(t,) € K for all n.

Then {m, : n € N} is a precompact subset of II(R).

Proof For any set A C Rand r > 0, we write A" := {z € R:inf ey [z —y| <
r}. Then A" is a closed subset of R. If A is compact, then so is A”.

To prove the claim of the theorem, it suffices to check condition (ii) of
Theorem [1.30} It suffices to check this for T sufficiently large, so without
loss of generality, we can assume that t,, € [T, T] for all n. Fix ¢ > 0. By
equicontinuity, we can choose 6 > 0 such that |m,(s) — m,(t)] < e for all n
and s,t € I, N[=T,T] with |s —t| < §. Let K be the compact set from
condition (ii) above. Then m,(t) € K¢ for all t € I, such that |t —t,| < J,
and by induction, for each k¥ > 1, we obtain that m,(t) € K* for all t € I,
such that |t — t,| < kd. Choosing k large enough such that 0k > 27", we
see that {m,(t) : n € N, t € I,, N [-T,T]} € K*, so condition (ii) of
Theorem [1.30] is satisfied. |
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Chapter 2

The excursion

2.1 Scaling limit of simple random walk

Let (X)k>1 be ii.d. and uniformly distributed on {—1,+1}, and let

Sp=Y Xp  (n>0),
k=1

with naturally Sy := 0. Then (.S,,),>0 is a one-dimensional nearest-neighbour
random walk. It will be convenient to interpolate linearly. We set

Sei= (1 =)y + (t = [t])S (£ 20).
Then S = (S;)>0 is a random variable taking in the space

Co:={f €Cpx)(R) : fo=0}. (2.1)

Donsker’s invariance principle says that S, diffusively rescaled, converges to
Brownian motion. To formulate this properly, for A > 0, let 8, : R> — R? be
the diffusive scaling map defined as

Oxr(z,t) = Az, \*t) ((z,t) € R?). (2.2)

which we extend to a (clearly unique) continuous map 6, : R(R) — R(R).
For any subset A C R(R), we let yA denote the image of A under ). In
particular, we can apply this to S, which we can view as an element of the
path space II(R) and hence as a compact subset of R(R). For each £ > 0,
the diffusively rescaled path

S¢ = 0.8 (2.3)

29
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is then the random variable taking values in the space Cy defined as
Sy i=eS.-2 (t € eN).

The following fact is well-known. Below, we naturally identify the path
(Bi)i>0 of a Brownian motion with an element of the path space II(R).

Theorem 2.1 (Donsker’s invariance principle) One has
P[(S))z0 € -] = P[(B)zo € -], (2.4)

where (By)i>o i a standard Brownian motion and = denotes weak conver-
gence of probability measures on Cy, equipped with the topology of locally
uniform convergence.

As we have seen in Exercise [I.26] to formulate Theorem [2.1], it was in
fact not necessary to interpolate linearly. Instead, we can also view S as an
element of the path space II(R) with domain /g = N and then formulate
Theorem 2.1], as weak convergence in law of random variables with values in
II(R). However, in what follows, the linear interpolation will turn out to be
convenient for other purposes.

Note that combining Donsker’s invariance principle with Skorohod’s rep-
resentation theorem (Theorem [I.13)), one obtains that if ¢, are positive con-
stants tending to zero, then the random variables (S;™);>¢ for different values
of n can be coupled to a Brownian motion (B;);>¢ in such a way that

sup} S = Bi] — 0 as. VT < oo. (2.5)

We conclude this section with a well-known fact.

Lemma 2.2 (Brownian scaling) If B = (B;)i>0 is a Brownian motion
and X\ > 0, then the process B* := 0,\B is equally distributed with B.

Proof This is of course well-known, but it is interesting to observe that it
actually follows from Theorem [2.1] Indeed, the latter says that if €, > 0
converge to zero, then the processes 6., S converge weakly in law to B. Since
the map II(R) > 7 — @ 7 € II(R) is continuous, it follows that the processes
Ox, S converge weakly in law to B*. On the other hand, since €/, := \e,
are positive constants tending to zero, Theorem also tells us that the
processes .. S converge weakly in law to B, so B* and B must be equal in
law. This proof reveals a general fact: a probability law that arises as the
scaling limit of other probability laws must itself be scale invariant. |
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2.2 Brownian local time

Recall from ({2.1) that Cy is the space of continuous functions f : [0,00) — R
that satisfy fo = 0. We let

mi(f)i= inf fo  (t>0, feC) (2.6)

0<s<t

denote the running minimum of the function f. We will be interested in

g = fr — mu(f) (t >0).

We observe that g, > 0 and h; := —my(f) is a nondecreasing function that
increases only at times when g; = 0. The following lemma says that these
properties characterise g and h uniquely. Note that if h € Cy is nondecreasing,
then it is the distribution function of a measure on [0, c0), which we denote
by dh. Condition (iii) below says that this measure is concentrated on the
set {t € [0,00) : g(t) = 0}. This makes precise the intuitive concept that h
increases only at times when g; = 0.

Lemma 2.3 (Skorohod reflection) For each f € Cy, there exist unique
functions g, h € Cy such that

(i) g¢=fi+he (t>0),

(i) g > 0 and h is nondecreasing,

(iif) / Lgw>0ydh(t) = 0.
0
These functions are given by

9e = fe—mu(f) and hy = —my(f) (t>0). (2.7)

Proof (sketch) It is not hard to check that if we define g and h by (2.7),
then (i)—(iii) are satisfied. To prove uniqueness, it suffices to show that if
g,h and ¢', b/ both solve (i)—(iii), then ¢’ < g. Imagine that g; > g; for some
t > 0. Let s :=sup{u € [0,t] : g, = gu}. Then ¢/, > g, for all s <u <t. By
(i) we have b, = hy. Now

g —ge=(fi + ) = (fr + he) = b}, — hy. (2.8)

By (ii) we have ¢ > 0 and hence g/, > ¢, > 0 for all s < u < ¢, which by
(iii) implies that h; = h.. On the other hand, by (ii) /& is nondecreasing and
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hence h; > h,. It follows that the right-hand side of (2.8) is < Al — hy =0,
which contradicts g; > ¢;. |

We will especially be interested in the case that the function f from
Lemma is Brownian motion. In this case, the function g is reflected
Brownian motion, and h is its local time at the origin. To explain this in a
bit more detail, we need to take a small detour.

If (B¢)i>o is a d-dimensional Brownian motion, then we can define a
stochastic process (¢;);>0 taking values in the space M(R?) of finite mea-
sures on R? by

/Rdét(dx)f(x) :z/odsf(BS) (t >0, f € By(RY).

The random measure ¢, is called the occupation local measure of the Brownian
motion (By);>o. In particular

P Ry

is the amount of time the Brownian motion has spent inside a measurable
set A up to time ¢. In one dimension, it is well-known that ¢; has a density
with respect to the Lebesgue measure. The following theorem is originally
due to Trotter. The process (L;):;>o below is called Brownian local time.

Theorem 2.4 (Brownian local time) Let (B;)i>o be a one-dimensional
Brownian motion. Then almost surely, there exists a random continuous
function L : [0,00) x R — [0,00) such that

Jasti@s@ = [asfB) (20, 7 € Bu®Y)

Modern proofs of Theorem are based on Tanaka’s formula, which says
that

|By| = /Ot sgn(Bs)dBs + L(0) (t>0), (2.9)

where the integral is an [to0 stochastic integral. Tanaka’s formula can be used
as a definition of Brownian local time, for which one then proves the prop-
erties described in Theorem . For details, we refer to [McK69, Mey70],
RWST7]. In fact, in the remainder of this chapter, we will mostly work with
Tanaka’s formula as the definition of L;(0) and do not really need its inter-
pretation as local time in the sense of Theorem [2.4]
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Proposition 2.5 (Reflected Brownian motion) Let B = (B;)i>0 be a
standard Brownian motion and let (L:(0))t>o be its local time at 0. Let W =
(Wi)i>0 be another standard Brownian motion and let

Ay =Wy —my(W)  and Ly := —my(W) (t >0). (2.10)

Then
P[(|Bil, Le(0)) o € -] = P[(As; Le)izo € -]

Proof (sketch) Let (B;);>¢ be a Brownian motion and let

t
W, = —/ sen(By)dB,  (t>0).
0

It is not hard to show that W = (W;);>o is a Brownian motion. We will
show that A; = |B;| and L; = L;(0) (¢ > 0). We apply Lemma [2.3] Tanaka’s
formula says that |B;| = L;(0) — W (t > 0). Clearly | B;| is nonnegative
and L;(0) is nondecreasing and increases only when |B;| = 0. For the details,
we refer to [KS91, Thm 3.6.17]. |

2.3 Scaling limit of reflected random walk

Let S be the simple random walk defined in Section and let (R, K)o
be defined by

R := Sy —my(S) and K;:=—my(S) (t>0). (2.11)
It is easy to see that (R, Ki)ic[o,00) is the linear interpolation of the discrete
time process (R, K, )nen. Moreover, (R, )nen is a Markov chain with state
space N and transition probabilities
P(z,y) :P[Rn:y‘Rn,l :x} (x,y € N)

given by

Plz,z+1) =
Pz,xz—1) =

Y

?

’} (x> 0) and P0.1) =

N I— N
NI— N

In words, in each step, the process R,, jumps up or down by one with equal
probabilities, except when this would result in a negative value, in which case
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the chain stays in 0. We call (R,,),>0 a random walk with reflection at zero.
It is now easy to see that the process K from ([2.11)) is given by

k=1

Informally, K, counts the number of times the chain (R, ),>¢ has “attempted
to jump below zero”, but was reflected. The following theorem says that the
process (R, K) has a diffusive scaling limit.

Theorem 2.6 (Scaling limit of reflected random walk) Let (R, K)
be defined in and for each € > 0, let (R®, K¢) denote the diffusively
rescaled process

(R}, K;) := (eRe—2y, e K.—2) (t>0). (2.12)

Let B = (By)i>0 be a standard Brownian motion and let (L(0));>0 be its local
time at 0. Then

P(R;, K7)iz0 € ] v P[(|Bil, Le(0)) o € -]

where = denotes weak convergence of probability measures on C[O,oo)(]l@),
equipped with the topology of locally uniform convergence.

Proof We observe that
R; == S; —mu(S®) and K := —my(S°) (t >0),

where S¢ is the diffusively rescaled random walk defined in (2.3). It is
straightforward to check that the map

Co 2 [+ (9. h) € Clpoe)(R?)

defined in ([2.7)) is continuous with respect to the topology of locally uniform
convergence. Therefore, Theorem [2.1] implies that

P[(R?,Kf)tzo € } - ]P)[(AtaLt)tZO € ']7

e—0

where (A, Li)i>o is the reflected Brownian motion defined in (2.10). The
claim now follows from Proposition [2.5] [

Theorem [2.6] yields the following useful consequence.
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Lemma 2.7 (Scale invariance) Let (B;)i>o be a standard Brownian mo-
tion and let (L(0))s>0 s its local time at 0. Then

P[(IBil, Le(0) n € ] = P[(AlBa-2il, ALx-24(0)) 50 € -] (A>0).

t>0

Proof The proof is very similar to the proof of Lemma[2.2] As we observed
there, a probability law that arises as the scaling limit of other probability
laws must itself be scale invariant. In the present setting, we can make this
general principle precise as follows. Fix A > 0 and let ¢,, be positive constants

tending to zero. By (2.12)),
(R?EJ Kt)\s) = (/\Ri—%v AK?\—?t) (t > 0)7
so Theorem [2.6] tells us that

P[(R), K})i>0 € -] = P[(A|By-2|, ALx-2,(0)),., € -]

>0
However, \e,, are positive constants tending to zero, so Theorem also tells
us that

P(R}, K)o € -] = P[(| B, L:(0))

tZOE }

2.4 Excursion decomposition

We will be interested in the theory of Brownian excursions. Our exposition
is loosely inspired by [Rog89]. Recall from (2.1) that Cy is the space of
continuous functions f : [0,00) — R that satisfy fo = 0. We let

Ry = {(g, h):g,h € Cy, g >0, h is nondecreasing,
and [ Lig>opdh(t) = 0},

denote the set of pairs of functions (g, h) that satisfy conditions (ii) and (iii)
of Lemma . We view Ry as a subset of Cj ) (R?) and equip it with the
topology of locally uniform convergence. In Lemma 2.3 we have seen that
setting g; := fy —my(f) and hy := —my(f) defines a bijection f — (g, h) from
CO to Ro.

We now want to go one step further, and decompose the function g in
excursions away from zero. Recall that o, and 7., defined in , denote
the starting time and final time of a path . We define a space of excursions
by

(2.13)

E:={mrell([0,00)): 0 < 7 <00, I =1[0,7], m(0) =7(7x) =0}. (2.14)
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We call the final time 7, of an excursion 7 € £ the duration of w. We observe
that

Fo={r:I,=10,7], m(0) =0, and 7(7;) = 0 if 7, < o0}

is a closed subset of I1(]0, 00)) and £ is an open subset of F, so using Propo-
sition [1.4] we see that £ is a Polish space. We set

(2:::{71'6827}>0, 7(t) > 0V0 <t <7} (2.15)

We call elements of & PTOPET ELCUTSIONS.

Let h € Cy be nondecreasing. By definition, a plateau of h is an open
interval ¢« = (¢7,¢7) with 0 < ¢~ <+t < oo such that h,- = h,+, and no
strictly larger open subinterval of [0, 00) has this property. We set

Z(h) :={v: v is a plateau of h}. (2.16)
For brevity, we write
h,:=h- = h+ (t € Z(h)).

For each (g,h) € Ry and ¢ € Z(h), setting

7=t -1 and 7 i=g_,- (0<t<7)
defines an excursion 79" € £ with duration 7,. Given a function f € Cy and
functions (g, h) € Ry defined as in (2.7)), we set

2(f) == {(h,7") : € Z(h)}. (2.17)

We will especially be interested in the case that f is a (diffusively rescaled)
simple random walk, or Brownian motion. In this case, g is a reflected
random walk or Brownian motion and A is its reflection local time at the
origin. The set = records all excursions of the reflected random walk or
Brownian motion away from the origin together with the reflection local
time when such an excursion happens.

It follows from the way we have defined plateaus that h(r) # h(./) for
each ¢,/ € Z(h) with ¢ # /. We use this to define a function s — E*® from
[0, 00) to € by

m  if (s,m) € E for some 7 € &,
Es = (2.18)

0 otherwise,

where o € £ denotes the trivial excursion of duration 7, := 0.
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The excursion set Z(5) of the simple random walk S of Section is
easy to understand. Let (R, K) = (Ry, K)o be the (linearly interpolated)
reflected random walk defined in terms of S as in . We inductively
define t*(k) € N (k € N) by +=(0) := 0 and

(k) :=inf {i > (k) : K1 > K}, (k> 0)
C(k+1) =0 (k) +1 -

For each k € N, we define an excursion E* with duration 73, by
=00 (k) — (k) and Ef := Ry (0<t<m). (2.19)

Note that it may happen that 7, = 0, in which case E* = o, the trivial
excursion of duration zero. Then set of plateaus of the function K is

Z(K) = { (v (k)," (k) - k>0, (k) <" (k)},
and the excursion set =Z(.5) is given by
2(S) ={(k,E*) : k €N, E* # o}. (2.20)

For the reflected random walk, not all excursions are proper excursions, since
it may happen that R; = 0 for some ¢t~ (k) < i < ¢*(k). Since the process
“starts anew” after each increase of K, it is easy to see that:

The E-valued random variables (E*)*N are i.i.d. (2.21)

For Brownian motion, the situation is more complex, since we can no
longer enumerate the excursions by the time at which they occur. Nev-
ertheless, something similar to the i.i.d. property of still holds. The
following theorem is due to It6 [[to71]. The o-finite measure v below is called
the excursion measure.

Theorem 2.8 (Poisson set of excursions) There ezists a o-finite measure
v on € such that the set = is a Poisson point set with intensity measure L v,
where £ is the Lebesque measure on [0,00). The measure v is concentrated
on &.

As a preparation for the proof of Theorem [2.8 we make the following
observation.

Lemma 2.9 (Only proper excursions) The excursion set Z(B) of a
Brownian motion B is concentrated on the set of proper excursions &.
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Proof To show that = is concentrated on &, one has to show that L:(0)
increases each time B; hits zero. By Proposition [2.5] one may equivalently
show that if a Brownian motion W = (W});>¢ is started at some initial state
Wy =x >0 and 7 := inf{t > 0: W, = 0}, then W immediately crosses the
time axis, i.e., inf{t > 0 : W, < 0} = 7y. By the strong Markov property,
it suffices to show that Brownian motion started in zero immediately crosses
the time axis, which is well-known. [ |

Proof of Theorem (crude sketch) In Section [2.6) we will give a proof
of Theorem based on finite approximation. Traditionally, there is a ten-
dency to view such proofs as uglyH Whether that is a good philosophy is
questionable. Here, we sketch the outline of a classical proof using stochastic
analysis.

The idea is to show that for each measurable A C &£, the process

Ny(A):=Z([0,s] x A)  (s>0)

is stationary with independent increments, and moreover, if Ay,..., A, are
disjoint, then the processes (Ng(A1))s>0,- -, (Ns(An))s>0 are independent.
For each deterministic s > 0, the random time

ps =1inf {t > 0: L,(0) > s}

is a stopping time for the Markov process (|By|, L+(0));>0. Using the strong
Markov property for the stopping time pg, one obtains that

(|1Bp,+t], Lp,++(0) — Lﬂs(o))tzo is independent of (|B], Lt(o))OStSps’
and equally distributed with the original process (|By|, L+(0))¢>o. Using this,
one obtains that for any 0 < s; < s9, the increment Ni,(A) — Ny, (A) is
independent of the restriction of Z to [0,s1] x £ and equally distributed
with Ny, (A), i.e., the process (Ns(A))s>o is stationary with independent
increments as claimed. Using also that it is a pure jump process one can now
apply abstract results to conclude that = must be a Poisson point set with
the claimed properties. |

It is possible to “invert” the decomposition into excursions and recon-
struct a reflected random walk or reflected Brownian motion from the set =
defined in (2.17). The construction is slightly different in the discrete and

'For example, it seems the main reason, apart from some minor inaccuracies, why the
original proof of the Jordan curve theorem was not widely accepted, was that it used
discrete approximation.
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continuous cases. For the reflected random walk (R, K;):>0, we set

Ps =S + Z Tr (S Z 0)7

(u,m)EE: u<s

K;:=sup{s > 0:ps <t} (t >0), (2.22)
Ry:=E[l, (t >0).

For the reflected Brownian motion (|B;|, L;(0)) g We set

Ps = Z Tx (S > 0),

(u,m)EE: u<s

Li(0):=sup{s >0:p, <t} (t >0), (2.23)
|Bl|:=Ei%), (n>0).

The only difference between these formulas is in the definition of the func-
tion (ps)s>0, which is the inverse of the reflection local times (K}):>o and
(L+(0))s>0, respectively. In the discrete case, compared to the continuum
case, we have to add a term +s to to the definition of ps. This has to do with
the fact that K, increases at speed one during the times when R; is zero,
while L,(0) increases at infinite speed during the times when |B,| is zero.

Formula shows how to construct the absolute value of Brownian
motion, i.e., the process (|B;|)i>0, together with the local time at the origin
of (Bt)i>0, from a Poisson set of excursions. In a similar way, one can also
construct the Brownian motion (B;):>¢ itself (instead of its absolute value).
The idea is to assign signs to the excursions that are i.i.d. and uniformly
distributed on {—1,+1}. It is also interesting to consider signs that are
i.i.d. but not uniformly distributed on {—1,+1}. In this case, one obtains a
Markov process known as skew Brownian motion.

The following proposition is a consequence of Brownian scaling. As be-
fore, we view paths as compact subsets of R(R) and we let 6,7 denote the
image of m under the diffusive scaling map 6, defined in . In this way,
in below, we naturally view 6, as a map from & to £.

Proposition 2.10 (Diffusive scaling) The excursion measure v from The-

orem [2.8 satisfies
voli'=x\  (A>0). (2.24)

Proof Let (B;):>¢ be a standard Brownian motion and let (L(0));>¢ be its
local time at 0. Fix A > 0 and set

B} :=ABy-2, and L}(0) := ALy-2(0)  (t>0).
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By Lemma the processes (|By|, Li(0))s>o and (| B, L}(0))s>0 are equally
distributed. Define = and Z* as in (2.17) in terms of (|By|, L;(0))s>o and
(B}, L(0))s>0, respectively. Then

== {(Xs,0\m) : (s,m) € E}.

Since both = and =* are Poisson point sets on [0,00) x £ with intensity
measure ¢ ® v, we see that the measure ¢ ® v is equal to its image under the
map

(s,m) — (As, O\mr).
In particular, for any measurable A C £, we have
A(A) =L@ v([0,\] x A)
=@ v([0,1] x 6, (A)) =vob'(A).

2.5 Standard excursions

We continue our study of the excursion measure v from Theorem [2.8] We let

H, = {m e £: sup 7(t) > r} (r >0) (2.25)

0<t<ry

denote the set of proper excursions that have height at least r. The next
lemma determines v(H,).

Lemma 2.11 (Height of the excursion) Let v be the excursion measure
from Theorem[2.8. Then

v(H,)=r""  (r>0). (2.26)

Proof Let (B;):>o be a standard Brownian motion and let (L:(0));>¢ is its
local time at 0. Let

o, =L, with 7, :=inf {t >0:|By| = 7"}.

Then
o, :=inf {s > 0:EN([0,s] x H,) # 0}.

By Theorem o, is exponentially distributed with mean 1/v(#H,). By
Tanaka’s formula ([2.9), |B:| — L(0) is a martingale. By optional stopping,
it follows that

]E“Bnl\t’] = E[LTrAt(())] (t = O)'



2.5. STANDARD EXCURSIONS 41

Letting t — oo, using the fact that L, »,(0) increases to L, = o,, and using
dominated convergence for the left-hand side, together with |B, | = r, we
obtain that E[o,] = r and hence v(H,.) = 1/r. |

Since 0 < v(H,) < oo for each r > 0, we can define a conditional proba-
bility laws v( - |H,) on € by the usual formula

ANH,)

v(
AlH,) = AeBE)).
vAlp) = I (A€ B(E))
For each excursion E € H,., we let
op, =inf{t >0: E, =r} (2.27)

denote the first time the excursion F reaches the height r. As before, 75
denotes the duration of F.

Lemma 2.12 (Conditional excursion law) For each r > 0, under the
conditional law v(-|H,), the process
(EUE,T+t)OSt§TR_O—E,T

15 distributed as a Brownian motion started at r and stopped at the first time
it hits zero.

Proof (sketch) Let (B;);>¢ be a standard Brownian motion. Let
o =1inf{t >0:|B/| =7}, o2:=inf{t>o}:|B/|=0},
and ¢! :=sup{t < o} : | By = 0},

roe

and let E € £ be the excursion with duration 75 := 02 0?0 defined by

Ey = Byoyy (0<t < p).

Then FEj is the first excursion in the Poisson point set = of Theorem [2.§| that
has height > r. Using the strong Markov property of Poisson point sets, one
sees that E is distributed according to the conditional law v(-|H,). Using
the strong Markov property of Brownian motion, one sees that

(BJ} -‘rt)OStSJ% —ol

is distributed as a Brownian motion started at r and stopped at the first
time it hits zero. |

We let )
Dy={me&:m >t} (t>0)

denote the set of excursions that have duration at least t. The next lemma
determines v(D;).
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Lemma 2.13 (Duration of the excursion) Let v be the excursion mea-
sure from Theorem[2.8. Then

2
V2T

Proof of Lemma We define H, as in (2.25)) and for each E € H, we
define op, as in (2.27)). As before, 75 denotes the duration of E. For each
t > 0, we set

v(Dy) = t=2 (> 0). (2.28)

Hyt = {E €H, :Tg >0, —|—t},

i.e., these are all excursions that reach the height r and after that live for at
least time ¢. Lemma [2.12f implies that

v(Hey) = v(H,)P[r+ By > 0V0 < s < ],

where (B;)i>o is a standard Brownian motion. It is a consequence of the
reflection principle that

T 1,2
— 5T
e 2t dux.

P[T+BS>0vogsgt}:P[|Bt|§r}:/

—r V2mt

Using Lemma , which tells us that v(H,) = 7!, it follows that

2rt1/2
V271

Letting » — 0, using the fact that #,, increases to D;, the claim follows. W
We let

v(Ht) = T_l[ + O(r2)} as r — 0.

S i={rel =1} (2.29)

denote the space of excursions of duration one and set (2,’1 =& NE. A random
variable whose law is the probability measure 14 from Proposition below
is called a standard Brownian excursion.

Proposition 2.14 (Decomposition of the excursion measure) Let p
be the measure on (0,00) defined as
1
p(dt) = ——t73/2dt. (2.30)
V2

2T

There exists a probability measure vy on & such that the excursion measure
from Theorem is the image of the measure p @ vy under the map

(0,00) x & 2 (¢, f) 04 €E. (2.31)
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Proof (sketch) The map in (2.31)) is invertible. Its inverse is the map
E>mr (Tﬂ,ﬁl/ﬁﬂ) € (0,00) ® &,

where as before 7, denotes the duration of an excursion # € &£. Let u
be the image of the excursion measure v under this inverse map. Then
Proposition [2.10] implies that

poyt =Au where (s, f):i=(Ns, f) (A\s>0, fe&). (232

Using the fact that by Lemma [2.13] v(D;) is finite, it follows that we can
decompose 1 as

u(dX,df) = pdN)P(A, df)
for some probability kernel P (compare Theorem [1.5) . By -, A,
does not depend on A, so in fact 1= p @ vy for some probability measure V1
on &. The scaling relation moreover implies that

p(A, oo)) =Mp([t.0)) (Mt >0),
which shows that there exists a constant ¢ > 0 such that
p([t,00)) = ct/? (A>0).

The correct formula for the constant ¢ follows from Lemma .13 [

2.6 Scaling limits of excursions

In this section, we give a proof of Theorem [2.§ based on finite approximation.
As a side result, we obtain that if S° are the diffusively rescaled simple
random walks defined in and let B is a standard Brownian motion,
then the excursion sets Z(S5%) defined in converge in an appropriate
sense to Z(B).

We first need a few definitions. By definition, a local subset of the set of
excursions & is a measurable set A C £ such that o € A, where A denotes the
closure of A and o denotes the trivial excursion of duration 7, := 0. Similarly,
a local subset of [0, 00) x & is a measurable set B C [0, 00) x &€ such that

B C[0,5] x A for some S < oo and local A C €.

We say that a measure v on & is locally ﬁm’teﬂ if v(A) < oo for all local
A C &. Similarly, we say that a measure p on [0,00) x & is locally finite if

2We use this term in an unusual sense here. More usually, a measure u on a locally
compact space X is called locally finite if 1(K) < oo for each compact K C X. The space
£ is, however, not locally compact, so such a definition would not make much sense in our
setting.
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u(B) < oo for all local B C [0,00) x £&. When X = & or = [0,00) x &, we
let Myo.(X) denote the space of locally finite measures on X'.

The support of a measurable real function f defined on a topological space
X is the set

supp(f) :={x € X : f(z) # 0},
where the overbar denotes closure. In the special case that X = &£ or =
[0,00) x &, we define a local function on X to be a measurable function
f+ X = R such that supp(f) is a local subset of X. We let Cioc(X) denote
the space of all local bounded continuous functions on X and we let M, (X)
denote the space of all locally finite measures on X.
Let X be a Polish space and let (z;);c; be a countable collection of points

in X. Then
§:=) b, (2.33)
el
defines a counting measure on X. In particular, if = is a countable subset of
X, then = defines a counting measure by

2= b (2.34)

TEE

Note that &= is simple, in the sense that =({z}) < 1 for all z € X. In
general, counting measures of the form (2.33)) need not be simple, since it
may happen that z; = =, for some i # j. We often tacitly identify countable
subsets of X with their associated counting measures. In particular, we say
that a countable subset = of X = & or = [0, 00) X & is locally finite if {&= has
this property.

Let ¢ : X — [0, 1] be measurable and let (x;):e; be independent Bernoulli
random variables (i.e., variables with values in {0, 1}) with P[x; = 1] = ¢(x;).
Then the random counting measure

5/ = Z XZ(Sa:l

i€l

is called a ¢-thinning of £. In the special case that X is either £ or [0, 00) X &,
we let My (X) denote the space of all locally finite counting measures on X'
Then

Ky(&, -):=P[¢ €]
defines a probability kernel on MV,.(X). Generalising our earlier definition of

a thinning, when & and & are random locally finite counting measures on X,
then we say that £’ is a ¢-thinning of £ if

PE' e - |€] = K4(&, -).
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For any counting measure £ of the form (2.33)) and measurable ¢ : X — [0, 1],

we introduce the notation

¢§ — ch(ivz) — eff(dx) log ¢($)’

el

with the convention that e=> := 0. If £’ is a ¢-thinning of £, then it is easy
to see that

P[¢' = 0] =E[(1 - ¢)$].
We say that @ on a measurable space X' is nonatomic if p({z}) = 0 for all

z € X. Recall that a counting measure ¢ is called simple if {({z}) < 1 for
all z € X. We need the following result

Theorem 2.15 (Poisson counting measure) Let pu be a locally finite
measure on [0,00) x €. Then there ezists a random locally finite counting
measure & on [0,00) X € such that

E[(1-¢)5] = e~ Jodu (2.35)

for each measurable ¢ : [0,00) x € — [0,1]. The law of & is uniquely de-
termined by the requirement that holds for all local continuous ¢. If
By, ..., B, are disjoint measurable local subsets of [0,00) x &, then

&(B1),...,&(By,) are Poisson distributed with mean u(By), ..., 1(By).

If v is nonatomic, then & is almost surely simple.

Formula has an interpretation in terms of thinning. Let ¢u denote
the measure p weighted with the density ¢. If £’ is a ¢-thinning of £, then
&' is a Poisson counting measure with intensity measure ¢u. In particular,
if [¢du < oo, then the number of points of ¢ is Poisson distributed with
mean [ ¢du < oo, and hence P[¢' = 0] = exp(— [ ¢ dp), which is formula
(12.35)).

We now turn our attention to the proof of Theorem We will use
discrete approximation. Let S be the simple random walk from Section [2.1}
let S° be the diffusively rescaled random walk from (2.3)), and let B be
standard Brownian motion. We recall from that the excursion set of
S is given by

[1]

(S) = {(k,E*) : k €N, E* # o},

3This is largely standard, but many sources such as [Kal97, Chapter 10] treat only
locally compact spaces. Oir definition of local finiteness is also nonstandard.
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where (E¥)F<N are the i.i.d. excursions from ([2.21)). It follows that
=(5%) = {(ck,0.E%) : k € N, E* # o}, (2.36)

Note that in view of , we have to rescale the reflection local time &
by a factor € and not by 2. We will prove Theorem together with the
following theorem, which describes the tail of the law of E, i.e., in the small
probabilities of very large excursions.

Theorem 2.16 (Tail of the excursion law) Let v be the excursion mea-
sure from Theorem[2.8 One has

e 'E[g(0.E°)] — [ g(m) v(dn) (2.37)

e—0 <

for each g € Cipe(E).

The proof of Theorem depends on two technical results, the proofs
of which will be postponed till the next section. Recall from (2.1)) that

CO = {f < 6[0700)(R) . fo = O}

Lemma 2.17 (Locally finite excursion set) For each f € Cy such that
liminf, ,o f; = —00, the set Z(f) defined in is locally finite.

We have seen in that it is possible to couple diffusively rescaled ran-
dom walks S* and a Brownian motion B such that almost surely S*» — B
locally uniformly. The following theorem says that then also the associ-
ated excursion sets converge. In below, we identify the countable sets
=(S°") and =Z(B) with their associated counting measures as in (2.34)).

Theorem 2.18 (Scaling limit of excursion sets) Let ,, be positive con-
stants tending to zero, let S be the diffusively rescaled simple random walk
defined in and let B be a standard Brownian motion. Assume that these
random variables are coupled as in . Then the excursion sets Z(S") and

E(B) defined in almost surely satisfy

(1-¢)=57) — (1-¢)=(B) (2.38)

n—o0

for all local continuous ¢ : [0,00) x € — [0, 1].

Proof of Theorems and Let €, be positive constants tending
to zero. We fix a local continuous function g : & — [0,1] and a continuous
compactly supported function A : [0,00) — [0,1]. Then ¢(s,7) := h(s)g(n)
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defines a local continuous function ¢ : [0,00) x &€ — [0,1]. Applying Theo-
rem [2.18] using bounded pointwise convergence to interchange the integral
and the limit, we see that

E[(1 - ¢)=5™)] — E[1 - ¢)ZB)]. (2.39)
n—oo
By (2.21)) and ({2.36]), we can rewrite the left-hand side as

E[(1- )= =T] (1 - h(snk)E[g(eanEo)D.

k=0

By going to a subsequence, we can assume that

G, :=¢,'E[g(0-,E°)] — G €[0,00].

n—oo

We claim that then

n—oo
The claim is trivial if A = 0, so we assume h # 0 without loss of generality.

We use the concavity of the logarithm and Riemman sum approximation of
the integral to estimate

log E[(1 — qS)E(SEn)} = Zlog <1 — snGnh(snk)>

o0

< —Ghnen Y _h(enk) — =G [ h(t)dt.
k=0

n—o0 0

This already proves the statement when G = oo, so it suffices to prove the
other inequality under the assumption that G < co. Then ¢,G,, — 0 while
h <1, so

log (1 - 5nGnh(5nk)> — e, Goh(enk) + O(2).
Since h is compactly supported, only O(e;!) terms in the sum are nonzero,
so the claim follows easily. Using (2.39), we now see that the limit G has

to be the same for each subsequence, so for each local continuous function
g : € — [0, 1], there exists a constant v(g) € [0, 00| such that

5;1E[g(95nE0)] _ v(g). (2.40)

Formula ([2.39)) moreover tells us that for any local continuous g : € — [0, 1]
and continuous compactly supported h : [0,00) — [0, 1],

B[ T] (- hs)gm)] = e Jo” O,

(s,m)EZ(B)
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By Lemma , the set Z(B) is a.s. locally finite, so only finitely many
factors in the product are different from one. If A < %, then the product is
with positive probability positive, which proves that v(g) < oo for each local
continuous g : £ — [0, 1]. Combining this with (2.40)), we see that there must
exist a locally finite measure v on £ such that

v(g) = / v(dr) g(),

and (2.40)) holds more generally for bounded local continuous g : € — R. To
complete the proof, it suffices to prove that =Z(B) is a Poisson point set with
intensity measure ¢ ® v. By Theorem [2.15] it suffices to show that

E[(1— ¢)Z(B)] = e~ Jo ds [er(dm)o(s,m)

for each local continuous ¢ : [0,00) x & — [0,1]. Our arguments so far
already show that this is true for ¢ of the formf] ¢(s,m) = h(s)g(m) with
local continuous ¢g : € — [0,1] and continuous compactly supported h :
[0,00) — [0,1]. We again use and setting gs(m) 1= ¢(s,7), we write

log E[(1 - ¢)=5™)] = 3 log (1 - E[gank(é’gnEO)D,
k=0
where we can estimate

log (1 — E[gank(&gnEO)]) = —¢, /y(dﬂ)genk(w) +O(£2).

The claim then follows from Riemann sum approximation to the integral. B

2.7 Limits of excursion sets

In this section we provide the proofs of Lemma and Theorem [2.18], which
are still missing.

Proof of Lemma and Theorem [2.18| The main work is the proof
of Theorem [2.18, We will obtain Lemma as a side result. If the map
Co > f = Z(f) were continuous with respect to the sort of convergence we
are considering, then the statement of Theorem [2.18 would be trivial. This
is not true, but we will show that if B is a Brownian motion, then the map

41 actually do not know if this is already enough to conclude that Z(B) is a Poisson
point set with intensity measure ¢ ® v.
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f — Z(f) is almost surely continuous in the point B € Cy, which is all we
need.

We will prove the following statement. Assume that f,, f € Cy satisfy
fn — f locally uniformly, that liminf, .., f(t) = —oo, and that =(f) is
concentrated on [0,00) x £. Then

(1= =) — (1-¢)=) (2.41)
for all local continuous ¢ : [0,00)xE — [0, 1]. Note that this is a deterministic
statement: the only way randomness enters our proof is in the fact that if B
is a Brownian motion, then almost surely liminf, ,,, B, = —o0o and Z(B) is
concentrated on [0, 00) x &, which follows from Theorem

Assume, therefore, that f,, f € Cy satisty f, — f locally uniformly,
that liminf, . f(t) = —oco, and that Z(f) is concentrated on [0, 00) x €. Let
(gn, hy) be defined in terms of f,, as in and let (g, h) be similarly defined
in terms of f. Let Z(h) denote the set of plateaus of h, i.e., an open intervals
of maximal length on which h is constant, and let Z(h,,) be the plateaus of
P

Let ¢ = (¢7,¢") € Z(h). Our assumption that Z(f) is concentrated on
[0,00) X & means that the function g is strictly positive on ¢. The locally
uniform convergence g, — g then implies that for each ¢ > 0, the function
g must be strictly positive on (¢~ + ¢,.T — ¢) for all n large enough. Since
h, increases only at times when g, is zero, this then implies that h, must be
constant on (v~ +¢&,t7 —¢).

On the other hand, since ¢ is a maximal interval on which A is constant,
h(t) < h(c™) for all t < = and h(eT) < h(t) for all /& < ¢. The locally
uniform convergence h,, — h then implies that for each £ > 0, the function
h,, is not constant on (.~ —e,1" +¢) for all n large enough. These arguments
show that for each plateau ¢ € Z(h) and for each ¢ < g¢ := (¢ —17)/3, there
exists an m(e) such that for all n > m(e), there exists a (clearly unique)
plateau j € Z(h,) with |35 — | < e. For n > m(gy), we let ¢, (1) := 7 denote
this plateau, and we define ¢, (¢) in an abritrary way for the remaining values
of n. Then clearly the left and right boundaries of the plateau ¢, (¢) satisfy

on(1)F — 0% (2.42)

Let (s,m) € Z(f) denote the excursion of g corresponding to the plateau

t, and let ¢, (s,m) € Z(f,) denote the excursion of g, corresponding to the

plateau ¢,(¢). Using the fact that g, — ¢g and h,, — h locally uniformly, we
see that

Un(s,m) —> (s,m) (2.43)

n—o0
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in the topology on [0, 00) X £.
For each S < oo and § > 0, let us set

Zss(h) == {t € Z(h) : h(4F) < S, o7 =1 > 6},

and define Zgs(h,,) similarly. We claim that for large n, the map ¢, is a
bijection from Zgs(h) to Zgs(h,) and hence 1, is a bijection from Zg5(f) to
Ess(fn). Let T :=sup{t : h(t) < S} and T,, := sup{t : h,(t) < S}. Then
T < oo by the assumption that liminf, ,, f(t) = —o0 and T,, — T by the
fact that h, — h locally uniformly. Since all plateaus ¢ € Zg s are contained
in [0,77, the set Zgs(h) can contain at most 7'/ elements and is therefore
finite. It follows from and that for large enough n, the map
¢n, maps the space Zgs(h) into Zgs(hy,). It follows immediately from our
definition of ¢,, that this map is also one-to-one for n large enough.

To see that it is moreover surjective for n large enough, assume that
conversely, for infinitely many values of n, there exists a 3, € Zgs(h,) that
is not the image under ¢,, of some ¢ € Zgs(h). Since 3, C [0,7T,], by going to
a subsequence, we can assume that 7= — j* for some interval 5. But then h
has to be constant on j, which implies that j C ¢ for some ¢ € Z(h). But this
implies that j, has nonempty intersection with ¢, (¢) for all n large enough,
which leads to a contradiction.

For S < oo and 4§, > 0, let us set

[1]

5575(]0) = {(S,?T) €
=5() ={(s.m) €

(f):s<S, 7>},
(f):s<S, sup w(t)>e}.

0<t<rr

(11

There is a one-to-one correspondence between Zg5(f) and Zg45(f). We have
just proved that the former is ﬁniteﬁ for each S and 9, and hence the same
is true for the latter. We claim that

Ve > 030 > 0s.t. Z5(f) C Ess(f) (S < 00). (2.44)

As before, let T := sup{t : h(t) < S}. Let mqs(f) be the modulus of continu-
ity defined in . If there exists a (s, 7) € Zg. such that (s,7) & Zg5(f),
then mrs(f) > . Now follows from the fact that by Lemma [1.29]
for each € > 0, there exists a 6 > 0 such that mqs(f) < e. By the same
argument, using the equicontinuity of the functions f,, which follows from

5This part of the argument used that liminf; ,,, f; = —oo and hence T := sup{t :
h(t) < S} is finite, but it did not need the assumption that Z(f) is concentrated om
[0,00) x E.
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the fact that f,, — f and The Arzela-Ascoli theorem (Theorem [1.30]), we see
that

Ve > 030 > 0s.t. Z5(fn) C Zs6(fn) (n>1, S <o0). (2.45)

We are finally ready to prove (2.41). Fix a local continuous function
¢ :]0,00) x £ = [0,1], and let A := supp(¢) be its support. We claim that
there exist 9,¢ > 0 such that

Vome AT, >§or sup m > €. (2.46)
0<t<7x

Indeed, if does not hold, then there exist m, € A with 7, < n~! and
SUPg<i<,. M < n~'. But then m, — o, the trivial excursion, which contradicts
the fact that A is closed with o ¢ A. Using and (2.45)), we see that
there exists a 6’ > 0 such that

{(S,ﬂ') €EZ(f):s<S, e A} CZss(f).
{(s,m) €E(fn) :5< S, me A} CEse(fn) (n>1).

Using and the fact that for large n, the map 1, is a bijection from the
finite set 254 (f) to Zgs(fn), we see that holds. This completes the
proof of Theorem [2.18

Along the way, we have established that if f € Cy satisfies liminf, . f; =
—o00, then the set

{(3,7?) €=Z(f):s< S, WGA}

is finite for each S < oo and A C & that is closed with o € A, proving
Lemma 2.17 |

2.8 Large random walk excursions

Let (R, K) = (Ry, K¢)i>0 be the (linearly interpolated) reflected random walk
defined in (2.11]), and let

To - — inf {Z eEN: Ki+1 > Kl} and EO = (Rt)ogtgq—o, (247)

i.e., £ is the first of the i.i.d. excursions (E¥)*N of (R, K) defined in .
Note that since Ry = 0 = R,, and up to time 7y, the reflected random walk
R steps up or down in each time step, 7y is almost surely an even number. In
Theorem [2.16] we have seen that the Brownian excursion measure v describes
the tail of the law of E, i.e., the small probabilities of very large excursions.
In the present section, our aim is to prove the following theorem.



52 CHAPTER 2. THE EXCURSION

Theorem 2.19 (Scaling limit of large excursion) Let ¢, := 1/v/2n.
Then
P[0.,E° € -| 1o =2n] = 1y, (2.48)
n—oo

where vy is the law of the standard Brownian excursion, defined in Proposi-
tion [2.14.

Despite its apparent simplicity, the proof of Theorem [2.19| is quite tricky
and we will not completely prove it in this section. We will get quite close,
however, and indicate what needs to be done to complete the proof. We
want to use excursion theory to prove Theorem [2.19, This may seem natural,
but apparently a proof using this approach has been published only fairly
recently in [LeGI10, Thm 6.1]. That paper is concerned with a class of discrete
excursions that is more general than the one we consider, but also a bit
different so that Theorem is not formally included in [LeG10, Thm 6.1]
although it is very similar.

The proof of Theorem [2.19] needs some preparations. We say that a
measure p on (0,00) is locally finite if p([s, S]) < oo for all 0 < s < S < oc.
We say that a sequence of locally finite measures p, on (0,00) converges
vaguely to a limit p if

o0

/0 o)) — [ p(at) h)

n—oo 0

for all continuous compactly supported h : (0,00) — R. We postpone the
proof of the following simple lemma till later.

Lemma 2.20 (Integrals along paths) Let w,, 7 € II(R) be paths such that
I, =1[0,00) and I, C [0,00) for allm. Let p,,p be locally finite measures on
(0,00) such that p,, is concentrated on I, for each n. Assume that w, — 7
in the topology on path space II(R) and that the p, converge vaguely to p.
Then

| entaonm @) = [ ptantoreto
0 e Jo
for each continuous compactly supported h : (0,00) — R.

For each m € 2N := {2n : n € N}, we let 1, denote the conditional law
fm =P[O, m E° € |70 =m]. (2.49)

For any bounded continuous funtion g : & — R, we write

(timrg) = /g i) g(m).

We will need the following technical result, that we will not prove in this
chapter.
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Proposition 2.21 (Equicontinuity of conditional laws) Letg: & — R
be bounded and continuous. For each § € (0,1], let 7° € TI(R) be the path
defined by

L :=20°NN[l,00) and 7°(t):= (us=2,9) (t€ ). (2.50)
Then the paths {m° : § € (0,1]} are equicontinuous.

Proof of Theorem Let g : & — R be bounded and continuous and let
h : (0,00) — R be continuous and compactly supported. Define f: & — R
by

f(m) == h(1x)g(01)ymm) (7 #0),
with f(o) := 0. Then f is bounded and continuous with o & supp(f), so
Theorem 2.16] tells us that

S'E[f(0:E°)] — / v(dr) f(r). (2.51)
=0 Je
By Proposition , we can rewrite the right-hand side of as
[t 1w = r.0) [ staonce 252
0

where p is the measure in . We rewrite the left-hand side of as
5*1E[f(95E0)]
=6t Z P[ro = m]h(6°m)E[g(60, /m E°) ‘7‘0 = m]

me2N

= 571 Z P[TO = m}h(ézm) <Nm;g>7

me2N

where (f1,,, g) denotes the integral of g with respect to the measure p,, defined

in (2.49)). Using the definition

ps =0 P[ro = 2n]0ssn,

n=1
we can rewrite (2.51)) as
| pstatn® s aeg) — ) [ pnne. @5
0 —0 0

Assume that 6,, € (0, 1] satisfy 6, — 0. Applying (2.53) with g the function
that is constantly one and general h, we see that the measures ps, converge
vaguely to p as n — oo. Let

tn :=inf (202N N1, 00))
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and let m, € II(R) be the path defined by

<:U’6;2tag> if ¢ Z 1?

I, =20N and m,(t) = ,
<lu6;2tnug> ift <1

By Proposition [2.21], the paths 7, are equicontinuous. Since g is bounded
and p5-24, is a probability measure, there exists a compact set C' C R such
that m,(¢) € C for all n and ¢ € I, . Therefore, by the Arzela-Ascoli theorem
(Theorem [1.30), {7, : n € N} is a precompact subset of II(R). As a conse-
quence, by Lemma [I1.2] to show that the paths m, converge in the topology
on II(R) to a limit 7, it suffices to show that all cluster points of the sequence
7, are the same.

Assume that a subsequence ,(,) converges as m — oo to a limit 7 €
II(R). Then clearly I, = [0, 00). By Lemma [2.20}

[e.9]

/0 ) P, (d)h(t)mn(t) — [ p(dE)h(t)m (1) (2.54)

n—o0 0

for each continuous compactly supported h : (0,00) — R. Since the paths
7, are constant on [0, 1], their limit 7 must have the same property. If h :
(0,00) — R is continuous and compactly supported with supp(h) C [1, 00),

then combining (2.53) with (2.54) we see that
| ptaniomo = wg) [ otannto.
0 0

Since 7 : [0,00) — R is a continuous function, the measure p in has a
density with respect to the Lebesgue measure, and h is arbitrary, we conclude
that m(t) = (11,g) for all t > 1. Since 7 is constant on [0, 1], this equality
extends to ¢t > 0. This proves that the only cluster point of the sequence 7,
is the constant path

ﬂ-(t): <V17.g> (tZO)a
and hence by Lemma T, — 7 in the topology on II(R). This clearly
implies ([2.48)), so the proof is complete. |

We conclude this chapter by providing the proof of Lemma [2.20]
Proof Lemma [2.20 We claim that

sup | m,(t) — w(t)] — 0 (T < 00).
t€[0,T)N Iy, n—o0

This can be proved directly by the same sort of arguments as used in the last
paragraph of the proof of Lemma Alternatively we can extend m, to
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[0,00) by linear interpolation and constant extrapolation and use Exercises
[1.26]and [T.27] to see that the extended paths also converge to 7 in the topology
on II(R). Then Lemmall.25 implies that the extended paths converge locally
uniformly to 7, which implies the claim.

Choosing T large enough such that supp(h) C [0,7] and setting

En = sup ‘ﬂ-n(t) - ﬂ-(t> )
te[0,T)N 1,

we can now estimate

[ taommo - [ pannon)

< gn/ puld8)|1(8)] + ‘/ pu(dD)R(E)(t) —/ ()R (1)
’ ’ (2.55)
Here the second term on the right-hand side tends to zero since t — h(t)m(t)
is a continuous compactly supported function and p, — p vaguely. Since
t — |h(t)] is also a continuous compactly supported function, we moreover
have that

| entanlnol — [ st |ace)]
0 0

which shows in particular that

lim sup /000 pn(dt)|[h(t)] < oo

n—oo

and hence the first term on the right-hand side of (2.55)) tends to zero. W
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Chapter 3

The tree

3.1 Graphs

By definition, a graph is a pair G = (V, E) where V' is a set and E is another
set whose elements are subsets of V' containing precisely two elements. A
finite graph is a graph for which V' (and hence also F) are finite. Elements
of V' are called vertices and elements of E are called edges. Two vertices v, w
are called adjacent if {v,w} € E. The number of vertices w that are adjacent
to v is called the degree of the vertex v. A graph isomorphism between two
graphs G = (V. E) and G' = (V', E’) is a bijection ¥ : V' — V' such that
{Y(v),¥(w)} € E"if and only if {v,w} € E. If such an isomorphism exists,
the graphs are called isomorphic. A subgraph of G = (V,E) is a graph
G' = (V', E’) such that V' C V and E' C E.

Two vertices v,w € V are disconnected if there exists a subset W C V
such that v € VAW, w € W, and {v/,w'} & E for all v/ € V\W and v’ € W.
Two vertices that are not disconnected are called connected. We write v «~ w
if v is connected to w. It is easy to see that «~ is an equivalence relation on
V. The equivalence classes are called the connected components of G.

A cycle is a nonempty finite connected graph in which each vertex has
degree precisely two. A tree is a nonempty connected graph G that does not
contain cycles, i.e., there exists no subgraph G’ of G that is a cycle. In a
tree, vertices of degree one are called leaves and all other vertices are called
internal vertices. A binary tree is a tree in which each vertex has degree 3
or 1. A path is a finite tree in which each vertex has degree at most two.

If G = (V,E) is a path, then we can enumerate the elements of V' as
V =A{wvo,...,v,} withn >0 and vy # v, for all 0 < k < I < n, in such a way
that £ = {{vx_1,vx} : 1 <k < n}. The integer n is called the length of the
path and vy and v,, are called its endvertices. If G = (V, E) is an arbitrary
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graph and v,w € V, then a path connecting v and w is a subgraph G’ of G
such that G’ is a path and v and w (which may coincide) are its endvertices.

A walk in a graph is an ordered sequence (vy,...,v,) of vertices with
n > 0 such that {v;_1,v,} € E for all 1 < k < n. Note that contrary to
paths, walks can pass more than once through the same vertex. We call n
the length and we call vy and v,, its endvertices. We also say that the walk
connects vy and v,,.

If G = (V,E) and v,w € V, then one can check that the following
conditions are equivalent:

(i) v ew w,
(ii) there exists a path connecting v and w,
(iii) there exists a walk connecting v and w.

The graph distance d(v,w) between two vertices v,w € V is the length of
the shortest walk connecting v and w if such a walk exists, and d(v, w) := oo
if there does not exist a walk connecting v and w. One can check that d is
a metric on V. By our earlier remarks, d(v,w) < oo if and only if v «w w.
Each walk of length d(v,w) connecting v and w is actually a path. One can
check that a graph G = (V| F) is a tree if and only if for each v,w € V| there
exists a unique path connecting v and w.

If T'=(V,E) is a tree, then for each x1, 9, x5 € V, there exists a unique
point ¢ = ¢(z1, x9,x3) € V such that

d(zi,x;) = d(x;, ¢) + d(c, x;) Vi, j € {1,2,3}, i #J.

The point c(xq, x9, x3) is called the branch point of x1, x5, x3. Trees can be
characterised entirely in terms of the branch point map ¢ : V3 — V, which
must satisfy certain axioms. This leads to the theory of algebraic trees, which
we unfortunately have no time to elaborate on in these lecture notes.

3.2 Random trees
A labeled tree is a tree T' = (V, E) with a given vertex set V. We let

T(V):={(V,E): (V,E) is a tree}

denote the set of all trees with a given vertex set V. Cayley’s formula says
that

T({1,...,n})| =n"2  (n>1).
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If L is a finite set, then a cladogram on L is a binary tree (V, E) that
has L as its set of leaves. Two cladograms 7" = (V, F) and 7" = (V', E')
on the same set L are called isomorphic if there exists a graph isomorphism
Y V. — V' that preserves the leaves, i.e., ¥(v) = v for all v € L. We let
C(L) denote the set of all cladograms (up to isomorphism) on a given set of
leaves L. It is easy to see that a cladogram with n > 2 leaves has 2n — 3
edges. We can create a cladogram with n + 1 leaves from one with n leaves
by adding a vertex in the middle of an existing edge and then attaching a
new leaf to this vertex. Using this, it is easy to prove the inductive formula

IC{1,...,n+1})|=(@2n=3)[C{L,....n})| (n>2).

A rooted treeis a tree T' = (V, E') with one specially marked vertex @ € V|
which is called the root. Two rooted trees T'= (V, E) and 7" = (V', E’) are
called isomorphic if there exists a graph isomorphism v : V — V' that
preserves the root, i.e., ¥(@) = @. In a rooted tree, for each {v,w} € F,
either d(@,v) = d(&,w) — 1 or d(@,v) = d(,w) + 1. In the first case, we
say that w is a child of v and in the second case, we say that w is the parent
of v. Note that parents are unique.

Recall that in an unrooted tree, vertices of degree one are called leaves.
In rooted trees, the convention is slightly different and the word leaf is used
for vertices without children. Vertices that are not leaves are called internal
vertices. For rooted trees, the definition of a binary tree is also somewhat
different. A rooted tree is binary if each internal vertex has precisely two
children. When we make a picture of T, we draw the root at the bottom and
we draw the children of a vertex above the vertex[] The children, together
with all their children and their children, recursively, are called the descen-
dants of a vertex. Similarly, the parent, the parent of the parent, and so on
are collectively called the ancestors of a vertex.

A natural way of attaching labels to the vertices of a rooted tree is as
follows. Let T denote the space of all finite words i = i; - - -4, (n € N) made
up from the alphabet N, = {1,2,...}. We denote the length of a word
i=14y---i, by |i| == n and let @ denote the word of length zero. We define
the concatenation ij of two words i,j € T withi=14y---4, and j=j;---J,
by ij :== 41 tmJ1 - Jn- A plane tree is a nonempty subset U C T with the
following properties:

(i) ifiy---i, € Uand n > 1, then iy -+ i,y € U,

(i) if 4y ---4, € U and ¢, > 1, then ¢y -+ - 4,1 (3, — 1) € U.

IThis is a difference between mathematics and computer science. In computer science,
the root of a tree sits at the top and the leaves at the bottom of the tree.
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For each word i = 4y ---4, € T with length n > 1, we write T =0yl
Then condition (i) says that i € U for all i € U\{@}. Note that (i) implies
that @ € U. We view U as a rooted tree with root @ and set of edges

E:={{i,i}:i e U\{o}}. (3.1)

Because of condition (ii), for each i € U, there is a k; € N such that

ijeU ifand onlyif 1< j <k;. (3.2)
Then i is the parent of i and il,...,ik; are its children. When we make a
picture of U, above each vertex i, we draw its children il,... ik; ordered

from left to right. Note that in general, when we draw a rooted tree, there
is no prescribed order in which to draw the children of a vertex. Therefore,
there are different ways of drawing the same rooted tree in the plane. There
is (essentially) only one way of drawing a plane tree in the plane, which
explains their name. We set

Uy, := {U: U is a plane tree with n + 1 vertices}. (3.3)
We will be interested in random rooted trees. We let
To:=T(O0,...,n})

denote the set of all labeled trees with vertex set {0,...,n}. A natural way
to create a random rooted tree with n + 1 vertices is to first pick a labeled
tree at random according to the uniform distribution on the set 7,, call 0
the root, and then forget about the labels of all vertices other than the root.
Another way is to choose a random plane tree with n+1 vertices according to
the uniform distribution on U,,, and then again forget about all labels except
for the label @ of the root. It is easy to check (for example for n = 2,3, 4
where the calculations can still be done by hand) that these two procedures
are not equivalent, i.e., they lead to different distributions on the set of all
(non-isomorphic) rooted trees with n + 1 vertices.

Branching processes also provide a natural way to construct random
rooted trees. Let p = (px)r>0 be a probability distribution on N, and let
(Ki)ier be i.i.d. with common law p. Then

U:={i1 - in €T g1 < Ky, VO < k <n} (3.4)

defines a random plane tree. We call this the Galton-Watson tree with off-
spring distribution p = (pi)r>o0. If U is such a Galton-Watson tree, then
setting

X, =|{ieU:lif=n}| (n>0) (3.5)
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defines Galton-Watson branching process (X,)n>0 with initial state Xy = 1.
Such a process describes a population in which each individual, independently
of the others, produces a number of children with offspring distribution p.
Let

(p) = pik (3.6)

denote the mean of the offspring distribution. A branching process is called
suberitical if (p) < 1, eritical if (p) = 1, and supercritical if (p) > 1. It is
well-known that, excluding the trivial case that p; = 1, a Galton-Watson tree
U is a.s. finite if and only if the branching process is subcritical or critical.

There is a convenient way of coding plane trees in terms of random walk
excursions. By definition, a discrete interval is a set of the form

Ler)={l,....r}={ke€Z:I<k<r} (3.7)

with I,r € Z. A contour function (also called Dyck pathED of length 2n is a
function f: [0 :2n] — N such that

f0)=f(2n)=0 and |f(k)—f(k—1)|=1 (0<k<2n). (3.8)
We set
D, :={f: f is a contour function of length 2n}. (3.9)
Each f € D, defines a pseudo-metric d’ on [0 : 2n] by

df(x,z):f(x)—l—f(z)—ZIg;f(y) (0<z<z<2n).

We write  ~7 2z if df(2,2) = 0 and let T := {z : © ~/ 2} denote the
equivalence class containing z. Then setting d/(Z,%) := d/(z, 2) (z,2 € [0 :
2n)]) defines a metric on the set of equivalence classes V/ := {z : x € [0 : 2n]}.
It is not hard to check (picture!) that

d’ is the graph distance on a tree T(f) = (V/, E/) with vertex set V/.

The children of a vertex € V/ are naturally ordered from left to right, so
we can naturally equip T'(f) with the structure of a plane tree. Let U(f)
denote the resulting plane tree. It is not hard to see (picture!) that the map

D, > f=U((f) eU, (3.10)

is a bijection, i.e., for each plane tree U with n 4 1 vertices there exists a a
unique contour function f of length 2n such that U = U(f). We call f the
contour function of U.

2After the German mathematician Walther Franz Anton von Dyck.
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Lemma 3.1 (Geometric offspring distribution) Let 0 < p < 1 and let
U be a Galton-Watson tree with offspring distribution p, = p*(1—p) (k > 0).
Then

P[U € -|[U| =n+1] (3.11)

1s the uniform distribution on U,

Proof Let U be a Galton-Watson tree with offspring distribution p;, = p*(1—
p) (k > 0), and let U € U, be a fixed plane tree U with n + 1 vertices.
Let k; denote the number of children of i € U. Then using the fact that
Y icu ki = n, we see that

JHU:U]:IhWO—p%qfﬂ—MM4 (n>0,Ucld,). (3.12)

Since the right-hand side depends only on n and not (otherwise) on U, we see
that the conditional law of U given that U € U, is the uniform distribution
on U,. |

Remark Let S = (Si)r>0 be a random walk on Z with Sy = 0 and transition
probabilities

P[Snﬂ :$+1|Sn:x} =p, IP’[SnH :1:—1|Sn:$] =1-—p. (3.13)
Define a random variable N with values in N U {oo} by
2N +1:=inf{k >1:5, = —1}. (3.14)

On the event that N < oo, let F' be the random element of the space Dy of
contour functions of length 2N defined by

F(k) =8  (0<k<2N). (3.15)
Then
PI(N.F)=(n, /)] =p"(1L— )" (020, feD),  (316)

where we have used that up to the time 2N + 1, the random walk S makes N
upward jumps and N + 1 downward jumps. Comparing this with , we
see that the planar tree U(F') associated with the random contour function F
is a Galton-Watson tree with geometric offspring distribution. More precisely,
if N is the random variable in and U is a Galton-Watson tree with
offspring distribution p, = p*(1 —p) (k > 0), then

P[U(F) = U, N < oo] = P[U = U]
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for each finite planar tree U. In particular, if p < 1/2, then N < oo a.s. and
U(F) and U are equal in law.

For labeled trees, a similar result to Lemma is known to hold if the
geometric distribution is replaced by a Poisson distribution with mean one.

For each n > 0, let U,, be a random plane tree with n + 1 vertices, chosen
according to the uniform distribution on U,. We will be interested in the
shape of the tree U,, when n is large. In Section below, we will see
that the trees U,,, properly rescaled, converge in distribution to a continuum
random tree whose contour function is the standard Brownian excursion. To
formulate this properly, in the next sections, we start studying continuum
trees.

3.3 The Gromov-Hausdorff metric

A homeomorphism between two topological spaces A and B is a bijection
1 : A — B such that both ¢ and 1! are continuous. Two topological
spaces are homeomorphic if such a homeomorphism exists. An isometry
between two metric spaces (V,d) and (V',d') is a map ¢ : V. — V' such that

d'(p(x),9(y) = d(x,y)  (z,yeV).

It is easy to see that if ¢ : V' — V' is an isometry and ¢ (V') := {¢(z) : x € V'}
is the image of V' under v, then ¢ : V' — (V) is a homeomorphism. Two
metric spaces (V,d) and (V, d’) are called isometric if there exists a surjective
isometry from V to V.

We will be interested in the set of all complete separable metric spaces up
to isomorphism. We have to be a bit careful with our terminology here, since
there is no such thing as the “set of all complete separable metric spaces”,
just as talking about the “set of all sets” entails the risk of running into
paradoxes such as Russel’s paradox. We will argue that nevertheless, it is
possible to define a set that we can effectively interpret as “the set of all
complete separable metric spaces up to isomorphism”.

By definition, the Hilbert cube is the set [0, 1], equipped with the product
topology. By Tychonoff’s theorem, [0, 1]Y is compact. It is easy to see it is
also metrisable. A possible choice for the metric is

d(x,y) ==Y 27 [@n = yal.
n=0

If A C [0,1]N is a subset of the Hilbert cube, then we equip A with the
induced topology from [0, 1]N. Then A is a metrisable space. It is moreover
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second countable and hence separable. The following well-known lemma says
that each separable metrisable space is homeomorphic to a space A of this
form.

Lemma 3.2 (Set of all separable metrisable spaces) FEach subset A C
0, 11N, equipped with the induced topology, is a separable metrisable topologi-
cal space. Moreover, for each separable metrisable topological space B, there
exists a subset A C [0,1]N such that A is homeomorphic to B.

Proof (sketch) A subset of [0, 1], equipped with the induced topology, is
clearly metrisable and first countable, which implies that it must be separable
too. Now let B be an arbitrary separable metrisable topological space and let
d be a metric generating the topology on B. Since B is separable, there exists
a countable dense set D C B. For each z € Dandn > 1, let f,,, : B — [0,1]
be the function f,,,(y) := (1 — nd(z,2)) V 0. Since D x N is countable, we
can enumerate its elements as

D x Ni = {(z,n;) :i € N}
Let A C [0,1]N be the image of B under the map ¢ : B — [0, 1]" defined as

@D(m) = (fzi,ni (x))ieN'
Then one can check that v is a homeomorphism from B to A. |

By Proposition , if A is a subset of the Hilbert cube [0, 1], then there
exists a complete metric d on A that generates the induced topology from
[0, 1]V if and only if A is Gs-set. With this in mind, we define M to be
the set of all pairs (A,d) such that A is a Gs-subset of [0,1]N and d is a
complete metric on A that generates the induced topology from [0, 1]N. As
an immediate consequence of Lemma [3.2] we obtain:

Lemma 3.3 (Set of complete separable metric spaces) FEach complete
separable metric space (V,d) is isometric to an element (A,d’") € M.

Let us write (V,d) ~ (V’,d’) to indicate that the complete separable
metric spaces (V,d) and (V',d') are isometric. Then ~ is an equivalence
relation on M. We let Ml denote the set of equivalence classes. For each
complete separable metric space (V,d), we define [V, d] € M by

V,d] = {(A,d) € M: (V,d) ~ (A, d)}.

We say that (V,d) is a representant of the equivalence class [V,d] € M.
We can view M as the set of all complete separable metric spaces, up to
isomorphisms, while avoiding the paradoxes of naive set theory.
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Let (V;,d;) (1 = 1,2) and (V,d) be three metric spaces. By definition,
a joint isometric embedding of Vi and V4 in V is a pair ¥ = (11,15) of
isometries ¥; : V; = V (i =1,2). We let

T(Vi,Va) == {(A,d,¢)) : (A, d) € M, s a joint

(3.17)
isometric embedding of V; and V5 in A}.

We recall that each compact metric space is complete and separable. With
this in mind, we let

M, := {[V,d] € M : (V,d) is compact }

denote the set of all compact metric spaces, up to isometry. The Gromouv-
Hausdorff metric is the metric dgg on M, defined as

den(Vi, Vo) := _inf  du(v1(V1),v2(V2)), (3.18)
(A, dap)eT (Vi,V2)

where dy is the Hausdorff metric on the space of compact subsets of (A, d),
defined in (L.5). The fact that dy is a metric on M is proved in [BBIOI,
Thm 7.3.30]. The Gromov-Hausdorff metric was invented by Edwards in
[EdwT75] and independently by Gromov in [Gro81]. A good source of infor-
mation about the Gromov-Hausdorff metric is [BBIOI, Chapter 7]. See also
[Eva0g].

By definition, a correspondence between two sets V and ) is a set R C
V' x Y such that for each x € V, there exists at least one y € Y such that
(r,y) € R, and likewise, for each y € ), there exists at least one x € V
such that (z,y) € R. If (V;,d;) (i = 1,2) are metric spaces and R is a
correspondence between V; and V5, then the distortion of R is defined as

dis(R) := sup {‘dl(xl,yl) . d(xg,y2)| (21, w2), (Y1, 12) € R}‘

In words, this is how much the distance between two points z,y; in Vj
can maximally change when we replace them by corresponding points xs, yo
in V5. It is clear that if there exists a correspondence between two metric
spaces that has a small distortion, then these metric spaces are “similar”.
The following result, which we cite from [Eva08, Thm 4.11], relates this to
the Gromov-Hausdorff metric.

Proposition 3.4 (Distortions and the Gromov-Hausdorff metric)
For any [V1,d4], [Va, ds] € M., one has

deu(V1,V2) = %RERi?Vfl Vz)dis(R), (3.19)

where R(Vy, Va) denotes the set of all correspondences between Vy and Vs.
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Formula ([3.19)) is often easier to work with as a definition of the Gromov-
Hausdorff metric than (3.18)), since it is often easier to construct a correspon-
dence between two metric spaces than a joint isometric embedding in a third
space.

3.4 The Gromov-weak topology

The support of a finite measure p on a Polish space V', denoted supp(pu), is
defined as

supp(p) := ﬂ {ACV:Aisclosed and pu(V\A) =0}.

It is well-known that p(V\supp(r)) = 0, so supp(p) is the smallest closed
subset of V such that p is concentrated on it. Moreover, if V' is another
Polish space and v : V' — V' is a continuous map, then

supp (o ™) = ¥ (supp(n)),

i.e., the support of the image measure p o 1~! is the image under v of the
support of .

By definition, a metric measure space (mm-space) is a triple V = (V. d, )
where (V,d) is a complete separable metric space and p is a probability mea-
sure on V' (equipped with the Borel-g-algebra). Two mm-spaces V = (V. d, u)
and V' = (V' d', ') are isomorphic if there exists a map v : supp(p) —
supp(y’) such that

po=pop™t and d'(¢(x),¥(y)) = d(z,y) Va,y € supp(p).

We call such a map v an isomorphism of mm-spaces. In words, the first
property says that ¢ : V. — V' is measure-preserving. The second property
says that 1 is an isometry from supp(u) to its image under ¢). Combining this
with the measure-preserving property, it is easy to see that ¥ : supp(u) —
supp(y') must be surjective, so ¢ is an isometry between the metric spaces
(supp(p), d) and (supp(y'), d').

It follows from this definition that if (V,d, ) is an arbitrary mm-space
and we set V’ := supp(u) and choose for d’ and g’ the restrictions of d and
i to supp(p), then (V,d,pn) and (V' d', ) are isomorphic. Thus, if we are
only interested in mm-spaces up to isomorphisms, then we can without loss
of generality assume that supp(p) = V. There are, nevertheless, sometimes
reasons to allow for the case that V' is strictly larger than supp(u). For
example, it may happen that the metric space (V, d) has a certain additional
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structure (such as the structure of a real-tree, to be discussed below) that
the smaller metric space (supp(u),d) does not have.

Recall that M is the space of all pairs (A, d) such that A is a Gs-subset
of the Hilbert cube [0,1]" and d is a complete metric on A that generates
the induced topology from [0,1]N. In the previous section, we defined an
equivalence relation on M by setting (A,d) ~ (A, d’) if (A,d) and (A, d)
are isometric, and we showed that the resulting set of equivalence classes M
could be interpreted as the set of all complete separable metric spaces, up to
isometry.

For metric measure space, we can carry out a similar construction. We
let MM denote the space of all triples (A, d,u) with (A,d) € M and p a
probability measure on A. We write (V,d, ) ~ (V',d’, i) to indicate that the
mm-spaces (V,d, u) and (V',d', /') are isomorphic. Then ~ is an equivalence
relation on M M. We let MM denote the set of equivalence classes. For each
mm-space (V,d, u), we define [V, d, u] € MM by

Vid, p] = {(A,d', i) € MM = (V,d, p) ~ (A, d', ') }.

We say that (V, d, 1) is a representant of the equivalence class [V, d, ] € MM.
Informally, we can view MIM as the set of all mm-spaces, up to isomorphisms.

Let V = (V,d, 1) be an mm-space and let X,..., X, be i.i.d. V-valued
random variables with common law p. Then setting

DulVI(i,j) = d(X;,X;) (1<i,j<m)

defines a random metric on the finite set {1,...,m}. We view D,,[V] as
a random variable with values in ]Rm2, the space of all real functions on
{1,...,m}* We cite the following theorem from [GPW09, Thm 1].

Theorem 3.5 (The Gromov-weak topology) Let MM be the set of all
mm-spaces, up to isomorphisms. Then it 1s possible to equip MM with a
metric d such that

(i) (MM, d) is a complete separable metric space,
(ii) d(Va, V) = 0 if and only if P[Dy,[V,] € -] = P[D,u[V] € -] for each

n—oo
m > 1.

Since a metrisable topology is uniquely characterised by its convergent
sequences, property (ii) uniquely characterises a topology on MIM. We call
this the Gromov-weak topology. Property (i) says that MIM[, equipped with
the Gromov-weak topology, is a Polish space. Note that Theorem implies
that if V = (V. d, p) and V' = (V', d’, i) are mm-spaces such that D,,[V] and
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D,,[V'] are equal in law for all m > 1, then V and )’ are isomorphic, which
in itself is already a nontrivial statement.

There are several possible choices for a metric d on MIM with properties
as described in Theorem [3.5] Two possible choices are the Gromov-Prohorov
metric and the Gromov-Wasserstein metric; see [GPWO09, Prop. 10.5], which
moreover lists two further metrics that generate the same topology but are
not complete. Another metric, originally introduced in [Gro01l, Chapter 3%},
was shown to be equivalent to the Gromov-Prohorov metric in |[Lohl13|. For
brevity, we describe only one of these metrics, the Gromov-Prohorov metric.

Recall from that J(V1, V) denotes the set of all joint isometric
embeddings (A, d, ¥) of the metric spaces (V;,d;) (i = 1,2) in a metric space
(A,d) € M. By definition, the Gromouv-Prohorov metric is the metric on
MM defined as

dep(V1,Va) = _inf dp (,ul opr ! pg o %_1), (3.20)
(Avde)ej(vlyvé)

where dp is the Prohorov metric on Mj(A) defined in Section [L.4] The fact
that dgp is a metric on MM is proved in [GPWQ9, Lemma 5.4], [GPW09,
Prop. 5.6] says that the space (MM, dgp) is complete and separable, and
[GPW09, Thm 5] says that d(V,,V) — 0 if and only if P[D,[V,] € -] =
P[Dy[V] € -] as n — oo for each m > 1. Together, these results imply
Theorem [3.5 In particular, they show that dgp generates the Gromov-weak

topology.

We will be interested in weak convergence of probability measures on
MM. Let V = [V,d, pu] be an MM-valued random variable and conditional
on V, let Xy,...,X,, beiid. V-valued random variables with common law
p. Then setting

defines a random metric on the finite set {1,...,m}.

Lemma 3.6 (Convergence in law of random mm-spaces) Let V,,V
be random variables with values in MIML. Then the following statements are
equivalent:

(i) ]P[Vn € } = ]P’[V € -}, where = denotes weak convergence of

n—oo

probability measures on MM, equipped with the Gromov-weak topology.

(i) P[Din[V0) € -] = P[Dn[V] € -] for each m > 1.

n—o0
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Proof (sketch) Let [V,d,u] € MM and let ¢ := p ® --- ® u denote the
product measure on V™. Each bounded continuous function ¢ : R™ — R
defines a function ®? : MM — R by

V(Vid )= [ iAo )
Then
(V) = E[p(Dn[V]) | V],

and hence (ii) is equivalent to the statement that

E[2°(Va)] — E[2°(V)]
n—oo
for each m > 1 and bounded continuous function ¢ : R™ — R. Based on
Theorem one can show that the Gromov-weak topology on MM is the
weakest topology that makes the functions ®¢ : MM — R continuous for all
bounded continuous function ¢ : R™ — R. In particular, the functions ®%
are bounded and continuous, so the implication (i)=-(ii) is trivial.

To prove the converse, one needs to prove that the class of functions of
the form ®¢ is convergence determining. It is not hard to see that they are
closed under multiplication, i.e., if ¢; : R™ — R (i = 1,2) are bounded and
continuous, then we can find a bounded continuous v : R(™1+72)* 5 R such
that

PN (V)D2(V) = oV (V).

Since the functions ®? also generate the topology on MM, one can now
apply an old result of Le Cam [Cam57] to conclude they are convergence
determining. For the details, we refer to [Lohl3, Cor. 2.8]. It is interesting
that the functions ®® are not dense in the space of all bounded continuous
functions ® : MM — R, see [Loh13, Remark 2.6]. Very often, one proves that
a class of continuous functions is distribution determining by showing that
it is dense, but in this case, this approach does not work, even though the
function class of interest is distribution determining and even convergence
determining. |

Remark Let V; = (Vi,d;, p;) (1 = 1,2) be mm-spaces. Recall from Sec-
tion that C'(u1, p2) denotes the space of all couplings of py and ps, i.e.,
C'(p1, f12) is the space of all probability measures 1 on V; x V5 whose first and
second marginals are p; and po, respectively. For each € > 0, let us define

D. C (V1 x V)% by

D. := {((z1, 1), (22,32)) : |da(w1, 91) — da(22,30)| > €}
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Then we can define the distortion of a coupling n € C'(u1, o) as
dis(n) :=inf {e > 0:n@n(D.) <e},

where 1 ® 1 denotes the product measure on (V; x V3)?. Here are some
questions that I do not know the answer to. Does setting

dV1,V2) == inf  dis(n) (3.21)
n€C (p1,12)

define a metric on the space MM? Is d(Vy, V) — 0 equivalent to convergence
in the Gromov-weak topology? An affirmative answer to these questions
would allow one to characterise Gromov-weak in terms of distortions, simi-
lar to Proposition [3.4f Anita Winter [personal communication] thinks that,
probably, the answer to these questions is positive, and it should not be hard
to prove so.

3.5 The four-point condition

In Section we defined when a graph G = (V| F) is a tree. We also saw
that the vertex set V' of a graph, equipped with the graph distance d, forms a
metric space (V,d). Since E = {{v,w} : d(v,w) = 1}, all information about
the graph G = (V, E) is contained in the metric space (V,d).

In this section, we generalise the concept of a “tree” to more general
metric spaces. Let (V,d) be a metric space such that

d(z,y) < oo Vr,yeV.

We will be interested in the following conditions on (V,d).

(i) Four-point condition d(z1,x2) + d(z3,24) < (d(z1,23) + d(22,24)) V
(d(xl, xy) + d(xs, xg)) for all x1, 20, 23,24 € V.

(ii) Branch point condition For each xy, 9,23 € V, there exists a ¢ € V
such that d(z;, z;) = d(z;,c¢) +d(c, z;) for all 4,5 € {1,2,3}, i # j.

As we will see in a moment, the four-point condition (i) already goes a long
way towards saying that the metric space (V,d) is, in some way, a tree. By
definition, a weighted graph is a triple (V, E,{) where G = (V, E) is a graph
and ¢ : E — (0,00) is a function that assigns to each edge e € E a positive
length ((e). If (vo,...,v,) is a walk in G, then we call

n

Z g({kal, Uk})

k=1
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the length of the walk. The length distance d(v,w) between two vertices
v,w € V is the length of the shortest walk connecting v and w, if such a
walk exists, and d(v,w) := oo otherwise. Note that in the special case that
l(e) =1 for all e € E, this yields the usual graph distance. One can check
that the length distance d is a metric on V' and d(v,w) < oo if and only if
v and w are connected. A weighted tree is a weighted graph (V, E,{) such
that (V, E) is a tree. The following theorem says that finite metric spaces
satisfying the conditions (i) and (ii) are, basically, weighted trees.

Theorem 3.7 (Length distance) Let (V,d) be a finite metric space. Then
(V,d) satisfies the four-point condition (i) if and only if there exists a weighted
tree T'= (W, E, () such that V.C W and d is the length distance on T. The
metric space (V,d) moreover satisfies the branch point condition (ii) if and
only if T = (W, E,{) can be chosen such that V =W.

Proof Conditions (i) and (ii) are inspired by [ALWI17, Def. 1.1], where some
further information may be found. See also [Eva08, Theorem 3.38].

To get a better understanding of the four-point condition, let xq,..., x4
be four elements of V. There are three ways of partitioning {z1, ..., x4} into
two sets of cardinality two. Let us set

A: (xl,l'z) —|—d(l’3,$4),
B: (33’1,1'3) —|—d(l‘2,$4),
: L1, T4

C:=d( )+ d(z2, x3).

d
d

The four-point condition gives us
A<BVC, B<AvVC(C, and C<AVB. (3.22)

By symmetry, we can without loss of generality assume that A < B < C.
Then it is easy to see that (3.22)) is equivalent to B = C. If zy,...,24y CV

are all different from each other, then we write {x1, xo}|{x3, 24} if
d(x1,x9) + d(3, 14) < d(21,23) + d(x2, 24) = d(x1,24) + d(22, 23). (3.23)

Then the four-point condition says that each set A C V with |A| =4 can be
partitioned as A = {x1,z2} U {23, 24} in such a way that {1,z }{zs, 24}
If the inequality in is strict, then such a partition is unique.

By definition, a weighted cladogram on a given set of leaves V' is a triple
(W, E,{) where (W, E) is a binary tree with set of leaves V and and ¢ :
E — [0,00) is a function that assigns to each edge e € E a nonnegative
length ((e). The length distance d(z,y) between two vertices z,y € W in a
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weighted cladogram is defined just as in the case of weighted graphs. In the
present setting, this is only a pseudo-metric since we allow for edges of length
zero. For any finite (pseudo-) metric space (V,d), we say that the (pseudo-)
metric of V' is generated by a weighted cladogram if there exists a weighted
cladogram (W, E, ¢) with set of leaves V' such that d corresponds to the length
distance. In case d is a metric, it is not hard to see (picture!) that this is
equivalent to the statement that there exists a weighted tree (W', E’, ¢') such
that V. C W’ and d corresponds to the length distance on (W', E',¢'). In
particular, if the metric of V' is generated by a weighted cladogram, then
we can always contract all vertices at distance zero from each other in the
cladogram to obtain a weighted tree such that the metric on V' corresponds
to the length distance in this tree.

It is easy to see (picture!) that if a (pseudo-) metric on a finite set V' is
generated by a weighted cladogram, then it satisfies the four-point condition.
We need to prove the converse. If (V,d) is a metric space, then for any
X1, 29,23 € V we define

d($1|$2, LU3> = % [d(xl, .732) + d(.flfl, %3) — d(xg, .133)} s
which is nonnegative by the triangle inequality. Clearly
d(x1,z9) = d(xq|z2, x3) + d(22|71, 23).

If the pseudo-metric on (V, d) is generated by a weighted cladogram (W, E, ¢),
then
d(xy,c) = d(x1|xe, x3), d(xe,c) = d(xs|xy,3),
and d(z3,c) = d(xs3|xy1, z2),

where ¢ = c(x1,x9,23) denotes the branch point of zy,xs,x3, defined in
Section B.11

By definition, a cherry of a cladogram (W, E) is a pair of leaves {cy, ¢}
such that the branch point ¢(cq, ¢, ) does not depend on x € V\C. If all
edges have positive length, then it is not hard to see that this is equivalent
to the statement that the length distance satisfies

{Cl,CQH{I’l,fEQ} Vxl,xg € V\C, T 75 9. (324)

Generalising, in any pseudo-metric space (V,d) that satisfies the four-point
condition, we take as the definition of a cherry.

We can pick a cherry. Let (V,d) be a pseudo-metric space that satisfies
the four-point condition and let C' = {¢1,c2} C V be a cherry. We set
V"= (V\C) U {c}, where ¢ is an element not contained in V\C, and define
a symmetric function d’ : V' x V' — [0, 00) by

d(c,c):=0, d(x,c):=d(z|c1,c2), d(x,y):=d(x,y) (x,y € V\O).
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We call (V’,d’) the reduced space obtained by picking the cherry C. For any
finite pseudo-metric space (V,d) with |V| > 3 that satisfies the four-point
condition, we will prove the following claims:

I. (V.d) contains a cherry.

IT. If (V’,d’) is the reduced space obtained by picking a cherry from (V, d),
then (V' d') is a pseudo-metric space that satisfies the four-point con-
dition.

We first show how these statements imply what we want, namely, that if a
finite pseudo-metric space (V,d) satisfies the four-point condition, then its
pseudo-metric is generated by a weighted tree. The proof is by induction on
the number of elements of V. If V' contains just two elements x1, 9, then we
connect these by an edge of length d(x1,x2) and we are done. Now assume
that the statement is proved for all spaces with at most n elements. Let (V, d)
be a pseudo-metric space with n + 1 elements that satisfies the four-point
condition. Then by I, (V,d) contains a cherry C' = {c1,ce} C V. Let (V',d')
with V' = (V\C) U {c} be the reduced space obtained by picking the cherry.
By II, (V’,d') is a pseudo-metric space that satisfies the four-point condition.
By the induction hypothesis, the pseudo-metric on V" is generated by a
weighted cladogram. We extend this cladogram by connecting ¢; (i = 1,2)
to ¢ by edges of length

d(ci, c) = d(c;, x) — d(x|cq, c2) (1=1,2), (3.25)

where x is any element of V\C. We need to show that our definition does
not depend on the choice of x. By symmetry, it suffices to prove the claim
for i = 1. Filling in the definition of d(x|c, c2), we see that

d(c1,¢) = $[d(z, 1) — d(z, ¢2) + d(c1, e2)].

To see that this does not depend on the choice of x € V\C, it suffices to
show that for each z1, 25 € V\C,

d(l’l, Cl) — d(l’l, CQ) = d(l’g, Cl) — d(l’g, CQ),

which holds by and . Recalling the definition of the metric d’
on V' we see from that d(c;,z) = d(ci, ¢) + d'(c,z) (x € V\C), from
which we see that the metric on (V,d) corresponds to the length distance on
the exended tree. This completes the induction step.

It remains to prove I and II. We start with the proof of I, which needs
some preparations. The four-point condition implies that {z, o }|{x3, x4} is
equivalent to

d(xy,z3) + d(xg, x4) = d(1, 4) + d(22, T3).
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As a result, it is easy to see that
{a17a2}|{bl,bg} and {a2,a3}|{b1,b2} 1Inply {al,a3}|{b17bg}. (326)
Indeed, subtracting the equalities

d(al, bl) + d(ag, bQ) d(
and d(ag, bg) + d(ag, bl) = d(

as, b2) + d(ag, b1>
asg, bl) + d(ag, b2>
we obtain

d(al, bl) — d(ag, bl) = d(al, bg) — d((l3, bg)
= d(al, bl) + d(ag, bg) = d(CL17 bg) + d(ag, bl),

proving (13.26)). For any z1,..., x4, we write
d(x1, xa|ws, 24) = [d($1,$3) + d($2,$4)} - [d(l’l,i@) + d($37$4)]-
Using the four-point condition, we make the following simple observations:

d(zy, xo|zs, x4) >0 implies {z1,z2}|{x3, 24},

{z1, 2o }|{xs, x4} implies d(z1,za]x3,24) >0 (3.27)

Moreover:
d(xq, x9|xs, x4) = d(x9, 21|74, x3), and (3.28)
{z1, 2o }|{xs, x4} implies d(z1,zs|3,24) = d(x9, 21|23, 24) '

We are now ready to prove L. If |V| = 3, then by , trivially every
subset C' C V with |C| = 2 is a cherry, so we can without loss of generality
assume that |V| > 4. Since V is finite, we can find xy, ..., z4 that maximise
d(xq1,x9|xs,24). Using it is easy to see that we can without loss of
generality assume that {z1,zo}|{x3, x4}. We will show that C' := {z1, 25} is
a cherry. By the maximality of d(xy, zo|zs, x4), for any z € V\C, we have

d<x17 $2|I3, x4) Z d('rla x/3|‘r37 x4)'
This says that

[d(:cl, x3) + d(xs, x4)} — [d(xl, xg) + d(x3, ac4)}
> [d(%, x3) + d(xg,m)} — [d(ml,xé) + d(x37x4)],

which can be simplified to

d(z1,2%) + d(z2, x4) > d(x1, 22) + d(2f, 4).
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By (3.28)), we have d(x1,xs|rs, x4) = d(x2, 21|73, 24). Now by the argument

we have already seen d(xq,x1|z3,x4) > d(x9, ¥h|x3, 24) implies
d(ze, %) + d(x1,24) > d(@g, 22) + d(2f, 4).

Combining this with our previous formula, using the four-point condition, it
follows that
{1, 2o }{x5, x4} Vai € V\C.

In the same way, we obtain that
{z1, 2o H{x3, 2} Vi, € V\C.
Using also {z1, z2}|{z3, 24} and (3.26)), it follows that
{wy, o}, i} Val, oy € VAC, g # i,

which proves that C'is a cherry.

It remains to prove II. We need to show that d' satisfies the triangle
inequality and the four-point condition. We start with the triangle inequality.
For x1,x9, 23 € V', we need to show that

d,(flfl,xg) S d'(a:l,xg) + d,<l’2, 1'3). (329)

The statement is trivial if ¢ € {zy, x2, z3}. If ¢ = x3, then we need to show
that
d(.Tl’Cl,Cg) S d(.]?l,l'g) +d($2|01702). (330)

We have shown in ([3.25)) that
d(z,c1,02) =d(x,c1) —d(e, c1) (x € V\CO),

where d(c, ¢;) does not depend on the choice of z € V\C'. Using this, we can

rewrite (3.30)) as
d(x1,c1) —d(c,c1) < d(z1,x2) + d(x2,01) — d(c, 1),

which holds since d satisfies the triangle inequality. By symmetry, the case
that ¢ = x; in (3.29)) is the same so it remains to treat the case ¢ = x5. In
this case,

d/(l‘l, JT) + d/(l', 1'2) = d(l‘1|01, CQ) + d(CL'2|Cl, 02)

= %[d(-’ﬂl, c1) +d(xq, c2) — d(ca, Cz)} + %[d(.ﬁlﬂ'g, c1) + d(zg, c3) — d(cy, 02)]
=d(z1,c1) + d(xg, co) — d(cy1,co) > d(z1,29),
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where in the last two steps we have used that {¢y, ¢o}[{z1, z2}. This completes
the proof of the triangle inequality. To prove also the four-point condition, let
x1,...,x4 be points in V' of which precisely one is the point ¢. By symmetry,
we may assume that z; = c¢. Then

d'(c, ) + d (w3, 24) = d(c1,22) + d(x3, 24) — d(c1, ),
d'(c,x3) + d (w9, 4) = d(c1,23) + d(22, 24) — d(c1, ),
d/(C, .1'4) + d/(x% l’g) = d(cla 1'4) + d(l‘g, 1'3) - d(cla C)'

To check the four-point condition, we must check that two of these expres-
sions are equal while the third one is at most as large as the other two. Since
we subtract the same constant in each case, this follows from the fact that d
satisfies the four-point condition.

This completes the proof that a finite pseudo-metric space (V, d) satisfies
the four-point condition if and only if the pseudo-metric is generated by a
weighted cladogram. If (V,d) moreover satisfies the branch-point condition
(ii) defined at the beginning of the section, then for each internal vertex x of
the cladogram, there is a leaf 2’ € V' such that d(z,2") = 0. From this, the
statements of the theorem follow easily. [

3.6 Continuum trees

We now turn our attention to true continuum trees. A topological space V
is connected if there do not exist disjoint open sets O, O, such that V' =
01 U O,y. A sufficient condition for this is that V' is path-connected, which
means that for each z,y € V there exists a continuous map « : [0,1] — V
such that «(0) = 2 and a(l) = y. Let (V,d) be a metric space such that
d(z,y) < oo for all z,y € V. A geodesz’cﬂ in (V,d) is an isometry v from a
compact real interval [0, 7] into V. We say that ~ is a geodesic from (0) to
Y(T). A segment is a set of the form

[z,y] :== {7(t) : t € [0,T]} where v is a geodesic from z to y.

In general metric spaces, the notation [z, y] is of course ambiguous, but many
metric spaces, such as R? or the real-trees that we are about to define, have
the property that for each z,y € V, there exists a unique geodesic from =z

3Sometimes in the literature one finds a weaker definition of a geodesic, which says
that for all ¢ € [0,7], there exists an € > 0 such that d(v(t1),7(t2)) = [t2 — t1| for all
ti1,ta € (t —e,t4+¢) N [0,T]. Note that this condition says that v is “locally” a geodesic,
according to our definition.
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to y, and in such spaces [x,y] is of course good notation. The unit circle is
the set S; := {z € R? : |z| = 1}, equipped with the induced topology from
R2. We will be interested in the following conditions on (V, d), the first two
of which are the four-point condition and branch point condition from the
previous section.

(1) d(ZEhfL’Q) + d($3,$4) S (d([El, 173) -+ d(ZL‘Q,ZE4)) V (d(l’l, IL‘4) + d(l’g, 1'3))
for all xq, 29, 23,24 € V.

(i) For each @1,23,23 € V, there exists a y € V such that d(x;,2;) =
d(z;,y) +d(y,z;) for all 4,5 € {1,2,3}, @ # j.

(iii) (V,d) is connected as a topological space.

)

(iv) For each x,y € V, there exists a geodesic from z to y.

(v) For each z,z € V, there exists a unique geodesic from z to z.
)

(vi) If [z,y] and [y, z] are segments such that [z,y] N [y, 2] = {y}, then
[z,y] U [y, 2] is a segment.

(vii) If o : [0,T] — V is continuous with x = «(0) and y = «(T'), then
[z,y] C {a(t) : 1 €0, T7}.

(viii) If « : [0,7] — V is continuous and injective with x = «(0) and y =
a(T), then [z,y] = {«a(t) : t € [0,T]}.

(ix) There exists no compact subset C' C V' that is homeomorphic to the
unit circle.

If (v) does not hold (or we do not yet know that it holds), then property (vi
should be interpreted in the sense that if there exist geodesics v : [0,7] — V
and 7' : [0,7"] — V such that

{r(®) :t € [0, T N{¥' @) : t € [0, T} = {1(T)} = {7 (0)},

then there exists a geodesic 7" : [0,7”] — V such that

{7t € [0, T U{Y (@) : t € [0, T} = {y"(t) : t € [0, T"]}.

Theorem 3.8 (Real-trees) Let (V,d) be a metric space such that d(x,y) <
oo for all x,y € V. Then conditions (1) and (iii) are equivalent to (iv) and
(vi). Moreover, these conditions imply all the other conditions (i), (v), and

(vii)—(ix).
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Metric spaces satisfying the conditions (i)—(ix) are called real-trees or R-
trees. In [LeGO0S, Def 2.1] and [AGIH, Def. 1.1], real-trees are defined by
conditions (v) and (viii), which presumably also imply the other conditions [
I would not be surprised if also (iv) and (ix) imply all the other conditions.
As the example of finite weighted trees shows, conditions (i) and (ii) do
not imply (iii). Metric spaces that only satisfy conditions (i) and (ii) are
sometimes called metric trees [ALW17].

Proof of Theorem We will not really prove the theorem but only derive
it from the literature. Good references for real-trees are [Chi01l, [Eva0g]. It
is shown in [Eva08, Lemma 3.12] that the four-point condition is equivalent
to a condition known as O-hyperbolicity. In [Eva08| Def. 3.15], real-trees are
defined by conditions (iv) and (vi). With this in mind, [Eva08, Theorem 3.40]
proves that conditions (i) and (iii) are equivalent to (iv) and (vi). The fact
that real-trees satisfy (ii) and (v) is now proved in [Eva08, Lemma 3.20].
Property (vii) is proved in [Eva08, Lemma 3.26].

To prove (viii), we first observe that if 7 : [0,7] — V is a geodesic and
0 < s < u <T, then the restriction of v to [s,u| is also a geodesic. As a
consequence, by (v), if [z,y] is a segment and 2’,y" € [z,y], then [2/,y'] C
[z,y]. We next observe that if [z,y] is a segment and « : [0,7] — V is
continuous with «(0),a(T) € [z,y] and «a(t) & [z,y| for all 0 < ¢ < T, then
we must have a(0) = «(T"). Indeed, if we would have 2’ := a(0) # o(T) =: ¢/,
then by (vii) we would have [2',y/] C {«(t) : t € [0,T]}, which contradicts
the assumption that «(t) ¢ [z,y] for all 0 < t < T. In words, this says
that a continuous curve that leaves a segment and later enters it again must
enter the segment in the same point where it left it. Together with (vii), this
implies (viii).

To prove (ix), finally, we observe that the unit circle is homeomorphic to
the subset S; := {e : 0 < ¢ < 27} of the complex plane. Each continuous
map « : S; — V corresponds to a continuous function o’ : [0,27] — V such
that o/(0) = o/(27). By (viii), we must have

{d(t) :t € [0,7]} ={d(t) : t € [, 27|},

which shows that « cannot be one-to-one. [ |

We let
T, := {[V,d] € M, : (V,d) is a compact real-tree}.

We cite the following result from [Eva08, Thm 4.23]. T do not know if the
analogue statement for the larger space M, also holds.

“Le Gall [LeG05, Def 2.1] only considers compact real-trees.
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Proposition 3.9 (Space of compact real-trees is Polish) The space T.,
equipped with the Gromov-Hausdorff metric, is a complete separable metric
space.

3.7 Convergence to the CRT

In Section we have seen how a contour function f of length 2n can be
used to define a plane tree. For continuum trees, we can use exactly the same
construction. Recall from (2.29) that & denotes the space of all continuous
functions f : [0,1] — [0,00) such that f(0) = f(1) = 0. Each f € & defines
a pseudo-metric d’ on [0, 1] by
@ (@,2) = f@)+ f(z) =2 inf f(y) (0<w<z<D)
TSYsSz

We write x ~/ z if d/(2,2) = 0 and let T := {2z : @ ~/ z} denote the
equivalence class containing x. Then setting d/ (%, z) := d/(z, 2) (z,z € [0,1])
defines a metric on the set of equivalence classes V¥ := {7 : x € [0, 1]}.

Lemma 3.10 (Real-tree defined by an excursion) For each f € &, the
metric space (VI,d") is a compact real-tree. Moreover, the map 1 : [0,1] —
VI defined as ¢(x) :=7 (x € [0,1]) is continuous.

Proof We start by showing that the map ¢ is continuous. Let x € [0, 1].
We recall from Lemma that each continuous function f : [0,1] — [0, 00)
is uniformly continuous, i.e., for each € > 0, there exists a 6 > 0 such that
|f(y) — f(z)] < e forall z,y € [0,1] such that |y — x| < 4. It follows that

wp [(f(2) = fw)) + (f(2) — F@)] <22

S
r<y<z

d(z,2) =

for all z,z € [0,1] such that |z — | < §, which shows that d/(z,,T) — 0
whenever x,, — z, proving the continuity of .

Since the continuous image of a compact set is compact, it follows that
the metric space (V/,d/) is compact. For each 0 < z < z < 1, setting
a(y) =7 (z <y < 2) defines a continuous function « : [z, 2] — V7 that
starts in  and ends in Z, proving that V7 is path-connected and hence in
particular connected. Therefore, by Theorem , to prove that (V/,d”) is
a real-tree it suffices to check the four-point condition (i) from Section [3.6]
Let V := {T,,72,73,74} C V/. By Theorem , it suffices to show that
there exists a weighted tree T' = (W, E/, £) such that V' C W and the metric
d/ on V corresponds to the length distance on T'. This is easily verified in a
picture, by drawing a tree below the excursion f. |
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Lemma 3.11 (Map from excursions to real-trees) The map from &
to T, that assigns to an excursion f € & a compact real-tree [V/,d’] € T,
s continuous with respect to the topology of uniform convergence on &, and
the Gromov-Hausdorff metric on T..

Proof We apply Proposition [3.4] For each f € & and z, z € [0,1], we write
x ~ 2if df(x,2) = 0 and we let T/ := {2 :  ~f 2} denote the equivalence
class containing x. Given f, g € &, we define a correspondence Ry, between
the sets V7 and V9 by

Ry, = {@ 7% 2 €[0,1]}.
The distortion of Ry, is given by
dis(Ry,y) =sup {|d¢/ (z/,2) — a*(2%,2%)| : 2, 2 € 0,1]}
:sup{|df(x,z) —d(z,2)]:0< 2z <2< 1}
Recalling the definition of d/, we can estimate
|df(:c, z) — d'(z,2)|
= \f(x)—g(x)Jrf(Z)—g( )—2 nt f(y) +2 H;f 9(v)]

< |f@) —g@)] +[£(z) ~ ()] +2 sup_[7() ~g(v)]
<4 sup ‘f —g()|,
z€[0,1]

where in the first inequality we have used that

inf f@y)— if g(y)= sup | Wf f()=g(y)] < sup [fy) - 9(v)],
y€lz,z y€[,2] yelz,z] Y€ ye(z,?]

and similarly with the roles of f and ¢ interchanged. It follows that if f,,, f €
& satisfy f, — f uniformly, then by Proposition

deu(V», V) <2 sup ‘fn(x) — f(x)| — 0,
z€[0,1] n—00

which proves the continuity of the map f — [V, d/]. |

Instead of the Gromov-Hausdorff metric, we can also use the Gromov-
weak topology. For each f € &, let (V7 d/) be the compact real-tree defined
before. Let ¢; : [0,1] — V/ be the map that assigns to each element z € [0, 1]
the corresponding equivalence class 7/ € V/, let ¢ be the Lebesgue measure
on [0,1], and let

pl = Coyy!

denote the image of ¢ under the map ;. Then (V/ df uf) is a metric
measure space.
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Lemma 3.12 (Map from excursions to metric measure spaces) The
map from & to MM that assigns to an excursion f € & the metric measure
space [V, d/, u/] € MM is continuous with respect to the topology of uniform
convergence on £ and the Gromov-weak topology on MM.

Proof Assume that fy, f € & satisfy fp — f uniformly. Let
Vi = (VI dle pf) and V= (VI dl pf).
We have to show that

P[D,Vi] € -] = P[D,[V]€ -] (m>1).

k—o0

where D,,(V) is the random metric defined on {1,...,m} defined in Sec-
tion 3.4l Let X1, ..., X,, be i.i.d. uniformly distributed [0, 1]-valued random
variables. It follows immediately from our definition of x4/ that setting

DpVI(i,5) = d"(X;. X;)  (1<i,j <m)

defines a random metric on {1,...,m} with the right distribution, and we
can define D,,[Vg] similarly, with f replaced by fi. By precisely the same
estimates as in the proof of Lemma [3.11] we then see that

DuVil(is ) — DulVI(d) as.  (1<ij<m).

Since almost sure convergence implies weak convergence in law, this com-
pletes the proof. |
The Brownian Continuum Random Tree, also called Brownian CRT or
simply CRT, is the random compact real-tree [V, d] € T, defined by
(V,d) .= (V™,d"),

where 7 is a standard Brownian excursion, i.e., an & -valued random variable
with law v; as defined in Proposition [2.14] Alternatively, we can also view
the CRT as the random metric measure space [V, d, u] defined by

(Vid, ) := (V7 d7, ™).
The CRT was introduced by David Aldous in [Ald91al [AId91Db) [AId93].

Theorem 3.13 (Convergence to the CRT) For each n > 0, let V,, be
the vertex set of a random plane tree, chosen according to the uniform distri-
bution on the set U, of all plane trees with n + 1 vertices. Let d,, denote the
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graph distance on 'V, and let p,, denote the uniform distribution on V,\{@}.
Then one has

P([Vy, =d,] € -] = P[[V.d] € -],

n—oo
where [V, d] is the Brownian CRT and = denotes weak convergence of proba-
bility measures on M. with respect to the topology generated by the Gromouv-
Hausdorff metric. Also,

P([Va Zgdns pin] € -] = P[[Vid,p] € -],

where [V, d, u| is the CRT, viewed as a random metric measure space, and =
denotes weak convergence of probability measures on MM with respect to the
Gromov-weak topology.

Proof (sketch) We have seen in Section [3.2]that there is a bijection between
the set D,, of all contour functions of length 2n and the set U, of all plane
trees with n + 1 vertices. Let F), : [0 : 2n] — N be the contour function of
the random plane tree V,,. We let F,, : [0,2n] — [0, 00) denote the function
F,, linearly interpolated between integer times, and we let m, denote the
&1-valued random variable defined as

1 —
Ta(t) == T n(2nt) (t € [0,1]).
Then Theorem tells us that 7, converges weakly in law to the standard
Brownian excursion m. Since &; is a Polish space, we can apply Skorohod’s
representation theorem (Theorem to couple the random variables m,, 7
such that m, — m a.s. with respect to the topology on &;, which is the
topology of uniform convergence.

Let (V,,,d,) := (V™ d™) be the random compact real-tree defined by the
random excursion 7,,. Then (Vn, 3n) is a “linearly interpolated” and rescaled
version of (V,,, d,), where first neighbouring vertices have been connected by
a segment of length one, and then all distances have been rescaled by a
factor 1/v/2n. Since for our coupling m, — 7 a.s., we can use Lemma
to conclude that

Vo, dy) — [X,d]  as.

n—oo
with respect to the Gromov-Hausdorff distance. Since a.s. convergence im-
plies convergence in law, this shows in particular that the random vari-
ables [V, d,,] converge weakly in law to [[X, d] with respect to the Gromov-
Hausdorff distance. Similarly, let (V,,d,,%,) = (V™ d™, ™) be the
random metric measure space defined by the random excursion 7,. Then
Lemma |3.12| implies that

Vo, dn, ] — [X,d, ] as.
n—oo
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with respect to the Gromov-weak topology, which again implies convergence
in law.

To complete the proof, we need to show that the metric space [V, d,]
is “close” to the metric space [V, \/L%dn], and the mm-space [V, d,, 7, is
“close” to teh mm-space [V,,, \/Lz*nd"’ ity]. For each n, we define ¢, : [0, 1] —
[0 : 2n] by

balt) = { [2nt] ?f m([2nt]) > 7, (|2nt]),
[12nt]|  if m,([2nt]) < m,(]2nt]),

and we unambiguously define 1, : V,, — V,, by

Un(T) = ta(e)  (z€[0,1]),

where 7 := {2’/ : d™(z,2') = 0} € V,, = V™ denotes the equivalence class
containing z, and likewise 1, (z) denotes the equivalence class containing
V(). Tt is not hard to see (picture!) that ¢, : V,, — V,, maps a point in
the interpolated tree V,, to the nearest point in V,, that lies above it. As a
consequence,

_ -1
:u’l’b - /”Ln o wn

is the uniform distribution on V;\{@}. We can use the map 1), to define a

correspondence R, between V,, and V,, by

R, = {(E, En(f)) T € Vn}
The distortion of R,, is 2/v/2n, so using Proposition , we see that

dGH([Vn’ \/Lz*ndn]v [Xv d])

< dGH([Vna \/%*ndnL [Vman]) + dGH([Vnyan]a [Xv d]) 730 0 a.s.,
which implies convergence in law with respect to the topology generated
by the Gromov-Hausdorff metric. For the Gromov-weak topology, we argue
similarly. We can use the map v,, to define a coupling 7, between 1, and x,
by
m(A) = 0,({T € Va1 (T,0,(@) € A}),

i.e., , is the image of &, under the map T — (%, ¢,,(Z)). The distortion of
these couplings clearly tends to zero as n — 0o, so if (3.21]) defines a metric
that generates the Gromov-weak topology, then we can argue in the same

way as for the Gromov-Hausdorff metric. Without (3.21)), the argument can
also be completed but the technical details are a bit messier. |
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3.8 Distances in the CRT

Theorem [3.13] says that the Brownian CRT, often simply called the CRT,
is the scaling limit of large plane trees, chosen according to the uniform
distribution on the set of all plane trees with a given number of vertices.
Here the convergence is weak convergence in law, both in the space M. of
all compact metric spaces (up to isometry), equipped with the Gromov-
Hausdorff metric, and in the space MM of all metric measure spaces (up to
isomorphism), equipped with the Gromov-weak topology. By Lemma a
sequence V), of MM-valued random variables converges weakly in law to a
limit V if and only if

P[D,V.] € -] = P[DnV]€ -] (m=>1), (3.31)

n—o0

where we recall that if V = [V, d, p] is a random metric measure space (mm-
space), then D,,(V) is the random metric on {1,...,m} defined by

D [VI(i,j) = d(Xi, X5) - (1 <i,j <m),

where X1, ..., X, are V-valued random variables whose conditional law given
V is the product law

P[(X1,...,Xn) € - |[V]=p@---0u.
m times

We can view as a sort of “convergence of finite dimensional distribu-
tions” for random mm-spaces.

For the Brownian CRT, we can actually give an elegant description of
these finite dimensional distributions. Recall that C(L) denotes the set of all
cladograms (up to isomorphism) with a given set of leaves L. Elements of
C(L) are (equivalence classes of) binary trees (V, F) so that L C V is the set of
leaves of V. In the proof of Theorem [3.7| we also defined weighted cladograms,
which are triples (V, E, £) such that (V, E) is a cladogram and ¢ : E — [0, 00)
is a function, and we showed that a pseudo-metric d on L satisfies the four-
point condition if and only if there exists a weighted cladogram (V, E, ¢) with
set of leaves L such that d corresponds to the length distance on (V, E, ¢).

Theorem 3.14 (Finite dimensional distributions of the CRT) For
each m > 2, let (Vy, Ep) be a random cladogram, chosen according to the
uniform distribution on C({1,...,m}), and conditional on (V,,, E,), let £y,
be a random variable taking values in [0, oo)E, whose law has a density with
respect to the Lebesque measure given by

(YU [[e 2" (e,

eck e€ER
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Let d,, denote the length distance on (Vi,, Ep, £) and let [V, d, p] denote the
CRT, viewed as a random metric measure space. Then

P[(DnV)(6: ) 1cijem € -1 = BUAm(E D) iy € -

Proof See [LeGO05, Section 2.6]. There is actually not a perfect agreement in
the literature according to the definition of the Brownian CRT. The CRT as
originally introduced by Aldous in [Ald91al [AId91bl [AId93] uses a different
normalisation than Le Gall uses in [LeGO05]. I believe tthe theorem above
refers to Aldous’ normalisation. |
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Chapter 4

The web

4.1 Arrow configurations

By definition, we call

Lien = {(x,t) € Z* : x + t is even}

even

the even sublattice of Z?. Let w = (w.),ezz._ be an i.i.d. collection of random
variables that are uniformly distributed on {—1,+1}. We can use w to define
a random directed graph with vertex set Z2 . and set of oriented edges

E = {(x,t), (T + W), t + 1)) (@, t) € szen}'

We call the random directed graph (Z2 E) an arrow configuration. See

even’
Figure [4.1] for a picture.

In Section [1.8] for any metrisable space X', we gave a definition of the
path space II(X). Recall that I, denotes the domain of a path 7 € TI(X)
and that I, := I, N R. We will especially be interested in the case that the
metrisable space X is R := [~00, oc], the extended real line. Recall that o,
denotes the starting time of a path 7. We let

"= {7 e I(R) : I = [0, 0] }.

We call IT" the space of all upward paths. In view of Lemma [1.24] elements
of II" correspond to continuous functions 7 : I, — R, where I is an interval
of the form [0, 00) if the starting time o, is finite, and

I.=Rifo,=—-0c0 and I,=0if o, = +o0.

We will call the point
2 = (7(0x), 0r)

87
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\
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Figure 4.1: An arrow configuration.

the starting point of the path w. Note that in general z, is an element of
R(R), the squeezed space defined in Section [1.7, By definition, a path in the
arrow configuration (72

even?’

the following properties:

(i) (7T<‘77r) ) € szern
(i) 7t +1) = 7(t) + W)y (L €Z, t > 07),

E), or simply a path in w, is a path = € II" with

(ili) 7(t+s) =1 —s)m(t) +sm(t+1) (0<s<1, t€Z, t > o).

In words, these are upward paths that start at a point in the even sublattice
and follow the arrows, with linear interpolation between integer times. We
let

U=UWw):={rell': 7isapath in w}. (4.1)

We let U denote the closure of U in the topology on II'. The following
proposition says that I/ is a.s. compact and compared to U only contains a
few extra trivial paths. Below, we use the notation Z := Z U {—o00, 00}, i.e.,
this is the closure of Z in R.

Proposition 4.1 (Compact set of paths) The closure U of the random
set of upward paths U defined in 1s almost surely a compact subset of
IT". Moreover, almost surely, the set U\U consists of all paths = € TIT with
0x € Z and either 7(t) = —oo for allt € I, or 7(t) = +oo for allt € I.

We postpone the proof of Proposition till the end of Section and
turn to what we are mainly interested in, which is the diffusive scaling limit
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of arrow configurations. For each £ > 0, we define a diffusive scaling map
0. : R? — R? by

0.(z,t) := (ex, %) ((z,t) € R?).

Let R(R) be the squeezed space defined in Section 1.7, We extend 6, con-

tinuously to R(R) in the obvious way, by setting

0.(£00,t) := (£o00,%) (t€R) and 6O.(x,+o0) := (%, +00).

For any subset A C R(R), we let
0-(A) := {6:(z) : z € A}

denote the image of A under 6.. In particular, this notation applies to paths
7 € TI(R), which according to their defininition in Section correspond to
compact subsets of R(R). It is easy to see that 0.(7) € II" for all = € II", so
the diffusive scaling map 6, : R(R) — R(R) naturally gives rise to a diffusive
scaling map from II" to II" which by a slight abuse of notation we also denote

by .. Going one step further, for any subset A C IIT, we let
0-(A) = {0.(r) : m € A}

denote the image of A under this map.

In Section , we equipped the space (&) of all compact subsets of
a metrisable topological space X with the Hausdorff topology. We make a
simple observation.

Lemma 4.2 (Map acting on compact sets) Let X' be a metrisable topo-
logical space and let K(X) be the set of all compact subsets of X. Let
Vv X — X be a continuous map and let

B(E) = {d@):re K} (K eKX)).

Then ¢(K) € K(X) for all K € K(X), and the map ¢ : K(X) — K(X) is
continuous with respect to the Hausdorff topology.

Proof The well-known fact that the continuous image of a compact set is
itself a compact set has already been mentioned at the beginning of Sec-
tion . To see that 1 : K(X) — K(X) is continuous, assume that K, — K.
Then by Lemma [1.16}

AC e L(X)st. K, CCVn>1 (4.2)
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and

K={ze X : 3z, € K, s.t. x, — z}

4.3
={r € X :3dx, € K, s.t. x is a cluster point of (z,)nen}- (4:3)

Since (C) is compact and O(K,) C ¢(C) for all n > 1, by Lemma m, to
prove that (K, ) — ¥ (K), it suffices to show that

U(K)={y € X : Fyn € P(J) sty = 4}
={y e X : 3y, € Y(K,) s.t. y is a cluster point of (Y, )nen }-

The latter condition can be rewritten as

{V(2):2e K} ={y e X3z, € K, s.t. ¥(z,) = y}

={y € X : 3z, € K, s.t. y is a cluster point of (¢(xn))neN}~

It therefore suffices to prove that
) {v(z):xe K} Cc{yeX:3u, € K, s.t. ¥(z,) =y},

(i) {y € X : Jx, € K,, s.t. y is a cluster point of (w(xn))neN}
C{v(z):z € K}

To prove (i), we use that by ([4.3), for each x € K there exist z,, € K,, such
that x, — z, and hence ¥ (z,) — (x) by the continuity of ¢). To prove
(ii), assume that =, € K, (n € N) and there exists a sequence (n(m))m>1
with lim,, . n(m) = oo such that y = lim, o ¥(Zpm)). By . ) and the
compactness of C', by going to a further subsequence if necessary, we can
assume without loss of generality that lim,, . Tp@m) = @ for some x € C.
Then = € K by and limy, o0 ¥(Zy(m)) = ¥(x) by the continuity of
which shows that y = (). |

As an immediate consequence of Lemma [4.2, we obtain:

Lemma 4.3 (Scaling of paths) For each ¢ > 0, the map 0. : TI" — II" s
continuous.

Proof Immediate from Lemma , the continuity of the map 6, : R(R) —
R(R), and the fact that in Section we viewed the path space II(R) as
a subset of K(R(R)) and equipped it with the induced topology from this
embedding. ]

Let U be the set of all paths in an arrow configuration and let U be its
closure, which by Proposition is a random compact subset of II". Then,
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since the continuous image of a compact set is compact, by Lemma for

each € > 0, the diffusively rescaled set of paths 6.(U) is a random compact
subset of II". Our aim is to prove that

Plo.U) € -] = PWe -] (4.4)
where = denotes weak convergence of probability laws on the space K(IT"),

equipped with the Hausdorff topology, and W is a random compact subset
of II" that will be called the Brownian web.

4.2 Coalescing Brownian motions
As a first step towards proving (4.4), we start by proving something like

convergence of finite dimensional distributions. More precisely, for each € >
0, we choose finitely many points 27, ..., z;, in the diffusively rescaled lattice

0.(Z2,,,), in such a way that
3 13
(Zl7 7Zn) 0 (Zlu 7Zn)
for some zy, ..., 2, € R Letting 5, ..., 7 denote the paths in ¢ with start-
ing points 2§, ..., 25, we will argue that (75, ..., 7)) converges in distribution

to a collection of coalescing Brownian motions.

Let B! = (B})i>0 and B? = (B?)>0 be two independent standard one-
dimensional Brownian motions started from initial states Bj = z; (i = 1,2),
and let

7:=inf{t > 0: B} = B?},

which is a.s. finite since (B} — B?)¢>¢ is a Brownian motion (with double the
quadratic variation of a standard Brownian moi:ion), and one-dimensional
Brownian motion is point recurrent. Let B? = (B?);>o be defined by

. B}  ift<T,
Br={
B, if 7 <t.

Then it is easy to check that B2 is a standard Brownian motion. However, B!
and B2 are of course not independent. The process (B}, B?);>o is a Markov
process that is known as coalescing Brownian motions. Although this is not
completely immediate from our definition (at least if one wants to give a
formal proof), our definition is symmetric in the sense that (BZ B});> is a
Markov process with the same transition probabilities as (B}, B?);>o-
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We can carry out the same construction for any finite number of Brownian

motions, that can moreover start at different times. Let 2, ..., 2z, € R? with
2z = (z4,8) (i = 1,...,n), and let B',..., B" be independent Brownian
motions such that B' = (B});>,, starts at time s; in Bl = z;. We set

71 =00, Ay := {(B},t) : s; <t < 0o} and define inductively for j =2,....n
7; :=inf {t > s (B, t) e At U...UAJ—I}’
A]:{(Bt],t) 1S5 <t< Tj}.

By the recurrence of one-dimensional Brownian motion, almost surely 7; < 0o
for all 2 < 57 < n. Note that the sets Ay,..., A, are disjoint. In view of this,
we can uniquely define i(j) € {1,...,7 — 1} by the requirement that

(Bi 7)€ A0,

Using this, we define inductively B! := B! and

~ . Bg ifSiStSTj,
Bl = = i)
We call B L B" coalescing Brownian motions starting from the space-time

points z1, ..., 2, € R2.

We are now ready to formulate a result about the convergence in law of
finitely many paths in an arrow configuration. We have already become used
(hopefully!) to the slight abuse of notation by which 6. can denote both a
diffusive scaling map acting on space-time points, or on sets of space-time
points such as paths, or even sets of paths. Taking this one step further, we
also denote

(21, 2n) = (0-(21), ..., 0:(20)),  Oc(mr,. .. ) = (0c(m1), ..., 0:(m0))
when zq,..., 2, are space-time points and 7, ..., m, are paths.

Proposition 4.4 (Convergence of finite dimensional distributions)
Let g1, > 0 satisfy e, — 0. Fixn > 1 and for each k, let 2%, ... 2k e 72 .
Assume that

0., (28, ... 2" — (21,...,20) € (RH)™
k—o0
Fiz an arrow configuration and for each k, let 7%, ... 7 be the unique paths
in the arrow configuration with starting points 2¥, ... z%. Then

n

]P)[eek(ﬂ"f,...’ﬂ'k)e ] lj;]P[(ﬂ_l""’,ﬂn) c .}’

where = denotes weak convergence of probability measures on (II')" and
T, ..., T, are coalescing Brownian motions starting from zy, ..., z,.
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Proof Our definition of coalescing Brownian motions involved a procedure
that started with n independent Brownian motions (B!, ..., B") and used
them to construct n coalescing Brownian motions (B, ..., B"). More for-
mally, we can view (Bl, e B”) as the image of (B?',..., B") under a map

(T1s e ) o> (R, 7o) (4.5)

that takes n paths 7, ..., m, in II" with starting points in R? and maps them
into n new paths 7y, ..., 7, with the same starting points.

For each k, let (R®!,..., RE") be a collection of independent random
walks started from 2%, ..., 2% and let (R*',..., R®") be its image under the
map from . Then (R*',..., R®") are coalescing random walks. It is
easy to see that they are equal in law with (7F,... 7%). We want to show
that

P[0, (R*,...,RF") € -] = P[(B',...,B") € -].

k—o00

It is easy to see that the diffusive scaling map commutes with the map in
([4.5), i.e., the random variable in the left-hand side of our equation is the
same as what we would obtain if we first diffusively rescale the independent
random walk paths and then apply the map from (4.5)).

Weak convergence in law of diffusively rescaled independent random walks
to independent Brownian motions follows from Donsker’s invariance principle
(Theorem[2.1]). Using Skorohod’s representation theorem (Theorem|[I.13)), we
can couple our random variables such that

0. (RF' ... RF™) — (B',...,B") aus.
k—00
in the topology on (IT")". If the map in would be continuous with
respect to the topology on (IIT)", then the rest of the proof would now be
easy, since we would just apply this map to both sides of our last equation
and we would be done.

Things are not quite so simple, however, since it is easy to check (even for
n = 2) that the map in is not continuous with respect to the topology
on (IT")™. It turns out, however, that (B!, ..., B") is almost surely a point of
continuity of this map, which is just as good. Here, with a point of continuity
of the map in (4.5)) we mean, of course, a collection of paths (7, ..., m,) with
the property that for each (7%, ..., 7%) such that

(h 1 — (7, ),
k—o00
one also has
(7 7R — (.. T ).

k—o00
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That (B',..., B") is almost surely a point of continuity follows quite easily
from our definitions and from Lemma [4.5] and Exercise [4.6] below. We leave
the details to the reader. |

Lemma 4.5 (Brownian paths cross when they meet) Let B' = (B})>s,
(1 = 1,2) be independent Brownian motions started from deterministic space-
time points z; = (x4, ;) (i = 1,2), respectively, and let

7= inf{t > s, Vsy: B} = B?}.

Then almost surely, for each ¢ > 0, there exist times t_,t. € [T —e,7+¢€]N
(51 V s9,00) such that

B} < B} and Btl+ > Bt2+.
Proof By the strong Markov property, (BL,, — BZ,,):>0 is a Brownian mo-
tion, so it suffices to prove that a Brownian motion B started in zero changes
sign infinitely often in each positive time interval. By symmetry, it suffices

to show that P[B; > 0 V0 < ¢t < ¢] = 0 for each £ > 0, which is of course
well-known. ]

Exercise 4.6 (Convergence of meeting times) Let 7, m € I have
starting points z; = (x;,8;) (i = 1,2), respectively, and assume that their first
meeting time

T :=1nf{t > 51V s9: mi(t) = ma(t)}

satisfies T < oo. Assume moreover that for each € > 0, there exist times
t_,tr €T —e,74+¢€]N[s1V s2,00) such that

m(to) <me(t-) and m(ty) > malts).

Let wi, 7k € TI" satisfy 7F — m; (i = 1,2). Then the first meeting times 73, of
7Tlf and 7r§ satisfy 7, — 7. Hint: First show that generally 7 < liminf,_, 7.
Then use the assumption about crossing to prove that limsupy_, . 7, < Tk.

4.3 Tightness

As a preparation for the proof of (£.4)), in the present section, we derive a
criterion for a random subset of the path space II' to be compact, and a
criterion for tightness of a sequence of probability laws on the space K(II")
of compact sets of IIT.
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Lemma 4.7 (Precompactness) Let A be a subset of II". Then A is pre-
compact if and only if for all T < oo and € > 0, there exists a 6 > 0 such

that
‘W(u)—ﬂ'(t)’ <eforallme Aand o, <t <u

s.t. (m(t),t), (7(u),u) € [-T,T)?, u—t<4.

Proof We recall that IT" C TI(R), with the induced topology. Let ¢ : R —
[—1, 1] be strictly increasing and continuous with ¢(4+00) = 1. Then

d(z,y) == |¢(z) — o(y)|  (z,y €R).

is a metric generating the topology on R. Since R is compact, by the Arzela-
Ascoli theorem (Theorem [1.30)), A is precompact if and only if it is equicon-
tinuous, i.e.,

sup {d(w(t),ﬂ(u)) mEeA, o <t<u,
t,uE[—T,T],u—tﬁ&}—)O VT < oo.
6—0

In other words, A is not precompact if and only if

dIr<oocande>0st. Vo >0dre Aand o, <t <u

s.t. t,u € [=T,T), u—t <6 and d(7(t), m(u)) > e. (46)

We claim that this is equivalent to

dS, T <occande>0st. Vo >0dr e Aand o, <t <wus.t.

toue [-T,T), n(t),m(u) € [=S5,5], u—t <6 and d(n(t), w(u)) >e/2.
(4.7)
The implication 1} is trivial. To prove the converse, assume that
holds. Making ¢ smaller if necessary, we can without loss of generality
assume that 0 < ¢ < 1. In view of our choice of the metric d, we can define
S > 0 by d(£S,£00) = ¢/2. If w(t),m(u) € [—S5, 5] already holds we are
done. Otherwise, we are in one of the following cases: 1. 7(t) € (S, o], 2.
n(t) € (S,00], 3. w(u) € (S,00], 4. m(u) € (S,00]. Let us assume that we
are in case 1. Then we must have m(u) € [—o00, S) and d(7(u), S) > /2. By
continuity, there must be some ¢’ € [t, u] such that 7(t') = S. Replacing t by
', we see that holds. The other three cases are similar.
Replacing S and T by S V T if necessary, we see (4.7]) is equivalent to

dI'<occand e >0st. Vo >03dr € Aand o, <t <uws.t.
(w(t),t), (w(u),u) € [T, T, u—t<§and d(r(t), 7(v)) > e/2.
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Using the fact that for each T < oo, there exist constants 0 < ¢ < C' < o0
such that

cle —y| <d(z,y) < Clz —y| (x,ye[—T,T]),
the claim of the lemma now follows. |

Proposition 4.8 (Almost sure precompactness) Let A be a random
subset of II'. Then A is almost surely a precompact subset of IIT if and only

if
PHW(U) —’/T(Zf)‘ >c¢c for somem € Aand o, <t <u
st (m(t),t) € [T, T, u=t <] —0 VI' <00, e>0.
—

Proof Let A5T7E denote the event that

|m(u) — 7(t)| > ¢ for some 7 € Aand 0, <t <u
st. (m(t),t) € [-T,T)?, u—t<6é.

Then § < ¢ implies A}, C A‘fp/,8 and Ar. := (o0 A% is the event that

Vi>0dreAando, <t<u
s.t. (w(t),t) € [T, T, u—t <6, and |7(u) — 7(t)| > e.
The assumption of the proposition implies that P(Ar.) = 0 for all T' < oo

and € > 0. In particular, if (7},),>1 and (£,,)m>1 are sequences of positive
constants such that T;,, — oo and ¢,, — 0, then

P(U U Az,..) =0,

n>1m>1

which shows that almost surely, for all n > 1 and m > 1, there exists a 9 > 0
such that

|m(u) — w(t)| < en forall 7 € Aand o, <t <u
st. (m(t),t) € [T, T,)?, u—t<é.
By Lemma [4.7], it follows that A is almost surely precompact.
On the other hand, if the assumption of the proposition does not hold,

then the event A, has positive probability for some 7" < oo and € > 0, which
by Lemma implies that A is with positive probability not precompact. B
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Proposition 4.9 (Tightness of random compact sets of paths) Let
K(TIT) be the set of compact subsets of 11T, equipped with the Hausdorff topol-
ogy. Let (A,)n>1 be a sequence of random variables with values in K(IIT).
Then the probability laws (]P’[.An € ]) are tight if and only if

n>1

supIP’[ ‘W(U) — 7T(t)| > ¢ for somem e A, and o, <t <wu
n>1
s.t. (w(t),t) € [=T, T, u—t < 4] —20 VT <oo, £>0.
_>

Proof For brevity, we skip the proof. |

4.4 The Brownian web

Let D C R? be countable. Since D is countable, we can enumerate it as

D := {z : i > 1} where (z;);>1 be a sequence of space-time points z; €
R2. Then for each n > 1, we can construct a collection of random paths
(my,...,m,) that are distributed as coalescing Brownian motions starting
from (z1,...,2,). Since these laws are consistent, by Kolmogorov’s extension

theorem, we can construct a random collection of paths (7,).ep such that for
each finite set A C D, the paths (7,),ca that are distributed as coalescing
Brownian motions starting from the points in A. We call (7,).ep a collection
of coalescing Brownian motions started from the countable set D.

Proposition 4.10 (Precompactness) Let (7.).cp be a collection of co-
alescing Brownian motions started from a countable set D C R%.  Then
{m, : 2 € D} is almost surely a precompact subset of 11T

Proof (sketch) We apply Proposition[t.8/to A := {7, : 2 € D}. Fix T' < o0
and €,6 > 0 and consider the grid

Gesi= {(%k‘e, 10) : k,l € Z}.

Since G. s is countable, we can add coalescing Brownian motions {r, : z €
G- s} starting from any point in G, 5. Since paths in A cannot cross paths in
{m. 1z € G.s}, it is not hard to see that almost surely on the event

|m(u) — w(t)| > e for some 7 € Aand 0, <t <w
st. (m(t),t) € [-T,T)?, u—t <6

one has that

|M(as) (s +7) — x| > 4e for some (z,5) € G N [T, T)* and r € [0, 24].
(4.8)
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Using the reflection principle, one can show that if B is a standard Brownian
motion, then
1 —ce? [
P[ sup |B,| > ge] < Ce ,
r€[0,26]
for some C' < oo and ¢ > 0. A simple union bound then tells us that the
probability of the event in (4.8)) can be estimated from above by

Cpelo-! p—CE%/0

for some Cr < oo and ¢ > 0. This quantity goes to zero as § — 0 for fixed
T < oo and € > 0, so by Proposition we conclude that {r, : z € D} is
almost surely precompact. |

Let (7,).ep be a collection of coalescing Brownian motions started from
a countable dense set D C R?. By Proposition 4.10, we can define a random
compact subset W C II" by setting

W = {m,:z € D}, (4.9)

where A denotes the closure of a set A C II'T. We will later see that this
definition does not depend on the choice of the countable dense set D C R2.
We will call W the Brownian web. Our aim is to show that W is the limiting
object in . For that, we need the following proposition.

Proposition 4.11 (Tightness of rescaled arrow conﬁgurations) Let

U be the set of all paths in an arrow configurations and let U be its closure.

Let €, > 0 be positive constants such that €, — 0. The the probability laws
(P[o-, ) € -])

n>1
on K(IIM) are tight.

Proof (crude sketch) One needs to check the tightness criterion of Propo-
sition [£.9] This is very similar to the proof of Proposition [£.10] One uses
convergence of finite dimensional distributions (Proposition 4.4/ and then uses
a grid as in the proof of Proposition to estimate the event in Proposi-
tion[4.9] We refer to [FINRO4, Prop. B2] and [SSSI16, Prop. 6.6.4] for details.

|

We let
HT

triv

={rell':n(t)=—-coVte L} U{r eIl : n(t) = +oo Vt € I}

denote the set of trivial paths (with arbitrary starting times o, € R that are
constantly —oo or +o0.
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Lemma 4.12 (Trivial paths) Let (7.).ep be a collection of coalescing
Brownian motions started from a countable dense set D C R? and let W =
{r.:2€D}. Then I, CW and each = € W\IIL,, satisfies 7(t) € R for
allt € I,.

Proof Fix s € R and choose z, € D such that z, — (s, —00) as n — co. By
Proposition [£.10] by going to a subsequence if necessary, we can assume that
7., — 7 for some 7 € II" with starting time o, = s. Then 7. (t) — 7 (¢) for
all t > s. Since 7, is a Brownian motion starting from z, and z, — (s, —00),
we have that the law of 7, (¢) converges weakly to the delta-measure on —oo,
for each t > s. It follows that 7 is the trivial path defined by o, = s and
7(t) = —oo for all t € [s,00). In the same way, we see that W contains all
trivial paths 7 with o, € R and 7(t) = —oo for all ¢ € I;. Since W is closed,
it also contains all limits of such paths, so letting s — oo or s - —o00 we see
that W also contains all trivial paths with o, = —oo and either n(t) = —oc0
for all t € R or 7(t) = 400 for all t € R, as well as the trivial path with
0r = +00. This completes the proof that HIﬁV C W.

To complete the proof, we must show that if 7 € W satisfies 7(t) € R
for some t € I, then 7(t) € R for all ¢t € I,. Assume that m € W satisfies
7(t) € R for some t € I,. Choose z, = (z,,s,) € D with s,, <t such that
zp — (00, s) for some s € R. Then 7, is a Brownian motion started from
z,. By our previous arguments, 7, (t) — oo a.s. so w(t) < m,, (t) for all n
large enough. Since coalescing Brownian motions cannot cross each other,
it follows that 7(u) < m, (u) < oo for all u > s, V o, and for all n large
enough. Since s is arbitrary, it follows that 7(¢) < oo for all ¢t € I, and by a
symmetric argument also —oo < 7(t) for all t € I. |

4.5 Dual arrow configurations
By definition, we call

Zgq = {(z,t) €Z*: x +tis odd}

(o]

the odd sublattice of Z2. In Section [4.1], we showed how an i.i.d. collection w =
(w2)zezz,,. of uniformly distributed {—1, +1}-valued random variables defines

Zvens E) that we called an arrow configuration.
Given w, we define @ = (@.).cz2 by

a random directed graph (Z2.., E

dj(mvt"‘l) = w(m,t) (($, t) S szen)'
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We can use @ to define a random directed graph with vertex set Z2,, and set
of oriented edges

F = {(z,t), (x —wap,t — 1)) : (z,t) € Z2q}-

We call the random directed graph (ngd,ﬁ ) the dual arrow configuration
associated with the original (“forward”) arrow configuration (72, E). The
dual arrows are uniquely characterised in terms of the forward arrows by the
property that dual arrows and forward arrows do not cross. See Figure

for a picture.

Figure 4.2: An arrow configuration (black) and its dual (white).

Recall that in general, o, and 7, denote the starting and final time of a

path 7 € TI(R). In particular, we define
IIY = {r e I(R) : I, = [—00, 74}

We call II+ the space of all downward paths. Clearly, II¥ is equal to IIT after
a rotation over 180 degrees. When no confusion can arriveEl we will call the
point

Zp = (W(Uﬁ),oﬂ)

the starting point of a downward path m € II*. We define a downward path in
the dual arrow configuration (Z24, F), or simply a path in & in exactly the

1'We have to be careful since the intersection of II" and IT* is not empty, but consists
of all bi-infinite paths for which o, = —oco and 7, = co. As we will see in a moment,
however, there are no nontrivial bi-infinite paths in an arrow configuration.
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same way as we defined upward paths in the forward arrow configuration.
We let
U =U@):={rell': 7is apathin &} (4.10)

denote the set of all downward paths in the dual arrow configuration and we
let U’ denote the closure of &’ in the topology on II+.

4.6 The dual Brownian web

We have already introduced notation for the diffusive scaling map 6. which
may be applied to points z = (x,t) in space-time R(R), to subsets of space-
time such as paths, and even to sets of paths. We will use similar notation

for the map

R(R) > (2,t) = —(2,t) = (—2, —t) € R(R).

Thus, for any set A C R(R), we set —A := {—z: z € A}. In particular, this
applies to the case that A = 7 € II". Then II" 3 7 — —7 € II* is a bijection
from IIT to II*. Also, if A C IIT is a sets whose elements are paths, then
we set —A := {—7 : ™ € A}. Using this notation, we say that 7,...,m,
are downward coalescing Brownian motions starting from space-time points
21y .oy 2n if =@, ..., =7, are (usual, forward) coalescing Brownian motions
starting from space-time points —zq,...,—z,. In the same way, we define
countable collections of downward coalescing Brownian motions.

Let 71,75 € ITI* be two downward paths started from space-time points
(74,8;) €R? (1 =1,2), and let

T = 7(71, Tg) := sup {t < s Asym(t) = ﬁQ(t)}

be their first meeting time (in the downward direction), which may be —oc.
The open set

W (71, 7r2) o= {(2, 1) 1 7 <t <51 Asy:fy(t) <o < faft)}

is called the wedge defined by 7, 5. We say that a (forward) path 7 € II"
enters the wedge W (7, Try) if there exist times o, < s < t such that

(m(s),s)) € W(A1,72) and (7(t),t)) € W(fy,#),

where W (#, 7r2) denotes the closure of W (7, 7). In a completely analogous
way, we define the first meeting time of two forward paths, the wedge defined
by two forward paths, and what it means for a downward path to enter such
a wedge. We make the following simple observation.



102 CHAPTER 4. THE WEB

Lemma 4.13 (Limits of wedges) Let (7!"),>1 (i = 1,2) be sequences of
downward paths and let (1™),>1 be a sequence of forward paths. Assume that
there exist #; € IV (i = 1,2) and m € " such that
at— o (i=1,2) and 7" — 7w
n—oQ

n—oo

in the topologies on ITV and 11T, and that moreover

T(ﬁ?ﬁg)@ﬂﬁh@)-

Assume that for each n, the path 7 does not enter the wedge W (w},n%).
Then the path w does not enter the wedge W (7, ms).

Proof By definition, if 7 enters the wedge W (my, m2), then there exist times
or < 8 <t such that

(7(s),s)) € W(i1,2) and (7(t),1)) € W (7, 7r2).

But then our assumptions imply that for n sufficiently large, o,, < s <t
and o
(7(s), ) € W(al,73) and  (n"(t).4)) € W(a,73),

which contradicts the assumption that 7" does not enter W (n}, 7). n

Proposition 4.14 (Dual coalescing Brownian motions) Let D, D be
countable dense subsets of R%. Then it is possible to construct a collection
(72):ep of coalescing Brownian motions together with a collection (7.),.4 of
downward coalescing Brownian motions in such a way that:

e For each z € D and 21,2y € f), the path 7, does not enter the wedge
W(ﬁ.zl Y 7/%22) ‘

o For each z € D and 21,29 € D, the downward path 7, does not enter
the wedge W (7,,,m.,).

The proof of Proposition makes use of the following simple lemma.

Lemma 4.15 (Tightness of joint law) Let X',) be Polish spaces, let
(X, Yo )n>1 be a sequence of random variables with values in X x Y, and let
X and Y be random variables with values in X and ), respectively. Assume
that

PX,€ | = PXe-] and P}Y,€ ] = PY € -]

n—o0 n—o0

Then the probability laws
(P[(men) € 'Dnzl

are tight.
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Proof The convergence of the marginal laws implies that the probability
laws

(P[X, € -])n21 and (P[Y, € )

are tight, so for each € > 0, there exist compact sets C C X and K C ) such
that

n>1

supP[X, €] <e and supP[Y, ¢ K| <e

n>1 n>1

Then C' x K is compact and

supP[(X,,,Y,) ¢ C x K| < 2e.

n>1

Since € > 0 is arbitrary, it follows that the laws of (X,,,Y;) are tight. n

Proof of Proposition (sketch) Let U be the collection of paths in
an arrow configuration and let U’ be the collection of downward paths in the
associated dual arrow configuration. Let €, be positive constants tending to
zero. For each z € D, choose 2, € ZZ,, such that ., (2,) = z, and for each

even

z € D, choose 2" € Z2,4 such that 0., (z") — 2. For each z € D and n > 1,
let R? € U be the unique forward path starting at z,, let R? € U’ be the
unique downward path starting at 2", and let

=60, (R") and #":=6. (R")

z

denote the associated diffusively rescaled paths. We claim that

P[(m])zep € -] = P[(m:):ep € -],

n—o0
P(#).cp € -] == P[(R2)uen € -],

where = denotes weak convergence of probability laws on the spaces (IIT)?
and (ITH)P, respectively, which are equipped with the product topology, and
(7.)zep is a collection of coalescing Brownian motions while (7), 4 is a col-
lection of downward coalescing Brownian motions. Indeed, to prove this, by
the definition of the product topology, it suffices to prove convergence of finite
dimensional distribitions. But this has already been done in Proposition (4.4,

In fact, using Exercise [£.6] we can strengthen our previous claim in a
sense that also includes convergence of meeting times. More precisely, one
can show that

P[((WZ)ZG’D7 (T(WZ’WZ))(ZLZQ)EDQ) € }
e P[((Wz)ZQW (T(7z177T22))(21,z2)€D2) < '}7

n—oo

and similarly for the collection of downward paths.
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By Lemma [4.15| going to a subsequence if necessary, we can assume that
the joint law of the random variables

(W?)zeDa (T(WZLl’WZQ))(ZlyZQ)EIDQ’ (ﬁ-g)zel)a (T(ﬁ?17ﬁ-7212))(21722)ep2

converges weakly. Then we can use Skorohod’s representation theorem (The-
orem [1.13)) to couple our random variables so that the convergence is almost
sure, i.e., we can find a coupling such that

n n

m, — m,as. and T(m),7L) — T(m., T2y) as.
n—oo n—oo
for all z, 21,29 € D, and likewise for downward paths. Since paths of U do
not enter wedges of U’ and vice versa, we can use Lemma to conclude
that the same is true for the limit object. [ |

Theorem 4.16 (Wedge characterisation of the Brownian web) Let
D, D be countable dense subsets of R?, let (7.).cp be a collection of coalescing
Brownian motions started from D, and let (7.), .4 be a collection of downward

coalescing Brownian motions started from D. Assume that paths in (7,).ep
do not enter wedges of (7.),cp. Let

W_:={n,:z € D},
W, :={m € II' : 7w does not enter wedges of (#.),.p}-

Then W_ =W,.

Proof (sketch) To prove the inclusion W_ C W, let 1 € W_. Then there
exists 2, € D such that m,, — 7 as n — co. Let 2!, 22 € D. By assumption,
7., does not enter the wedge W (7,1, 7,2) for any n > 1. By Lemma m,
it follows that m does not enter W (7,1, 7,2). This completes the proof that
W_ C Wy

Before we continue, we note that our assumptions imply that the forward
paths do not cross downward paths, in the sense that if z = (z,s) € D and
2 = (y,u) € Dsatisfy s < u, then m,(s) < 7/(s) implies 7, () < 7. (¢) for all
t € [s,u]. Indeed, we can always choose some 2" = (y/,u) € D with u < o/
such that 7,/ (u) < 7,»(u) and the meeting time 7(7,/,7.») is less than s.
Then 7.(t) > 7./(t) for some t € (s, u] would imply that 7, enters the wedge
W (7., 7,n), contradicting our assumptions.

We now prove that W, C W_. Let 7 € W,. By Lemma we
can without loss of generality assume that w(t) € R for all t € [;. Fix
Or <13 <+ <tpand e > 0. We claim that there exists a z = (z,s) € D
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such that o, < s <ty and |m,(t;) —7(t)] <eforalli=1,...,m. To see this,
for each i = 1,...,m, we choose 2\, = (2',,t}) € D such that ¢, > ¢; and

W(tl) —e < ﬁz,(tz) < W(tl) < ﬁz+(t1) < W(tz) + €.

Since 7 does not enter the wedge W (7, , ﬁzi ), the meeting time of 7, and
ﬁzi must satisfy

and we have 7 (f) < w(t) < @: (¢) for all t € [or,#;]. We can now choose
z = (z,s) € D such that o, < s < t; and

Sup Tt (t) <m(t) < inf i (t).

Since the path 7, cannot cross any of the downward paths T.i , we must have
7. (t) < m.(t;) < 7., (4) (1<i<m)

and hence |7, (t;) — w(t)| < e for alli =1,...,m, proving our claim.

Now let €, > 0 satisfy €, — 0 and let 0, < t; < --- < t,,,. By what we
have just proved, for each n there exists a z, € D such that |7, (t;)—7(t)] < e
for all i = 1,...,m. By Proposition the closure of {7, : z € D} is
compact, so we can find a convergent subsequence. It follows that there
exists a 7 € W_ such that 7'(¢t;) = n(t;) for all i = 1,...,m. Now let
{t; i € N} C (05,00) be countable and dense. By what we have just
proved, for each m, there exists a m,, € W_ such that m,,(t;) = 7(t;) for all
1 =1,...,m. Since W_ is compact, we can find a convergent subsequence,
the limit of which must be the path 7. This proves that W, C W_. |

4.7 Convergence to the Brownian web

Let D,@ be countable dense subsets of R2. By Proposition , we can
construct such a collection (7,).cp of coalescing Brownian motions starting
from D and a collection (7,), s of downward coalescing Brownian motions

starting from D such that paths in (.).cp do not enter wedges of (72) e
and vice versa. We call the pair (W, W) defined as

W:={r,:2€D} and W:={#,:zeD} (4.11)

the double Brownian web.
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Lemma 4.17 (Double Brownian web) The law of the random variable
(W, W) does not depend on the choice of the countable dense sets D, D C R2.

Proof Let D,D’,D be countable dense subsets of R2. Let (7.).ep be a
collection of coalescing Brownian motions starting from D, let (7)).ep be a
collection of coalescing Brownian motions starting from D', and let (7.),.4
be a collection (7),.p of downward coalescing Brownian motions starting
from D. By Proposition , we can couple (7.).ep to (7.),. in such a
way that paths in (7.).ep do not enter wedges of (7.), 4 and vice versa.
Similarly, we can couple (7)).ep to (7.),cp in such a way that paths in
(1) .epr do not enter wedges of (7.),.4 and vice versa. We can then couple
all three collections (7.).ep, (7).epr, and (7.), 5 in such a way that the
joint law of (7.).ep and (7.),.p is as before and the joint law of (7).epr
and (7,),.p is also as before. For example, this can be achieved by making
(7,).ep and (7).ep conditionally indepenent given (7,) and with the
same conditional laws as before.

For this coupling, let (W, W) be defined using D, D and let (W', W) be
defined using D', D. Then Theorem tells us that

zeD>

W = {m € II" : 7 does not enter wedges of (.),.5} =W as.

It follows that the joint law of (W, W) is the same as the joint law of (W', W).
In the same way, we can also replace D by another countable dense subset
of R? without changing the law of the double Brownian web. [

The following theorem, which is the main result of this chapter, implies
in particular the convergence in (4.4)).

Theorem 4.18 (Approximation of the double Brownian web) Let U
be the set of paths in an arrow configuration and let U’ be the set of downward
paths in the associated dual arrow configuration. Then

—

PO.UU ) € -] fgp[(w,ﬁ/) €], (4.12)

where = denotes weak convergence of probability laws on the space K(ITT) x
K(IY), and (W, W) is the double Brownian web.

Proof Fix countable dense sets D, D C R? and define W, W) as in (4.11]).
It suffices to prove convergence along any sequence &, of positive constants
tending to zero. It follows from Proposition [4.11] (compare Lemma[4.15]) that
the laws

—

(P[6-,U,U) € -])

n>1
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are tight, so by going to a subsequence, we may assume that they converge
to some limit law P[(V, )>) € -]. By Lemma , it suffices to show that each
such subsequential limit is equal to P[(W, W) € -].

As in the proof of Proposition [4.14] for each 2 € D, we choose 2, € Z2,
such that 6., (z,) — z, and for each z € D, we choose z" € Z2,, such that
0., (2") — z. For each z € D and n > 1, we let R’ € U be the unique
forward path starting at z,, we let Ii’? € U’ be the unique downward path
starting at 2", and we let

=6, (R") and #":=6. (R")
denote the associated diffusively rescaled paths. In the proof of Proposi-
tion [£.14], we have shown that

P[((ﬂ-?)zeD7 (T(W2177T22))(21722)6D2) € }
= P[((’”z)zGD» (T(Wzn'/rzz))(zhzz)eDQ) € '}7

n—oo
and similarly for the collection of downward paths. We argued there that
going to a subsequence if necessary and using Skorohod’s representation the-
orem, we can couple our random variables such that

m, — m,as. and T(m), 7)) — T(m.,T.,) as.
n—oo n—oo

for all z, 21,29 € D, and likewise for downward paths. We can extend this

argument to obtain that moreover

0., (UU) — (V,V) as.

in the topology on K(IT") x KC(II+) for some random compact sets V C IIT and
V C IIY. We will show that for this particular coupling, (V,V) = (W, W)
a.s., where the latter is defined in terms of (7,).ep and (7),.p. This shows
that all subsequential limit laws are the same and hence by Lemma [1.2] that
the original sequence converges.

By symmetry between forward and dual webs, it suffices to prove that
YV = W. We will prove that W_ C V C W,, where W_ and W, are defined
as in Theorem Since W = W_ = W, , the claim then follows.

Since V is closed, to prove that W_ C V, it suffices to prove that 7, € V
for all z € D. Recalling Lemma .16} this is obvious since 7 € 6., (i) for all
n while 7 — 7, a.s. and 0., (U) — V a.s.

To prove that V C W, , we need to show that paths m € V do not enter
wedges of (7),.5. By Lemma , for each m € V, there exist 7" € 0. (U)
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such that 7" — 7. To see that m does not enter any wedge W (7,,,7.,)
of (7,) we use that for each n, the path 7" does not enter the wedge

z€D>
W(7Z, 72 ). By our assumptions, the discrete paths 7 (i = 1,2) converge
a.s. to 7, (1 = 1,2) and moreover their meeting times converge a.s., so we
can use Lemma to conclude that 7 does not enter W (7, , 7,). |

4.8 The coalescing point set

Let W be a Brownian web. For each closed set A C R, we define a process
(&1)t=0 by

& ={nt):TeW, 0, =0, 7(0) € A} (t >0).

One can check that ()50 is a Markov process taking values in the space
of closed subsets of R. We will see in a moment that in fact, for each ¢ > 0,
the set £ is already locally finite. Since clearly, A C B implies ¢ C €2, it
suffices to prove the statement for £X. Roughly speaking, the following result
says that if we start particles performing coalescing Brownian motions from
each point on the real line, then at each positive time there are only locally
finitely many particles left.

Proposition 4.19 (Density of the coalescing point set) One has

E[|&f N (a,b]]] = —= (a<b, t>0).

Proof We first calculate the probability that & N [a,b] # . We construct
W, VV) from collections (7.).ep and (7,),.4 of forward and downward co-
alescing Brownian motions, so that paths in (7,).cp do not enter wedges of
(72) ,ep and vice versa. We choose D such that (a,t), (b,t) € D. Let

Tap = T(T(at), Tot))

be the first meeting time of the downward paths started at (a,t) and (b, ).
We claim that

8N (a,b) #0 implies 7,5 <0 implies & N [a,b] # 0.

Indeed, if 7, > 0, then the paths 7, ) and 7, form a wedge that prevents
paths in Wi starting at time zero from passing between (a,t) and (b,1),
proving the first implication. On the other hand, if 7,;, < 0, then for each
time s > 0 we can find some x such that 7, ) (s) < & < 74 (s). The web W
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must contain a path 7 starting at (z, s) and since such a path cannot cross
the downward paths 7(qs and @y, it must satisfy a < 7(¢) < b. We can
construct such a path 7° with starting time s for each s > 0, so using the
compactness of W, we see that W must also contain a path 7° starting at
time zero such that a < 7(t) < b, proving the second equality.

The difference (B;(s) — Ba(s))s>o of two Brownian motions is equally
distributed with (v/2B(s))s>0, where (B(s))>o is a single Brownian motion.
Therefore, using the reflection principle,

Plrap < 0] =P[ sup (Ba(s) — Bi(s)) < b—d]

0<s<t

b—a
b— 1 VZ g2
=P| sup B(s) < ¢ z°/2¢ 4.

[ogsgt V2 } V2ot J_b=a

In particular, this implies that

Plz € €8] :lEIéP[ﬁiRﬂ(x—e,er&) # 0

S

0 (x eR, t>0),

and hence

P& N (a,b) # 0] =P N [a,b] # 0] =Plray < 0).

Now

Efl& N[0, 1] = h_{ﬂ ZP &N —1)27",i27" # 0]

1 "~ 2 1
=lime™! / e ¥ /Qtdx:—.
e—0 V2t J /2 Vvt

A similar formula holds for the expectation of |§£R N[0, TH for any » > 0 and
the general result follows by translation invariance. |

Proof of Proposition 4.1] - Equicontinuity is obvious so U is precompact by
Proposition u If 7 € U has a starting point in R?, then 1 clearly m € U.
Also, Clearly, each path m € U has a starting time o, € Z. Let HIHV =
{r € l_[T om € 7} By the same arguments as those used in the proof of
Lemma we see that I}, < U and each 7 € U \Hmv satisfies w(t) € R
for all t € Lr. To complete the proof, we must show that U does not contain
paths 7 with o, = —oo and 7(t) € R for all t € I,.

By translation invariance, it suffices to show that U does not contain
paths m with 0, = —oo and 7(0) = 0. If such a path exists, then for each
s € Z with s < 0, the restriction of 7 to [s, 00] would have to be a path in

U. Thus, it suffices to show that

P[7(0) = 0 for some m € U with o, = s]
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tends to zero as s — —oo. This is very similar to the proof of Propo-
sition Letting m(_10) and ;) denote the paths in the dua arrow
configuration starting from (£1,0), and letting

T-11 = 7’(7AT(—1,0),7AT(1,0))

denote their meeting time, we have that the probability in our previous
formula is equal to P[7_;; < s], which by the recurrence of one-dimensional
random walk tends to zero as s — —oo. [ |

4.9 Special points

We have defined the Brownian web W as the closure of {r, : z € D}, where
(7,).ep is a collection of coalescing Brownian motions started from a count-
able dense set D C R?. Here {r, : 2 € D} is precompact by Proposition m
and hence W is a compact subset of II". Using compactness and the fact
that D is dense, we see that for each z € R?, there exists at least one path
7 € W that starts at z. For each z € R?, we let

Mouwt(2) = |{m € W : 7 starts at 2}|

denote the number of paths in W that start at z. In this section, we will
prove that almost surely, there exist points z with mg.(z) = 2 and even
Mous(2) = 3, but a deterministic point z € R? has almost surely mou(z) = 1.
The key to understanding this is (again) duality.

We say that a path 7 € W enters a point z = (z,t) € R? if 0, < t
and 7(t) = x. We call two paths 7, 7’ entering z equivalent if there exists a
ox Von < s < tsuch that 7(r) = 7'(r) for all s < r < ¢. This obviously
defines an equivalence relation on the set of all paths 7 € W entering z. We
let my,(2) denote the number of equivalence classes of paths in W entering
z. We call (my,(2), mou(2)) the type of a point 2z € R

Theorem 4.20 (Special points of the Brownian web) Let W be a
Brownian web. Then almost surely, all points in R? are of one of the following
types:

0,1), (0,2), (0,3), (L,1), (L,2), (21),
and all these types occur. For each deterministic t € R, almost surely, all
points in R x {t} are of one of the following types:

0,1), (0,2), (1,1),

and all these types occur. A deterministic point (z,t) € R? is almost surely
of type (0,1).
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The proof of Theorem [4.20] is based on the following lemma, which is of
independent interest.

Lemma 4.21 (Types of points in dual web) Let (1in(2), Mo (2)) denote
the type of a point z € R? in the dual Brownian web W. Then for each z € R?,

Mout(2) = Min(2) + 1 and 1w (2) = mi(2) + 1.

/N IN S

Y A

Figure 4.3: Possibe types of points in the Brownian web and its dual.

Proof (crude sketch) By symmetry, it suffices to prove that mey(z) =
min(z) + 1. If there is an incoming path in W at z, then forward paths
started on either side of such a dual path cannot coalesce until the starting
time of teh dual path, since otherwise the dual path would enter the wedge
define by these forward paths. As a result, since the incoming paths divide
the area just above z into My, (z) + 1 regions, approaching the point z from
different directions, using the compactness of W, we see that there are at
least M, (2) + 1 distinct paths in W starting at z. On the other hand, if
there are two outgoing paths in W at z, then any dual path that is started
between these paths must stay between these forward paths and pass through
z. Therefore, My, > Moy — 1. Together with our earlier claim that mgy(2) >
in(2) + 1, this proves the claim.

We have left out quite a bit of detail here. We have defined W and W as
the closures of {m, : z € D} and {#, : z € D}, where (7).ep and (72) ,ep are
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collections of forward and dual coalescing Brownian motions, started from
countable dense sets D, D C R2. We have seen that paths in {m.: 2 €D}
coalesce as soon as they meet and that paths in {7, : 2 € D} cannot enter
wedges of {7, : z € f?} These statements can be extended to all paths in
W and W, where because of the possibility that multiple paths start at the
same time, we must define the first meeting time of two paths 7,7’ € W as

T(m, ') =inf {t > 0, Vo 7(t) =7'(t)}.

In particular, we need t > o,V o, in this definition if we want the statement
that 7(t) = 7'(t) for all t > 7(m, 7’) to be true for all 7,7’ € W. In the proof
of such statements, Proposition plays an important role, which can be
used to show that for each # € W and t > o, there exists a z = (z,s) € D
with s < ¢ such that 7(u) = 7, (u) for all u > t. |

Proof of Theorem (crude sketch) It is clear that there exist points
z with mi,(2) = 1 and my,(2) = 2. On the other hand, using the fact
mentioned at the end of the proof of Lemma that for each # € W and
t > o, there exists a z = (z,s) € D with s < ¢ such that 7(u) = 7,(u)
for all uw > t, it is easy to see that a deterministic point z almost surely has
min(2) = 0. Using the same fact, one moreover obtains that there are ony
countably many points z with m;,(2) = 2 and it is not too hard to show that
these points have my,(z) = 0.

To see that there exist points with mi,(z) = 1 = mun(2), we observe
that in an arrow configuration, disjoint parts of space-time are independent.
This property carries over to the limit which has the consequence that dual
paths do not “see” forward paths until they hit them. In fact, it is known
that dual paths are reflected off forward paths by Skorohod reflection. At
deterministic times, however, we do not see such points since two Brownian
motions started in the forward and downward directions have zero probability
to be at a deterministic time at the same position.

These arguments show that all the mentioned types of points exist, and
no other types of points can exist. |

We could have proved the fact that deterministic points in R? are a.s.
of type (0, 1) earlier, by more elementary methods. Using this fact, one can
prove the classical, “textbook” definition of the Brownian web W, which says
that W is a random compact subset of II" that is uniquely characterised by
the following properties:

(i) For each deterministic z € R?, there a.s. exists a unique path 7, € W
with starting point z.
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(ii) For deterministic z1,...,z,, the paths 7, ..., 7, are distributed as
coalescing Brownian motions.

(iii) For each deterministic countable dense D C R?, one has almost surely
W= {r,:z¢eD}.

4.10 Some historical notes

The Brownian web originated from Arratia’s PhD thesis [Arr79] and a sub-
sequential unfinished manuscript [Arr81]. The topic remained dormant until
the work of Téth and Werner [TW98| who used the Brownian web to study
a form of one-dimensional self-repellent random walk. They classified all
types of special points. Together with Soucaliuc [STWO00] they also proved
that forward and dual paths interact through Skorohod reflection. Fontes,
Isopi, Newman and Stein got interested in the Brownian web motivated by a
one-dimensional model in mathematical physics [FINSO1], which led Fontes,
Isopi, Newman and Ravishankar [FINRO4| to study this object in more de-
tail. In particular, they were the first to give the Brownian web its name,
view it as a compact set of paths, and prove convergence with respect to the
Hausdorff topology. Wedges were first introduced in the concept of the Brow-
nian net in [SSO8]. A more detailed account of the history of the Brownian

web can be found in [SSS16].
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Chapter 5

The net

5.1 Adding branching and deaths

As in Chapter [} we let Z2,, and Z2,, denote the even and odd sublattices
of Z?. Generalising the set-up of Chapter |4} let w = (w.),ezz  be an iid.
collection of random variables that take values in the subsets of {—1,+1}.
We can use w to define a random directed graph with vertex set Z2 . and

set of oriented edges
E:= {(z,t), (x+y,t+1)) : (2,1) € Z2e, Y € Wiap)}-

vens E) an arrow configuration. In
particular, when w, takes the values {—1} and {+1} with equal probabilities,
this is an arrow configuration as defined in Section[4.1] In the present chapter,
we look at sequences w" of arrow configurations where w" = (w’;)zezgven, for
each n > 1, is a an i.i.d. collection with common law

Plo? = {=1}] =ln, Pl? ={+1}] =ra,
Plw! = {-1,+1}] =b,, Plw}=10] =d,.

z

We call the random directed graph (Z2

(5.1)

Here [, is the probability that at a given point z € Z2 , there starts (only)

an arrow to the left, r,, is the probability of an arrow to the right, b, is the

branching probability, i.e., the probability that both arrows are present, and

d,, is the death probability, i.e., the probability that no arrows are present.
Recall that o, and 7, denote the starting time and final time of a path

m € II(R). We let
= {7T € H(E) I, = [Uw,Tn]}7

and we equip II! with the induced topology from II(R). By definition, a path
in the arrow configuration w™, is a path 7 € II! with the following properties:

115
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(i) ox, 7x € Z,
(ii) 7T<t + 1) = 7T<t) + W) 1) (t e, t> O'TF),
(ili) 7(t+s) =1 —s)m(t) +sm(t+1) (0<s<1, t€Z, t > o0n).

We let V,, denote the set of all paths in w”™. Note that even in the special
case when [, = r, = % and b, = d, = 0, this is not quite the same object
as the set U defined in Section [4.1], since we allow paths to end at some final
time 7, < oco. We have i = V,, NII" and conversely V, can be obtained from
U by adding all shortened paths, that are cut off at an arbitrary time in Z.

We let V,, denote the closure of V,, in TII. One can again prove that V, is
a compact subset of II' and that V,\V, only contains trivial paths, that are
constantly —oo or +o00. In general, when the death probability d,, is nonzero,
it is not so easy to determine whether V,, contains all trivial paths of this
form, but this does not bother us.

As before, we consider a sequence ¢, of positive constants tending to zero
and ask whether the diffusively rescaled set of paths converges in law, i.e.,
whether there exists a random compact set K C IIl such that

Plf.,(Va) € -] = P[K € -].
The answer is known: it turns out the limit exists provided that

et (rn — 1) — a, EglbnTH—goﬂ, and ¢,°d, — 6

n—o0 n—oo

for some constants @ € R and 3,6 € [0,00). In the special case that a =
B =4 = 0, the limit is the Brownian web, or more precisely, W := K N 11T is
a Brownian web and K consists of all paths that can be obtained by cutting
off paths in W at arbitrary times in R. If & # 0 and 8 = § = 0, then the
limit is still essentially a Brownian web, except that the coalescing Brownian
motions that define it now have a drift . If # > 0 and § = 0, then the limit
is a Brownian net and if also 6 > 0, the limit object is known as a Brownian
net with killing. Once we know how to construct a Brownian net, we will
see that it is not very hard to also construct a Brownian net with killing. In
view of this, in this chapter, we mostly concentrate on the case that a = 0,
£ =1, and § = 0, which corresponds to the standard Brownian net.

5.2 Left and right paths

We consider a sequence w” of arrow configurations as in the previous section
with d,, = 0 (no deaths) and

et(rn—1,) — 0 and ¢£,'b, — 1.

n—oo n—0o0
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We define V,, as in the previous section and set U, := V, NIIT. Since the
death probability is zero, V), can simply be recovered from U, by adding
all shortened paths, that are cut off at an arbitrary time in Z. Thus, all
information is contained in the set U,, and we can continue to work with the
space IIT that we are used to from the previous chapter.

By definition, a left path in w™ is a path m € U,, that satisfies

7T(t + 1) = 7T(t) —1 if W(r(t),t) = {—1, —|—1},

i.e., left paths always turn left at branching points. Similarly, we define right
paths as paths in U, that always turn right at branching points. We let U
and U denote the collections of all left and right paths in U, respectively.
We claim that

Po.,Uy) € -] = P[W'e -],

P[6.,U) € -] n;;oP[Wr € -],

n—oo
where W' and W* are Brownian webs with drift —1 and +1, respectively, i.e.,
these are objects that are defined exactly in the same way as the Brownian
web, except that the coalescing standard Brownian motions are replaced by
coalescing Brownian motions with drift —1 and +1, respectively.

Indeed, letting L? and R? denote the unique left and right paths in U,
starting from a point z € Z2, _, we observe that

]E[L?(t + 1) - Lg(tﬂ =Tn — ln - bn ~ —En,
E[RI(t+1) = L2(t)] =710 — by + by ~ +ep

as n — 0o, which is easily seen to imply that L7 and R} converge after
diffusive rescaling to Brownian motions with drift —1 and +1, respectively.
A more tricky question is how to describe the scaling limit of the joint
law of L7 and R?. In [SSO0§]|, it is shown that the interaction between left and
right paths is in the limit described by the stochastic differential equation

(SDE)
AL, =1{r,2rydB; + 1{1,—r,dB; — dt,

th — ]-{LﬁéRt}dB; + 1{Lt:Rt}dBf + dt,

where B!, B, B® are independent Brownian motions and solutions to are
subject to the condition that L; < R, for all ¢t > 7 :=inf{t > 0: L, = R;}.
Subject to this condition, it turns out that has a weak solution for each
initial state (Lo, Ry) € R?, and such a solution is unique in law. In words, the
SDE says that L; and R; are Brownian motions with drift —1 and +1,
that evolve independently when they are apart but are driven by the same
Brownian motion when they are on the same position. It turns out that the

(5.2)
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interacting between L and R is a form of sticky interaction: conditional on
T < oo, the set {t € R : L; = R;} has positive Lebesgue measure but is
nowhere dense, i.e., each open time interval contains smaller open intervals
on which L; < R;.

In [SSO8], it is shown that

P[6., Uy, Us) € -] = P[W, V) € -], (5.3)
where (W', W) is a pair of Brownian webs with drift —1 and +1, respectively,
whose joint law is described by the SDE . More precisely, if D C R? is a
countable dense set, and for each z € D, we let 7. and 7 denote the almost
surely unique paths in W' and W* starting from z, then (7).cp are coalescing
Brownian motions with drift —1, (7).ep are coalescing Brownian motions
with drift +1, the interacting between left and right paths is described by
and paths that are on different positions evolve independently. For
brevity, we skip the details. We call (W, WF) a left-right Brownian web.

5.3 The hopping and wedge constructions

Ultimately, we are not interested in left and right paths only, but in the

scaling limit of the sets U,, of all paths in the arrow configurations w”. Let

m}, mh, mh, ... be a finite sequence of paths that are alternatively taken from

W! and W", such that

0'7.‘.11 <U7r5 <07r13 < .-
and
75(07@) < 7T11<O-7F§)7 7T11(0-7ré> < 7T§(O'7r13)7 s

i.e., the second path, which is a right path, is started on the left of the first
path, which is a left path, and then the third path, which is a left path, is
started on the right of the second path and so on. Let us also assume that

T(On, Omy) <O, T(Omg,001) < Onp, ...

i.e., we start the third path only after the first meeting time of the first two
paths and so on. Then we can define a path 7 with starting time o, := Ol
by

m(t) == { my(t) (T(O'ﬂ_ll, o) <



5.3. THE HOPPING AND WEDGE CONSTRUCTIONS 119

and so on, i.e., we start by following the path 7!, then “hop” onto the path
75 at the first time when 7} meets 73, and so on, until we arrive at the last
path in our finite sequence, which we follow till time +o00. We fix a countable
dense set D C R? and let

N_ := the closure of {7r :m is obtained by hopping
between paths in (7}).ep and (7%).ep }-

The set N will play the role of the lower bound in the proof of convergence
to the Brownian net, similar to the set WW_ in the proof of Theorem [4.18|

We also need an upper bound. This will again involve wedges and be very
similar to what we did for the Brownian web. The left and right Brownian
webs W' and W* each have a dual W' and Wr, where —W! is equally dis-
tributed with W' (both are Brownian webs with drift —1) and —W" is equally
distributed with W*. In fact, one can check (this is most easily seen using
finite approximation) that (—WW!, —W") is equally distributed with (W', Wr).
We now define

Ny = {7r € II" : 7 does not enter wedges
of the form W (%, #L) with z € D}.

z) "z

Note that here the left boundary of the wedge is formed by a dual right path
and the right boundary is a dual left path. Because of the drift, these paths
may fail to meet so the wedge may be infinite in size. In particular, the fact
that paths do not enter wedges of this form implies that paths in Ay do not
cross dual left paths from right to left, or dual right paths from left to right.
The following theorem is similar to Theorem [4.16] (and in fact historically
predates it). We call the compact set N' := N_ = N, from the following
theorem the Brownian net.

Theorem 5.1 (Wedge characterisation of the Brownian net) Let D
be a countable dense subset of R? and let N_ and N, be defined in terms of
a left-right Brownian web (W', W*) and its dual as above. Then N_ = N.

Proof (sketch) The first step is to prove that paths in W' or W* cannot

enter wedges of the form W (7, 7#l). One way to see this is to use finite ap-

proximation and . The same is then true for paths that are constructed
by hopping between left and right paths at their first meeting times, from
which we conclude that N_ € N,. The fact that left or right paths can-
not enter wedges also implies that forward left paths cannot cross dual right
paths from left to right, and forward right paths cannot cross dual left paths
from right to left.

The next step is similar to the proof of Theorem [£.16] We fix 7 € N,

O <1y <+ <tp, and € > 0. We claim that we can construct a path P
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[om-mmmmmmm—————- Uy
___________ ts

S St [2)
———————————————————— t

Figure 5.1: Proof of Theorem [5.1] A path 7 that does not enter wedges
is approximated by a path that is constructed by hopping between left and
right paths [y, o, and [3.

by hopping finitely often between paths in (7l).cp and (7%).cp, such that
Or < Omnop < t1 and |7P(t;) — ()] < e for all i =1,...,m. To see this, for
each i =1,...,m, we choose 2. = (z'.,t'.) € D such that ¢, > t; and

AT ~1
W(tz) —e<m, (tl) < W(tl) < Ty (tz) < W(tl) + €,
see Figure . Since 7 does not enter the wedge W (7, ,7?; ), the meeting
-

time of #*, and 7', must satisfy
2t 2%

T(7% 7l ) < o,

FANE AN

and we have 77, (1) < w(t) < @l, (t) for all t € [o,,t;]. We can now choose
- +
z = (x,s) € D such that o, < s < t; and
r 1 e Al
Sup T (1) <m(t) < Inf 7, (t)
The forward left path 7. cannot cross any of the left downward paths fri , but
+

it can cross the right downward paths 77, . Just before it does so, however,
we can hop onto a cleverly chosen forward right path and continue until it
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threatens to cross one of the left downward paths fri . Just before it does,
+

we can again hop onto a left path, and so on. Using the equicontinuity of
W! and W", one can prove that with a finite number of hoppings, one can
steer the hopping path so that it stays between the bounding dual right and
left paths and hence satisfies |71°P(¢;) — w(t)| < e foralli=1,...,m.

The rest of the proof is now the same as in the proof of Theorem [4.16] B

Theorem 5.2 (Convergence to the Brownian net) Let ¢, be positive
constants tending to zero and let U, be the set of paths in arrow configurations
wy, for which the probabilities in satisfy d,, = 0, €, (1, — 1,,) — 0, and
e tb, — 1. Then
P[b.,(U,) € -] = PN € -],
n—oo

where N := N_ = N is defined as in Theorem [{.16]

Proof This is very similar to the proof of Theorem [4.18 One first proves
tightness, which in fact follows easily from the convergence of the collections
of left and right paths and the fact that all paths starting from a point must
stay between the left and right path starting from such a point. It then
suffices to prove that all subsequential limit laws are equal. By going to
a subsequence, we can assume that all left and right paths and dual left
and right paths starting some countable dense set D also converge in law,
and also their meeting times. We can then use Skorohods representation
theorem to construct a coupling such that the convergence is almost sure.
We then use the paths starting from the set D to construct sets NV_ and
Ny. The proof then consists of showing that the limit N of the set of all
paths satisfies N_ € N/ C N,. The lower bound follows from the fact that if
discrete left and right paths converge to left and right paths that cross, then
the approximating discrete paths must for n large enough also cross. The
discrete path constructed by hopping between these paths is then certainly
an element of U,,, and hence N_ C N. The upper bound follows in the same
way as in the proof of Theorem [4.1§ by showing that if the approximating
discrete paths do not enter wedges, then this property must be preserved in
the limit. |

5.4 The branching-coalescing point set

Let N be a Brownian net. For each closed set A C R, we define a process
(&")e>0 by

= {r(t):meN, o, =0, m(0) € A} (t>0).
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One can check that (£2);50 is a Markov process taking values in the space of
closed subsets of R. We call (£1);>0 the branching-coalescing point set. It is
proved in [SS08, Prop. 1.12] that for all a < b,

—t

e
E[|& N [a,b]]] = (b—a)- (\/ﬁ
where ¢(x) = \/% ffoo e¥'/2dy is the distribution function of the normal
distribution. The proof is similar to the proof of Proposition[d.19] except that
the calculation now involves calculating the distribution of the supremum up
to time ¢ of a Brownian motion with a negative drift.

Formula says that at deterministic times ¢ > 0, the random set &
is a locally finite point set. Contrary to what we had for the coalescing point
set of Section , it is however not true that & is a locally finite point set
at all t > 0. In fact, it is shown in [SSS09, Prop. 3.14] that there exists a
dense set of times when & does not contain isolated points.

Intuitively, we can think about (£/');50 as describing branching and co-
alescing Brownian motions. However, this heuristic description is a bit too
simplistic, since the branching rate is, in a sense, infinite. Indeed, in Theo-
rem we assumed that the branching probability satisfies ,,'b, — 1 while
we rescaled time by a factor 2. This means that the expected number of
branching events per unit time along a rescaled discrete path is e, !, which
tends to infinity. Intuitively, we need infinite branching rate to counter the
coalescence.

If we take the limit £ — oo in then the right-hand side converges to
2(b —a). It can be shown (see [SSO8, Prop. 1.15]) that the law of a Poisson
point process with intensity 2 is a reversible invariant law for the Markov
process (£)i>0, and the limit law for the process started in any nonempty
initial state.

+ 2@(@)), (5.4)

5.5 The Brownian net with killing

We have seen so far how it is possible to add branching to the Brownian
web. The resuling object is called the Brownian net. As already alluded
to in the introductory section of this chapter, it is possible to add deaths
too. The resulting object is then called the Brownian net with killing and
has been studied in [NRS15]. Adding deaths is somewhat easier than adding
branching. We saw that to obtain a nontrivial limit, we had to assume that
the branching probabilities b, satisfy € 'b, — 1 while we rescale time by a
factor €2, which results in a effective branching rate of ¢!, which tends to

n? n

infinity. By contrast, for the death probabilities d,,, to get a nontrivial limit
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we assume that e 2d,, — § for some § > 0, which means that the expected
number of death events per unit time along a rescaled discrete path is e !
tends to a finite limit.

More formally, one can take the left Brownian web W! (or the right
Brownian web W', which one we choose does not matter) and view it as a
real-tree. One can then equip it with the length measure, which assings to
each segment its length. Finally, one can construct a Poisson point set that
has this length measure, multiplied with the death rate ¢, as its intensity
measure, and “cut” the Brownian net at the points of this Poisson point
set. The result is the Brownian net with killing. For the details, we refer to
[INRST5].
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