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Abstract

This thesis investigates the large-scale behaviour emerging in two discrete
models: the uniform spanning tree on Z3 and the chase-escape with death

process.

Uniform spanning trees

We consider the uniform spanning tree (UST) on Z? as a measured, rooted
real tree, continuously embedded into Euclidean space. The main result is on
the existence of sub-sequential scaling limits and convergence under dyadic
scalings. We study properties of the intrinsic distance and the measure of
the sub-sequential scaling limits, and the behaviour of the random walk on
the UST. An application of Wilson’s algorithm, used in the study of scaling
limits, is also instrumental in a related problem. We show that the number
of spanning clusters of the three-dimensional UST is tight under scalings of
the lattice.

Chase-escape with death

Chase-escape is a competitive growth process in which red particles spread to
adjacent uncoloured sites while blue particles overtake adjacent red particles.
We propose a variant of the chase-escape process called chase-escape with
death (CED). When the underlying graph of CED is a d-ary tree, we show

the existence of critical parameters and characterize the phase transitions.
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Lay Summary

Statistical mechanics states that natural phenomena arise as the average
behaviour of a large number of particles with random interactions. A central
endeavour in probability theory is to establish a mathematical foundation
for this paradigm. Our objective is to obtain precise relations between the
microscopic and macroscopic descriptions of a phenomenon. This thesis is a
contribution to the task. In particular, we are interested in the macroscopic
properties emerging in two discrete random models. In this work, we study
the “uniform spanning tree” and the “chase-escape with death” process. The
first one is a combinatorial model that provides insights into other models
in statistical mechanics. In a different setting, “chase-escape with death”
mimics the behaviour of predators chasing prey on space, or the spread of

a rumor throughout a social network.
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Preface

Part I is the introduction for this thesis. Chapter 1 is an overview, while
Chapters 2, 3 and 4 are surveys on background material.

Part 11 presents original research on uniform spanning trees. Chap-
ter & and Chapter 6 are based on the preprints “Scaling limits of the three-
dimensional uniform spanning tree and associated random walk” [i1] and
“The number of spanning clusters of the uniform spanning tree in three di-
mensions” [10], respectively. Our work in [10] will appear in the proceedings
of “The 12th Mathematical Society of Japan, Seasonal Institute (MSJ-SI)
Stochastic Analysis, Random Fields and Integrable Probability”, while [ii]
is under review for publication. The research leading to these was an equal
collaboration between Omer Angel, David Croydon, Daisuke Shiraishi, and
myself. The writings of [ 1] and [i0] were done in equal parts between Omer
Angel, David Croydon, Daisuke Shiraishi, and myself.

Part 111 is original work on competitive growth processes. The re-
search and writing was conducted in equal collaboration with Erin Beckman,
Keisha Cook, Nicole Eikmeier and Matthew Junge. Chapter 7 is based on
“Chase-escape with death on trees” [25] and has been submitted for publi-

cation.
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Part 1

Introduction



Chapter 1

Discrete and Continuous
Probability Models

A modern scientific paradigm is that natural phenomena arise from the
collective behaviour of random microscopic interactions. This principle
gained widespread acceptance with the introduction of Brownian motion
to physics. Brownian motion was first described by and named after, the
botanist Robert Brown in 1827. Brown observed the irregular movement of
particles of pollen immersed in water. In 1905, Albert Einstein explained
the physical mechanism for this motion as the result of random interactions
at the molecular level [65]. This explanation gave evidence for the discrete
nature of matter. Jean Perrin verified Einstein’s predictions experimentally
and hence confirmed molecular-kinetic theory in 1909 [i45]. With exper-
imental evidence firmly established and the pioneering theoretical work of
James Clerk Maxwell, Ludwig Boltzmann, and J. Willard Gibbs, statistical
mechanics gained a central place within modern physics. Since then, physics
has thrived with successful applications of statistical mechanics. Its influence
has spread to all the sciences. Statistical physics has driven ground-breaking
developments in chemistry [70, 7i], mathematical biology [12, 47, 147, 163]
and theoretical computer science [i37, 15&], to cite some examples. The
success of such applications, including further advancements in physics, re-

quires a precise mathematical understanding of the relation between discrete



models and their continuous counterparts.

In the last fifty years, mathematicians have reformulated problems from
classical statistical physics (without quantum mechanics) within the frame-
work of probability theory. Roland Dobrushin and Frank Spitzer started
the study of interacting particle systems (see [75, 139] for surveys of their
respective contributions), while Simon Broadbent, John Hammersley, and
Dominic Welsh introduced percolation and first-passage percolation, respec-
tively [37, 81]. These models have a simple description in terms of particle
interactions. Even though the model is simple at a local (microscopic) level,
it gains complexity when we consider a large number of particles. The lat-
ter is the most relevant case since it corresponds to the phenomena at a
macroscopic scale. Research in the interface of probability and mathemat-
ical physics has flourished, and it has involved insights and methods from
analysis and combinatorics. Nevertheless, some central questions in the area
result in challenging mathematical problems. The work in this thesis is part
of this continuing endeavour.

In this thesis, we study two discrete models: the uniform spanning tree
and a competitive growth process called chase-escape with death. Our objec-
tive is to understand their large scale behaviour. For the uniform spanning
forest, our main result is the existence of its scaling limits. The three-
dimensional case is particularly interesting since it exhibits non-Gaussian
behaviour. In the case of chase-escape with death, we study its phase tran-
sitions as we vary the model parameters. Our results touch on two main
topics in statistical physics, namely scaling limits and phase transitions. In
the next two sections, we present the probabilistic approach to these con-

cepts.

1.1 Scaling limits as weak convergence of
probability measures
A scaling limit is a formal connection between discrete and continuous prob-

ability models. In line with the interpretation from statistical physics, a

phenomenon may be described either by a discrete or a continuous model.



The discrete model represents a microscopic scale and is usually defined over
a graph, whereas the continuous model reflects a macroscopic scale and it is
defined on R%. Some properties are understood more easily in the discrete
setting, where combinatorial tools are at hand, but the continuous model
usually presents symmetries absent in the discrete space. Examples of these
symmetries are scale and rotational invariance or conformal invariance in
the two-dimensional case. (See Propositions 2.2 10, 2211, and 2.4 3.) We
remark that the physics community was the first to observe symmetries on
scaling limits, e.g. conformal invariance was predicted by Belavin, Polyakov,
and Zamolodchikov [76].

Let us describe the general framework of a scaling limit. Consider a dis-
crete model with a parameter describing its size (for example, the number of
vertices of the underlying graph). We obtain a tractable problem by choos-
ing a meaningful object associated with the discrete model. We say that the
scaling limit exists when, after appropriate normalization, the chosen object
converges as we increase the size parameter.

The archetypical example is the convergence of simple random walk on
Z to Brownian motion. In this case, we scale the simple random walk by
defining the processes on dZ := {Jv: v € Z}. Note that the distance between
nearest-neighbour vertices on §Z decreases as § — 0; the geometric effect is
a zoom-out of the space. The corresponding size parameter is the number of
vertices on [0, 1], while the meaningful object for the scaling limit is the curve
defined by interpolation of the random walk path. We have the convergence
of this curve with respect to the space of continuous curves C[0, 1] endowed
the supremum norm, and we thus say that the scaling limit exists. Chapter ?
expands our discussion on the simple random walk and Brownian motion.

Now, let us we specify the type of convergence of these random objects.
Recall that we choose a representative object for studying the scaling limit
of a given model. With this choice, we determine a Polish space E where
these objects are defined. We thus get a probability measure pu,,, valued
on F, associated with each size parameter n. The precise meaning of the

existence of the scaling limit is that u, converges weakly to u as n — oo,



i.e.

lim. / Fdpy = / fdu forall f € Cu(E),

where C.(F) is the space of continuous functions on E with compact support.

The scaling limit operation is applicable to a large variety of discrete
models. In some situations, the limit object is deterministic, but it may also
be random. The latter corresponds to phenomena exhibiting fluctuations
at every scale. This behaviour is typical of critical phenomena, which we

present in the following section.

1.2 Phase transitions

The models studied in statistical physics depend on a set of parameters.
Among others, these could be the dimension of the underlying space, tem-
perature, pressure, or rate of change. A phase is determined by a set of
parameters with common qualitative properties. We observe a phase tran-
sition when we move between different phases as we modify the model pa-
rameters. The phases of water provide a well-known example. As we vary
temperature or pressure, water abruptly transitions between solid, liquid,
and gaseous states.

Branching processes provide a simple example of a phase transition.
They are also a fundamental piece of our analysis in Chapter 7. Here we
follow [157]; this reference provides more illustrations of critical phenomena
for the interested reader. Branching processes are a model for population
growth, where we represent individuals with identical particles ordered in a
genealogical tree. For our purposes in this section, we restrict to branching
processes with binomial offspring distribution. We remark that this a fun-
damental model in probability theory and its definition is more general (see
[%5, Chapter 3], [60, Section 2.1]).

We start with one particle occupying the root of a d-ary tree, while the
rest of the vertices on the tree are vacant. Any particle reproduces only
once in its lifetime. The offspring of a particle occupies some of the children
nodes on the d-ary tree, leaving the rest of the children nodes vacant. Hence,

the number of descendants of each individual follows a binomial distribu-



tion with parameters d (maximum number of children) and p (reproduction
probability). The number of individuals (or occupied vertices) at generation
t is a Galton- Watson process with offspring distribution Bin(d, p). Let Z4(p)
be the total number of individuals.

One fundamental question for this model is on the size of the branch-
ing process: is it finite, or does the process generate an infinite number of

generations? Let
0a(p) = P (Za(p) = 00)

be the survival probability, and let

€a(p) = E(Za(p))

be the average family size. A classical theorem states that the survival

probability has a phase transition (see [85, 157]):

. 1
Oa(p) = O e

s ifp> é,
where s > 0 is the non-trivial solution to s = ((1—p)+ps)?. The value p, :=
é is known as the critical parameter, since the model changes between
phases at that point. Accordingly, a branching process is subcritical if
p < %, critical if p = p., and supercritical if p > d. A simple calculation
shows that the average family size also exhibits a phase transition around

the critical parameter:
—1f o if p< é,

Sa(p) = .

We remark that at the critical parameter, the expected family size is infinite,
even when survival probability at criticality is O.
A crucial observation is that universal exponents govern the asymptotic

behaviour around the critical point. For each d > 2, there exists constants



C1(d) > 0, Co(d) > 0 depending on d such that

0a(p) ~ C1(d)(p —po)?,  p—pl,
£c(p)(p) ~ Ca(d)(pe —p) 7, p—pe-

In the asymptotic formulas above, 8 and ~ are known as the critical ex-
ponents. They take the values 8 = 1 and v = 1 for all d-ary trees. The
independence of the critical exponents from the parameter d is an instance
of universality.

The different phases of a discrete model explain the qualitative properties
of the modelled phenomenon. However, quantitative conclusions depend on
the details of the model, for example, the dimension of the underlying graph.
In the case of the branching process, a qualitative property is the positivity
of the survival probability, but the values of 64(p) and &4(p) depend on the
parameters d and p. Note that the parameter d is a significant restriction on
the model since it establishes a maximum number of offspring. Nevertheless,
this restriction is irrelevant around the critical parameter. The principle
of universality suggests that, at a critical point, the mathematical model
approximates the physical reality. Therefore critical exponents determine
the behaviour of physical phenomena at criticality. This principle justifies
the value of understanding the simple discrete model. Moreover, several
systems converge to the same behaviour as they approach criticality; we
obtain a division of these systems into universality classes.

A common hypothesis in modelling is a convergence to the Gaussian uni-
versality class. When a model has enough (stochastic) independence among
its different components, the central limit theorem applies, and its statis-
tics converge to Gaussian random variables. However, several models have
strong intrinsic dependencies, and their limit behaviour is non-Gaussian.
Understanding non-Gaussian limits is a challenge for modern probability

theory.



1.3 Structure of this thesis

The rest of the chapters in Part I introduce background material for this
thesis. Chapter ? and Chapter 3 are concise surveys on random walks and
uniform spanning forests, respectively. These two chapters focus on essential
definitions for Part 11. Chapter 4 is an introduction to competitive growth
processes, which are the main topic in Part 111,

Part Il and Part 11l report on original work on uniform spanning trees
and competitive growth processes, respectively.

Chapter X presents the conclusions. In the concluding chapter, we sum-
marize the contributions included in this thesis and future research direc-

tions.



Chapter 2

Random Walks

In this chapter, we define the simple random walk and the loop-erased ran-

dom walk on Z% and present their relevant properties for this work.

2.1 Notation

We begin with some notation that we will use through this thesis.

Following standard set notation N,Z,R, and C represent the natural,
integer, real and complex numbers, respectively. R? is the d-dimensional
real space, Ry = {x € R: 2>0},Zy :={2€Z: z> 0}, and Ny :=Z,.
The indicator function 1{z € P} : R? — {0,1} is defined as

1, if x satisfies property P,
1{B}(z) := {

0, otherwise.

2.1.1 Subsets

For z € Z% and z € R?, the discrete ¢?> Euclidean ball and the Euclidean
¢? ball are the sets

B(z,r):= {yEZd: | — y| <7“}, Bg(z,r) = {yERd: | — y| <r},



respectively. We use the abbreviations B(R) = B(0,R) and Bg(0,R) =
Bg(R). The discrete cube (or (> ball of radius r) with side-length 2r

centred at z is defined to be the set
D(z,r) := {y eZ: |z -yl < 7"}.

Similarly to the definitions above, but with £°° balls, Dg(x,r) denotes the
Euclidean cube. We further write D(R) = D(0, R). The Euclidean distance

between a point z and a set A is given by
dist(z, A) :==inf {|Jz —y| : y € A}.
The Euclidean diameter and the radius of A are

diam A := sup |z — y|, rad A :=min{n € N: A C B(n)}.
r,yeA
If A C Z% we denote by OA the discrete boundary of A. It is defined as the

set

{x ¢ A: there exists y € A such that z and y are nearest-neighbours }.

2.1.2 Paths and curves

A path in Z¢ is a finite or infinite sequence of vertices [vg, v1, . ..] such that
v;—1 and v; are nearest neighbours, i.e. [v;—; —v;| =1, for all ¢ € {1,2,...}.
The length of a finite path v = [vg, v1, ..., ] Will be denoted len(v) and is
defined to be the number of steps taken by the path, that is len(y) = m.

A (parameterized) curve is a continuous function ~ : [0,7] — R%
For a curve v : [0,7] — R3, we say that T < oo is its duration, and will
sometimes use the notation 1'(v) := T. The curve ~ is simple if it is an
injective function. When the specific parameterization of a curve ~ is not
important, then we might consider only its trace, which is the closed subset
of R3 given by try = {v(t) : t € [0,T]}. To simplify notation, we sometimes

write «y, instead of tr-y, where the meaning should be clear.

10



The space of parameterized curves of finite duration, C;, will be endowed

with a metric ¥, as defined by
Y(11,72) = [T1 — Tl + max [y1(sTh) — 72(sT2)l,
0<s<1

where ~; : [0,7;] — R3, i = 1,2 are elements of Cy. Alternatively, consider

the metric

pc(v1,72) == inf sup |y1061(t) —y2 0 62(t)],
te(0,1]

where the infimum is over all the reparameterizations 6; : [0,1] — [0,T}]
and 62 : [0,1] — [0,73]. In the literature, p¢ is known as the metric of the
space of unparameterized paths.

A continuous map > : [0,00) — R? is a transient curve if |y ()| —
oo as t — oo. Let C be the set of transient curves, and endow (! with the

metric x given by

o0
X(7%95%) =D 27" <1 A max |72 () — v§°(t)y> :
k=1 -

2.1.3 Constants and asymptotic notation

We denote constants with the letters C', C, ¢ and ¢,, with n € N. The
values of these constants change from line to line, and we indicate their
dependencies.

Let f,g,h be real valued functions with f,g,h > 0. We write f(z) =
() (g(z)) to indicate that there exists a constant C' > 0 such that

f(z) < Cg(x), for all x.
Similarly, we write f(z) = h(x) 4+ O(g(x)) to indicate that

|f(xz) — h(z)] < Cg(x), for all z.

11



If f(x)=g(z), it means that there exists C such that
f(z) < Cyg(x), for all .
Similarly, we write f(x)=g(x) if there exist ¢1,co > 0 such that
c1g9(x) < f(z) < cog(x), for all x.

Finally, if f and g are positive functions, we write f-g if

flz) _
amo0 g(z) L

2.2 Simple random walk

The simple random walk is a random path on a given graph, where each
step is chosen uniformly at random. For this work, we delimit our discus-
sion to simple random walks on Z¢. Consider the set of directions on Z¢,
& = {+e1,...,%e,}, where e,(j) = 1{k = j}. Let (1;)jen be independent
random variables, each one with uniform distribution over £. For z € Z<,

the simple random walk S = (5),),en started at x is

n
So = =, Sp 1= So—f—an.
j=1
We denote by P* the probability measure of S. The distribution of 7; is
called the step distribution. Thorough this work, we may also use de notation
S(n) = Sy.

The simple random walk is a Markovian process. Our interest is in the
geometry of the random walk, and hence the most relevant stopping times
are those related to exit and hitting times. We define the hitting and
positive hitting times of S by

ra:=inf{n>0: 5, € A}, and i =inf{n>0: 5, € A}. (2.1)

12



We write 7, and 7,5 for the hitting times of the ball B(m). A related

stopping time is the escape from a set. We write
£a4:=inf{n >0: 5, € A°} (2.2)
for the escape time from A. If A = B(m), we write

&m = 1inf{n > 0: S, € B(m)‘}. (2.3)

2.2.1 Recurrence and transience

A random walk S is recurrent if
P(S,=0i0)=1,

otherwise, we say that S is transient. The recurrence of the simple random

walk on Z% depends on the dimension d.

Theorem 2.2.1. The simple random walk on Z% is recurrent in d = 1,2

and transient in d > 3.

A simple proof of Theorem 2 2.1 is in [61, Subsection 5.4]. The basis for
the proof is the following characterization of recurrence in terms of hitting

probabilities.

Proposition 2.2.2 ([6i, Theorem 5.4.3]). For a simple random walk S on

74, the following are equivalent:
(i) S is recurrent,

(ii) PO(T{T}} <o) =1, and
o0
(iii) > P°(S, =0) = cc.
m=0

The next proposition is a quantified version of Proposition 222 (ii) in

the transient case.

13



Proposition 2.2.3 ([1i7, Proposition 6.4.2]). Letd > 3. Forx € Z%\ B(m)

P (rh < o0) = <|;”|>d‘2 [1+0(m™).

Throughout this work, we often make a distinction between dimensions
d =2 and d > 3 of the lattice Z®. This distinction is due to the difference

between recurrent and transient behaviour.

2.2.2 Harmonic measure and hitting probabilities

Estimates on hitting probabilities of a random walk lie at the core of this
work. We review hitting probabilities, harmonic measure, and capacity to
provide some background. We follow [ii3, Ti7], where more details are
available.
Let A C Z% be a finite set. The harmonic measure of A is defined as
the limit
hma(y) := lim P* (STX =y: 7T < oo) .

|z| =00
In the two-dimensional case, the simple random walk is recurrent and the

harmonic measure is simply defined by

hmy(y) := lim P* (ST+ = y) .

|x|—o00 A

We refer to [ii3, Theorem 2.1.3] for a proof of the existence of this limit.
The following result gives bounds on the harmonic measure of straight

segments.
Theorem 2.2.4 ([i13, Section 2.4]). Let L C Z¢ be the line segment on the
x-axis from (0,...,0) to (n,0,...,0). Then

en /2, d =2,

hmyz(0) <
{c(logn)l/Qn_l, d=3.

We define below the capacity of a set and relate it to the hitting proba-

bility of a random walk and the harmonic measure.
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Capacity in the transient case

On Z¢, and for d > 3, the capacity of a finite set A is defined as

m—0o0

cap(A4) := lim Z P* (T:{ > §m) = ZIP””(TAF = 00).
x€A

It follows that we can write the harmonic measure as

P (T;{ = oo)

hnal) = = oA

The capacity of a set A indicates how much “hittable” is A by a random
walk starting at a large distance. We formally state this relation in the

proposition below.

Proposition 2.2.5 ([ii7, Proposition 6.5.1]). Assume that A C B(n) and
|z|| > 2n, then

g (TX < oo) = Cyl|z||>~¢ cap(A) {1 +0 (&l”)} ;

where Cy is a constant depending on the dimension.

An example to keep in mind is the capacity of the closed ball of radius
n. This is
cap(B(n)) = az'n"? + 0 (n%);

where the constant ay takes the value

d_ (d 2
Y () P S R
4d =3 <2 >7T (d — 2)wq

In the expression above, I' is the Gamma function and wy is the volume
of the unit ball in R? [i13, (2.16) and Theorem 1.5.4]. In comparison, for
an arbitrary connected set, we limit our calculations to bounds over the
harmonic measure, e.g. Theorem 227 gives an upper bound.

The recurrence of the two-dimensional random walk entails a different

definition of capacity for Z2. We will not use this definition, and instead,
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refer the reader to [113]. In exchange, we state below a general theorem for

the hitting probability of a connected subset of C.

Beurling estimate

The Beurling projection theorem is a classical result for the hitting proba-
bilities of a two-dimensional Brownian motion. Consider a Brownian motion
on C, started at 0 and stopped when it hits the unit circle; and let A be
the collection of connected subsets of C containing the origin and intersect-
ing the unit circle. The Beurling projection theorem states that, among all
subsets in A, this Brownian motion is most likely to avoid the straight line
[0,1] (see [27, 166]). This theorem is a consequence of Beurling’s theorem
[37], formulated originally in potential theory.

We have a discrete analogue for simple random walks. In this case,
we consider A C Z¢ path connected, meaning that there is a path between
any two points in A. In terms of hitting probabilities, the statement is the

following.

Theorem 2.2.6 (Beurling estimate [ii5, Theorem 6.8.1]). Let A C Z? be
an infinite and path-connected set containing the origin. Then, for a simple
random walk starting at the origin
+ < ¢
P (ﬁn < TA) < i
In terms of the harmonic measure, the Beurling estimate states that the
harmonic measure of a line (hmy, in Theorem 2.7.4) is an upper bound of

the harmonic measure of any path-connected set. We state this version of

the Beurling estimate as follows.

Theorem 2.2.7 ([I13, Theorem 2.5.2]). Let A C Z¢ be a path-connected set

of radius n containing 0. Then

en~1/2, d=2,
hm4(0) < < e¢(logn)/?n=t, d =3,
en™ !, d > 4.
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Kesten proved the two-dimensional case in [97], while the argument in
[113] appeared first in [ii?]. The proof in [1i?] uses the following lower

bound on the capacity of connected sets with radius n.

Proposition 2.2.8 ([i13, Lemma 2.5.4]). Let A C Z% be a connected set of

radius n containing 0. Then

en(logn)™t, d=3,

cn, d> 4.

cap(4) > {

In Chapter 5, we will require a better estimate in the three-dimensional
case. In that case, the set to hit is the trace of a loop-erased random walk
and we use properties specific to the loop-erased random walk. However, we

still refer to such results as a Beurling-type estimate (see Subsection 2.3 3).

2.2.3 Scaling limit of the simple random walk

For simplicity, consider a simple random walk S = (S(n)) in the line. If we
interpolate between S(0), S(1),...,S5(n), we obtain a continuous function in
R. Denote by S(t), t > 0 the function defined by this interpolation. In this
sense, the random walk S is a model for a discrete random function.

The continuous analogue for a random function is Brownian motion. In
this subsection, we introduce Brownian motion and its relation to the simple

random walk through the scaling limit.

Brownian motion

Let (Q,F,P) be a probability space. We say that a random variable X
follows a normal distribution with mean 0 and variance o2, denoted by

N(0,0?) if for any Borel set A C B(R)

22
P(XGA):P(wGQ:X(w)EA):V%Aexp(—%ﬂ).

Definition 2.2.9. A Brownian motion in R (or linear Brownian motion) is

a collection of random variables W := (W (t,w) : t > 0,w € Q) satisfying

17



the following properties:

(i) The distribution at time 0 is identically 0, i.e. W(0,w) = 0, for all
w € Q.

(ii) For any 0 <t < s, the random variable Wy — Wy := W (¢, ) — W (s, )

follows a normal distribution N(0,t — s).

(iii) For any 0 <t; <t9 < ... <tp, the increments Wy, — Wy, , W, , —

Wi, o,..., Wi, — Wy, are independent random variables.
(iv) For P-almost all w € Q, the function ¢ — W (¢,w) is continuous.

The extension to higher dimensions is straightforward. Let W1, ..., W¢
be d independent linear Brownian motions. The collection of random vari-
ables (B(t): t > 0) given by

B(t) =Wk, ..., wHT

is a d-dimensional Brownian motion. In the case d = 2, we call B a
planar Brownian motion. An equivalent definition for the d-dimensional
Brownian motion (B(t) : t > 0,w € Q) is the analogue of Definition 7.2.9,
but we exchange condition (ii) by the requirement that B(t) — B(s) follows
a d-dimensional normal distribution with mean 0 and covariance matrix
(t —s)1g.

We assume above that Brownian motion starts at 0, but the initial point
may be any z € R? In this case, we change condition (i) for B(0) =
z with probability one. We thus say that B starts at z and denote the
corresponding probability measure by P?(-) We interpret B as a random
continuous function. That is, for each w € €} we get a continuous function
B = B(-,w) : [0,00) — R%

We will see below that Brownian motion is a limit object. Accordingly,
Brownian motion satisfies translation, scale, and rotation invariance. We

refer to [140] for the proof of Proposition 2.2 10 and Proposition 2.2 1.
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Proposition 2.2.10. Let B = (B(t) : t > 0) be a d-dimensional Brownian
motion. For a > 0, z € R and an orthogonal linear transformation L :
RY — RY, the processes (E(t) tt> O) and (B(t) tt> 0) given by

B(t) = =B(a?t) + z, B(t) = L(B(t)),

a

are also Brownian motions, started at z and at 0, respectively.

In the two-dimensional case, the planar Brownian motion satisfies con-
formal invariance. We consider planar Brownian in the complex plane by
setting

B(t) = Wy + iWs,

where W7 and W5 are two independent linear Brownian motions. For a
domain D C C, let
8 =inf{t >0 : B(t) ¢ D}

be the exist time of the Brownian motion from the domain D

Proposition 2.2.11. Let B = (B(t) : t > 0) be a planar Brownian motion.
For a conformal map ¢ : D — D, the process (E(t) > O) given by

s a time-changed Brownian motion such that 5;5 = Lp(fg).
Convergence of the simple random walk to Brownian motion

We begin with a discussion of the one-dimensional case. Consider the func-

tion in [0, 1] given by

S(nt
sit) =00,

Vn
With this normalization, the central limit theorem implies that S} (1) con-
verges in distribution to N'(0,1). On the other hand, note that W (1) =

for all ¢t € [0, 1].
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N(0,1) in distribution. In general, for each fixed time ¢,
w0 D
Sr(t) = W(t), as n — oo,

and we see that S converges weakly to W pointwise. However, if we think
of S* as a continuous curve, pointwise convergence is unsatisfactory. It cor-
responds to the convergence of finite-dimensional distributions. Donsker’s
invariance principle extends this convergence to the space of continuous
functions C|0, 1], endowed with the supremum norm.

Donker’s invariance principle holds in all dimensions. In the general case,

we scale a d-dimensional simple random walk by

Vd
NG

We state it below, and we refer to [66, Chapter 5, Theorem 1.2] for a proof.

Sxd = 2_—gd([nt]),  tel0,1].

Theorem 2.2.12 (Donsker’s Invariance Principle). S converges weakly
to a standard Brownian motion on R% in the space of continuous functions

CRd [0, 1] .

We thus say that Brownian motion is the scaling limit of the simple
random walk.

As we have stated above, we are mainly interested in the simple random
walk on Z?. We remark that the convergence of the simple random walk
to Brownian motion holds in a large class of graphs. For example, finite
range, symmetric and irreducible random walks on Z? converge to Brown-
ian motion [i17, Chapter 3]. The convergence also holds for centred step
distributions with finite variance, [i07, Theorem 21.43] gives a proof in the
one-dimensional case. The fact that this scaling limit holds in such gener-
ality is an instance of the universality phenomenon, and we thus say that

Brownian motion is a universal object.
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2.3 Loop-erased random walks

The loop-erased random walk is a model for simple curves motivated by the
self-avoiding walk (SAW) model [i10]. In Z% for d > 2, consider a curve
v:{0,1,...,n} — Z% We define the loop-erasure of  as a curve created
by deleting the loops of v in chronological order. Let

s0 1= sup{j: v(j) = v(0)},

and for i > 0,

si :=sup{j: 7(j) = v(sic1 + 1}
The length of the loop-erasure is m = inf{i: s; = n}. Then, the loop-erasure
of 7y is

LE(PY) = [7(50)) '7(81)a s 77(Sm)}‘

Let D be a subset of Z? Consider a simple random walk S on Z¢
starting at « € D. The loop-erased random walk on D is defined as the

loop-erasure of S up to its first exit from D
v = LE S[0,¢p], (2.4)

where £p is the escape time defined in (73).

2.3.1 The infinite loop-erased random walk

The infinite loop-erased random walk is the loop-erasure of a simple random
walk without an stopping condition. The latter statement has an immediate
interpretation when the simple random walk is transient, which is the case
of Z¢ with d > 3. In Z?, the simple random walk is recurrent, but we can
define the loop-erased random walk as a weak limit. We discuss both cases

below.

Transient case

Let S = (Su)n>0 be a simple random walk on Z?. We assume that the

dimension is d > 3. In this case, the simple random walk is transient, and
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the loop-erasure of S is well-defined, with probability one. Similarly to the

finite case, we set

so = sup{j: S(j) = S(0)},

and for i > 0,
s; = sup{j: v(j) = v(si-1 + 1)}

We note that s; is finite with probability one due to the transience of the
simple random walk. Then, the infinite loop-erased random walk (IL-
ERW) is the transient path

LE(S) == [(s0): /(1))

Two-dimensional case

For each ¢ > 1, let £y be the set of simple paths w = [0, w1, ...,wy]| from 0
to the boundary of By ie. wi,...,wj_1 € By and w; € 0By. Let v, be a
loop-erased random walk on B, and fym|€ be the restriction of ~,, up to its
first exit from By. We denote by

V(W) = Plym[ = w),  we

the probability measure on €2, induced by ~,.

Proposition 2.3.1 (Lawler [ii3, Proposition 7.4.2]). Let w € Q. If vy, is

a loop-erased random walk on B,,, then

. YA _ _ . N
Jim P(yn|" = w) = lim vy, o(w) = De(w)

exists.

The collection {y},>1 is consistent and defines a measure © on infinite
paths. The two-dimensional infinite loop-erased random walk is the random

infinite path with measure 2.
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Restrictions of infinite loop-erased random walks

The LERW and ILERW are different objects. However, the definition of
the ILERW suggests that their respective measures are comparable within

a small ball.

Proposition 2.3.2 (Masson [i36, Corollary 4.5]). Let ¢ > 1 andn > 4. Let
K be a subset containing B(nf) and such that, for the escape time defined
in (2.2), PY(&x < 00) = 1. If ¥ is an infinite loop-erased random walk

and vX is a loop-erased random walk on K and w € Qy then

(0,67 — ) — 4 1O ()| POF0.€KT =) d =2

[1+0 ()] P(GR0,ef ] =w) d>3,

where £5° and {f are the escape times from the ball B(£) of v*° and v%,

respectively.

2.3.2 Growth exponent

The growth exponent of the d-dimensional loop-erased random walk is
the asymptotic number of steps necessary to reach Euclidean distance n. In
a sense, it indicates the efficiency of the random path to reach a macroscopic
distance.

It is convenient to compare the growth exponent of the LERW with two
examples. A growth exponent equal to 1 indicates linear growth, and a
straight line provides an example. The second example is a simple random
walk. Its growth exponent is 2 since the loops increase the number of steps
in the path. It is intuitively clear that the growth exponent depends on the
dimension of the lattice.

Let S = (S(t)) be a simple random walk in Z? started at the origin and
let &, = inf{t > 0: ||S(¢)|| > n} be the first exit time from the Euclidean
ball of radius n. Then

Ma(n) := |LE(S[0, &)l
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is the number of steps it takes to the LERW to exit a ball of radius n in the
d-dimensional space.
We define the growth exponent of the loop-erased random walk

as
log E(M,
oo i JOBEMa()
n—00 logn

(2.5)

provided that the limit exists. In this case, we write that E(Mg(n)) ~ n/
The following theorem summarizes results on the existence of the growth

exponent for the LERW. Kenyon determined the planar case in [95]. Shi-

raishi established the existence in d = 3 [i55, Theorem 1.4], and the upper

and lower bounds come from work in [ii4].

Theorem 2.3.3. The growth exponent 3q for the LERW on Z¢ exists for all

d > 2. The growth exponent takes the following values in each dimension:
(G/) 52 - 27
(b) 63 (17 5/3]7

(c) Ba =2, for d > 4.

m

Further work has obtained a more precise asymptotic behaviour for the
planar LERW and in higher dimensions d > 4. We present below some of
these results.

In the two-dimensional case, Lawler obtained the asymptotic probability
that the path of a LERW contains the edge [0, 1] while it crosses a square
of length 2n [ii6, Theorem 1.1]. This estimate gives a precise asymptotic
for the growth exponent. We refer to [i%, Corollary 3.15] for details on the

connection between the crossing probability and the growth exponent.

Theorem 2.3.4 (Lawler [116]). There exist absolute constant ci,ca > 0
such that
e1n®* < E(My(n)) < con®. (2.6)

The result extends to more general planar graphs. Proposition 2.3.5
shows that the growth exponent is a function of the dimension, and it does

not depend on the particularities of Z2. This is an instance of the universality
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of the growth exponent. Let S be an irreducible bounded symmetric random
walk, starting at the origin, on a two-dimensional lattice. As in Z2, we set
&, = inf{t > 0:||S(t)|| > n} and M(n) = |LE(S[0,&,)).

Proposition 2.3.5 (Masson [136]). The limit

logE(M(n)) 5
m —o P\ 2
n—00 logn 4

and hence the growth exponent for the LERW on a two-dimensional lattice

5
7

18

In the critical dimension d = 4, Lawler obtained the logarithmic correc-
tions for a related exponent. The physics community has predicted these
logarithmic corrections. Let K, := | LE(S,,)|, that is, the number of points
kept in the loop-erasure of a simple random walk of n steps. It was proved

on [114] that for loop-erased random walks in d = 4

E(Ky)

— = = 1.
n—o0 cyn(logn)~—1/2

In comparison, E(K,,) ~ ¢4n, for d > 5.
In higher dimensions, the behaviour is Gaussian, and precise asymptotics
are available (see [114]). For d > 5, there exist ¢, co > 0 such that

cin? < E(Mg(n)) < con®.

2.3.3 Hitting probabilities

General estimates on the harmonic measure are enough for the study of the
two-dimensional loop-erased random walk. In three-dimensions, we require

a result specific for loop-erased random walks.

Theorem 2.3.6 (Sapozhnikov-Shiraishi [148, Theorem 3.1]). Let v be a

loop-erased random walk on B(n). There exist n > 0 and an absolute con-
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stant C < oo such that for alle >0 and n > 1,
For all x € B(n) with dist(z,7) < &?n
+
P (5§<x,ﬁn> <() > =

where S is an independent simple random walk on Z> started at x.

P >1-Ck,

Subsection 5.3.4 presents variants of Theorem 2.3.6 for infinite loop-
erased random walks and loop-erased random walks stooped at a random

boundary.

2.4 Scaling limits of loop-erased random walks

In this section, we discuss the scaling limits of loop-erased random walks.
In contrast with the case of simple random walks, the limit process depends

on the dimension of the space.

2.4.1 Two dimensions

We begin with the planar case Z?. The complex plane reveals a rich structure
for two-dimensional processes. In this subsection, we work on C and denote
the unit ball (or disk) by 1 = B(0, 1).

We have an explicit description of the scaling limit of the two-dimensional
loop-erased random walk. This is the Schramm-Loewner evolution with
parameter 2 (SLE(2)). We introduce SLE in this specific case for comparison

with the scaling limits in higher dimensions.

Radial SLE

The Schramm-Loewner evolution (SLE(k)) is a one-parameter family of con-
formally invariant scaling limits of two-dimensional discrete models. The

following results are known as we take the scaling limit.
e The loop-erased random walk converges to SLE(2) [122, i49].
e The interface of the planar critical Ising model converges to SLE(3)
[46].
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e The harmonic explorer converges to SLE(4) [150].

e SLE(6) corresponds to the scaling limit of critical percolation on the
triangular lattice (proof outlined in [15Y, 160] and completed in [41,

49)).,

e The Peano curve of the uniform spanning tree converges to SLE(8)
[i22].

SLE(8/3) is the conjectured limit of the self-avoiding random walk; close
relation between Brownian motion and SLE(8/3) supports this conjecture
[121],

SLE(k) is defined over domains D C C. We distinguish two points on D,
where the process starts and finishes. Radial SLE corresponds to D with the
process starting at a point in the boundary and finishing at the origin. On
the other hand, chordal SLE refers to the process on the upper-half plane
H starting at 0 and ending at oo.

Let us describe radial SLE(2). We follow the construction in [i??] and
refer the reader to proofs in [30]. The proofs in [30] are for the chordal case,
but they also apply to radial SLE after a conformal transformation.

We say that K is a D—hull if K is a compact subset of D and D\ K is
a simply connected domain. There is a one-to-one correspondence between

D-hulls and conformal homeomorphisms
g :D\K =D (2.7)

satisfying gx(0) = 0 and g% (0) > 0. The Riemann mapping theorem and
the Schwarz lemma provide this bijection (see [30, Corollary 1.4]). We will
look at families of D-hulls. We say that (K : ¢t > 0) is increasing if K; C K
for t < s. Moreover, a family (K;: t > 0) satisfies the local growth property
if

diam (K 44p) — 0 as h | 0 uniformly on compacts in ¢,

where Ky ¢y = g, (Kiyn \ K¢). Simple continuous curves provide the most

relevant example of a family of D-hulls. If 7 : [0,00) — D is a continuous
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simple curve with n(0) € 9D, lim; o n(t) = 0 and n(0,00) C D, then
K; = n]0,t] defines an increasing family of D — hulls with the local growth
property.

We also have a correspondence between continuous functions

W :[0,00) — OD
and increasing families of D-hulls satisfying the local growth property
(Ky: t>0) (2.8)

with Ky € 9D, K; \ Ko C D for t € (0,00), and the assumption that 0 is in
the closure of Uy>oK;.

Given (K : t > 0) satisfying (2.8), let ¢+ := gk, be as in (2.7) for each
t > 0. We further assume that the conformal maps are parameterized so
that ¢;(0) = exp(t). Then, for all ¢ > 0, there exist a unique real number in
[_(t,t+h for all A > 0. We have that

W(t) := Lim Kipn = W(t) (2.9)

exists and W : [0,00) — R defines a real-valued continuous function [30,
Proposition 7.1].
Loewner’s Slit Mapping Theorem [i3i] provides a crucial observation to

reverse the construction.

Theorem 2.4.1 (Loewner [i31]). The conformal homeomorphism g; satis-

fies the differential equation

g1(2) +

alz) = (2.10)

Ogi(z) = —ge(2)

where W is the continuous map (2.9). Clearly go(z) = z, for all z € D.

In light of (2-i0), we call W the driving function of (K;: t > 0).
Now, we start with a continuous function W : [0,00) — 0D. We define

a conformal map ¢; as the solution of the ODE (2. i0) with initial value
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go(z) = z up to some time 7(z) € (0, 00]. For t > 7(z), the solution to (2.i0)
does not exist. We then define the hull at time ¢ as

Ki={zeD: 1(2) <t},

and Dy := D\ K;, so the domain of g; is D; and maps onto D. Then
(K; : t > 0) is an increasing family of D-hulls with the local growth-property
and W is its driving function. [30, Proposition 8.2].

Schramm defined the Schramm-Loewner evolution (first known as the
stochastic Loewner evolution) in his influential work on scaling limits of the

loop-erased random walk [149].

Definition 2.4.2. Radial Schramm-Loewner evolution with parameter k
(SLE(k)) is the process of random D-hulls (K, > 0) with driving function

W (t) = exp(iB(kt)),

where B : [0,00) — R is a Brownian motion.

We define radial SLE similarly in any simply connected domain. If D is
a simply connected domain containing 0, the radial SLE curves in D start
at 0D and converge to 0 as ¢ — oo. A fundamental property of SLE is its

conformal invariant.

Proposition 2.4.3 (Conformal invariance). Let D be a simply connected
domain containing 0 and let x € OD. Let n® (k) denote the law of SLE(k)
in D between 1 and 0, and let vP*0 be the law of SLE(k) in D between x
and 0. If g : D — D is the unique conformal map between D and D with
g9(1) = x and fizing 0, then

VD,I,O =go 77]1]),1,0(%).

Convergence of LERW to SLE

Let D C C be a simply connected domain with 0 € D and let Ds = §Z2N D.

Let V(;D be the law of a loop-erased random walk on Dy, started at 0 and
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stopped when it hits 0D;. Let n” be the law of a radial SLE, path from 0
to the boundary of D.

Theorem 2.4.4 (Lawler-Schramm-Werner [122, Theorem 1.1)). The mea-

sures yé) converge weakly to n° as 6 — 0, in the space of unparameterized

curves (C, pc).

The planar case is well-understood for the scaling limit of the simple
random walk. Here, let W denote the law of a planar Brownian motion
started at 0 and stopped on its first exist from the disk D = B(0,1) on the
complex plane. Let G be a planar graph such that the simple random walk
on it is irreducible. We denote by ps the law of the simple random walk on
the scaled graph dG, started at 0 and stopped when it exits D, and I/?’G is
the law of the loop-erased random walk on 6G N D.

Theorem 2.4.5 ([i71, Theorem 1.1]). Let (d,,)nen be a sequence converging
to 0. If ps, converges weakly to W as n — oo, then V?:L’G converges weakly

to nD.

Lawler and Viklund proved the convergence of [i22] for the natural
parametrization. They considered a planar LERW parameterized by its
renormalized length, and showed that these curves converge to SLE(2) pa-

rameterized by its Minkowski content [119].

2.4.2 Three dimensions

In the three-dimensional case, Kozma proved the existence of the scaling
limit of the loop-erased random walk in a polyhedral domain, along the
scaling subsequence 27" [107].

For a set D C R? and a € R3, we write Dy—n := D N27"Z3 and agn for

the closest point to a in 27"Z3.

Theorem 2.4.6 (Kozma [i07, Theorem 6 and Subsection 6.1]). Let D C R?
be a polyhedron and let a € D. Let Lon be a loop-erased random walk on
Don, started at asn and stopped at 0Dson. Then the law of Lon converges
weakly as n — oo, with respect to the Hausdorff topology.
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Moreover, if K is a sample of the scaling limit of Lon, then IC is invariant

under dilations and rotations.
Sapozhnikov and Shiraishi proved further topological properties.

Theorem 2.4.7 (Sapozhnikov-Shiraishi [i48, Theorem 1.2]). The scaling

limit IC is a simple path, almost surely.

Heuristically, the growth exponent gives an estimate of the number of
boxes (or cells in Z3), which are hit by the loop-erased random walk. The
number of such boxes is related to the Hausdorff dimension of the LERW.
Shiraishi proved that, in the scaling limit of loop-erased random walks, the
growth exponent is the Hausdorff dimension. The next theorem builds up

from an upper bound in [i4¥].

Theorem 2.4.8 (Shiraishi [i56, Theorem 1.1.1]). The Hausdorff dimension
of K is equal to B3 (as defined in (2.5)), almost surely.

2.4.3 Four and higher dimensions

In dimensions d > 4, the loop-erased random walk converges to Brownian
motion. In this case, the exponents present logarithmic corrections d = 4

[ii0, ©11]. The scaling is the following.

Theorem 2.4.9 (Lawler [ii3, Theorem 7.7.6]). Let d = 4. Consider a sim-
ple random walk S on Z* and denote its loop-erasure by L[0,n] = LE S[0,n].
There exists a non-negative sequence (a,)

Li(t) = M, teo,1].

NLD

converges weakly to a 4-dimensional Brownian motion with respect to the

the space of continuous C4[0,1].

The scaling is easier for d > 5. In these high dimensions, the simple
random walk intersects itself infrequently and in relatively small loops. After

loop-erasure, the LERW preserves a positive fraction of the points in the
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simple random walk. We denote this fraction by a. Moreover, the erased
loops are negligible when we re-scale the space. Hence, as we take the scaling
limit, the loop-erased random walk behaves like a random walk scaled by
a. Therefore, a high-dimensional loop-erased random walk converges to
Brownian motion, in the scaling limit. Lawler proved this convergence in

[1i0]; for a concise proof, we refer to [113].

Theorem 2.4.10 (Lawler [113, Theorem 7.7.6]). Let S be a simple random
walk on 72, with d > 5. Denote its loop-erasure by Ly, L[0,n] = LE S[0, n],

and write
L LR

Then Ly, converges weakly to a d-dimensional Brownian motion, in the space

of continuous functions C?[0, 1], endowed with the supremum norm.
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Chapter 3
Uniform Spanning Forests

The uniform spanning forest on Z¢ arises from the infinite-volume limit of
uniform spanning tree measures of a growing sequence of boxes. Within
probability theory, Pemantle was the first to study uniform spanning forests
[143], while the work of Benjamini, Lyons, Peres, and Schramm brought the
field to maturity [29]. In this chapter, we first introduce the definition and
first properties of the uniform spanning forest in Section 3.i. A remarkable
feature of the USF is its close relation to other probabilistic models. Sec-
tion 32 describes the relation of uniform spanning forests with other models
in statistical mechanics, while Section 3.3 includes more connections in the
form of sampling algorithms. We finish the chapter with a survey of results

on scaling limits of uniform spanning forests in Section 3.5.

3.1 Definition and basic properties

We follow the definition of uniform spanning forests in [i32, Chapter 10]. In
a finite and connected graph G = (V, E), a spanning tree of G is a connected
subgraph 7T such that, for any pair of vertices v,w € G, there is a unique
path in 7 connecting v and w. The uniform spanning tree (UST) of GG
is a uniform sample over the collection of spanning trees of G.

For an infinite graph, we take a weak limit of the uniform spanning

tree measure over an increasing sequence of graphs. Let G be an infinite
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connected and locally finite graph. An ezhaustion of G is a sequence G,, =
(Vi, Ey) of induced subgraphs of G that are finite and connected, and such
that V,, C V41 and V = U, V,,. Let USTgn be the uniform spanning tree
measure on GG,. We add a superscript F' to indicate free boundary conditions.
Alternatively, for each induced subgraph G,,, we let GYV be G,, with a wired
boundary. We denote the uniform spanning tree measure of G)¥ by USTI(/;Z.
The superscript W indicates wired boundary conditions.

Let Q = {0,1}¥ be the space of subgraphs of the infinite graph G.
Each element w = (we)eep € €2 represents a subgraph of G, under the
correspondence that an edge e € F is present in the associated graph if, and
only if, we = 1. We endow €2 with the product topology, and Bg denotes
the corresponding Borel sets. Let B be a finite set of edges of E and let T

be a random spanning tree, then the limits
. F s w

exist and do not depend on the exhaustion G, (see [137, Section 10.1]).
We thus define the free uniform spanning forest measure (FUSF) and
the wired uniform spanning forest (WUSF) measure of G as the weak
limits

UST¢, = FUSF, UST¢, = WUSF,

respectively.
In this thesis, we study uniform spanning forests of Z¢. In Z? the free
and the wired uniform spanning forests coincide WUSF = FUSF, so we refer

to both as the uniform spanning forest measure of Z¢ (USF).

Theorem 3.1.1 (Pemantle [143]). The support of the uniform spanning
forest measure of Z¢ is on disconnected subgraphs in dimensions d > 5, and

connected subgraphs in dimensions d < 4.

We refer to a random subgraph U of Z¢ with the USF measure as a
uniform spanning forest, for d > 5. In dimensions, d = 2,3, and 4, U is
simply called a uniform spanning tree.

Given that a uniform spanning tree 7 connects vertices without creating
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cycles, the presence of an edge in 7 depends on other edges. We state this

intuition as the negative correlation property.

Proposition 3.1.2. Let T be a uniform spanning forest. For two different
edges e, f € F,
PleeT|feT)<PlecT).

We refer to [77, Theorem 2.1] for a proof of Proposition 3.1 2 for uniform
spanning trees on a finite graph. It extends to uniform spanning forests by

taking limits.

3.2 Relation to other models

A remarkable feature of uniform spanning forests is its deep relation to
other probabilistic models. These include electric networks [29, 40, [(01],
the random-cluster model [76-7%], the Gaussian free field [31, Ti%], the bi-
Laplacian Gaussian field [123], domino tilings [95], the Abelian sandpile
model [i5, 89, 90, 92  134], and the rotor-router model [44, 45, 87]. A
different type of connection is through sampling algorithms, as it is the case

for the simple random walk [5, 38], the loop-erased random walk [29, 169],

and the interlacement process [88]. We review these sampling algorithms in
Section 3.3.

We then refer to [i37, Chapter 2, 4] and [90, Section 4] for the con-
nection between electric networks and uniform spanning trees. The lecture
notes [167, Chapter 2] present a concise explanation of the relation between
uniform spanning trees and the discrete Gaussian Free Field. In [90, Section
10], we find the Majumdar-Dhar correspondence between Abelian sandpiles
and uniform spanning trees. In this section, we will focus on the connection

to the random cluster-model, following [77].

3.2.1 The random-cluster model

The random cluster model unifies percolation, the Ising model, and the Potts
model in a single framework. The uniform spanning tree is a limit case, in

the sense of Theorem 3.7.1.
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Let G = (V, E) be a finite graph with configuration space Q = {0,1}.
An edge e € E on state 1 is open while state 0 indicates a closed edge.
For each w € Q, let n(w) = {e € E : w(e) = 1} and k(w) is the number
of connected components of the subgraph (V,n(w)). The random-cluster

measure on ) with parameters p € [0,1], ¢ € (0,00) is given by

1
bpqg(w) = 7 { H pw(e)(l _p)l—w(e)} qk(w)7 weQ,

ecE

where Z is the normalizing constant, also known as partition function.

Theorem 3.2.1. The random-cluster measure converges ¢, , weakly to the
uniform spanning tree measure UST as ¢ — 0, under the condition that

p— 0 and q/p — 0.

3.3 Sampling algorithms

In the subsections above, presented above the simple random walk, loop-
erased random walk, the interlacement process, and the continuum random
tree. Our next task is to show the connection of these models to the uniform
spanning forest. In the case of the interlacement process, simple random
walk and loop-erased random walks, these connections appear as sampling

algorithms.

3.3.1 Wilson’s algorithm

Wilson’s algorithm is an essential theoretical tool in the study of USF [i37].
Since it gives an explicit connection between loop-erased random walks and
spanning trees, we can translate questions about uniform spanning forests

to questions about loop-erased random walks.

Algorithm. Let G be a graph with a finite number of vertices V' = {v;}.
e Set vy as the root and 77 = {v;}.

e For i = 1,...,|V], given a subtree T;, let v be loop-erased random

walk starting at v;;+1 and finishing at 7;. Then we set T; 11 = T; U {~}.
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Theorem 3.3.1 (Wilson [i69]). The tree Tjy| is a uniform spanning tree of

G, and T; is the subtree of Tjy| spanned by {v1,...,v;}.

Wilson’s algorithm also works for infinite recurrent graphs. In the case of
an infinite transient graph, Benjamini, Lyons, Peres, and Schramm extended
Wilson’s algorithm in [29] as follows. Note that in Wilson’s algorithm, we
consider a loop-erased random walk until it hits the root vy. In the extension
for transient graphs, we let the loop-erased random walk continue until it
“hits infinity”. For this reason, we call the extension Wilson’s algorithm

rooted at infinity.

Algorithm (Wilson’s algorithm rooted at infinity). Let G be an infinite tran-

sient graph and let V' = {vg,v1,...} be an enumeration of its vertices.

e Let 79 be an infinite loop-erased random walk starting at 0. Let Ty =

Yo and set vy as its root.

e Given 7;, let v; be a loop-erased random walk starting at v;11. This
loop-erased random walk can be either infinite, or stopped when it hits
T;. Then set T;11 = T; U;.

Theorem 3.3.2 (Benjamini-Lyons-Peres-Schramm, [29]). T}, is the subtree

of the uniform spanning forest of G spanned by {vg, ..., v}

3.3.2 Aldous-Broder algorithm

The Aldous-Broder algorithm samples a uniform spanning tree over a finite
graph. It was proposed, simultaneously, by Aldous and Broder [5, 38]. Given
a finite and connected graph G, let R be a simple random walk on G. For
each vertex v € G, let 7(v) := 7(,) the hitting time of v, as defined in (2.1).
Then the oriented edge

is the first entrance edge of v.

37



Theorem 3.3.3 (Aldous-Broder [5, 3%]). The set of first entry edges
{—e(v): v e G}

has the distribution of a uniform spanning tree on G, oriented towards the

root.

3.3.3 Interlacement Aldous-Broder algorithm

The interlacement Aldous-Broder algorithm extends the classic algorithm
to infinite graphs. Instead of taking the first entrance edges in the sim-
ple random walk, the interlacement Aldous-Broder algorithm takes the first

entrance edges in an interlacement process [3¥].

Process (Interlacement Aldous-Broder). Let .# be an interlacement process

on Z%. For each v € Z%, we define the first hitting time of the vertex v as
7'(v) := inf{s > ¢: 3(W,s) € ¥ such that v € W}. (3.1)

Let ef(v) be the oriented edge of Z¢ that is traversed by the trajectory
Wit(v), as it enters v for the first time. For each ¢ € R, let

AB! := {—¢!(v): v € 2}, (3.2)

Theorem 3.3.4 (Hutchcroft [3%, Theorem 1.1]). The set AB' has the law

of the uniform spanning forest of Z%, oriented towards the root.

3.4 Encodings of uniform spanning trees

The uniform spanning tree of Z% has a natural embedding on the space R3.
As we take the scaling limit, the number of vertices of the UST within any
neighbourhood increases, and eventually fills the space. The scaling limit
is no longer a graph. Therefore, the study of these scaling limits requires

encoding of the uniform spanning tree that carries properties on to the limit.
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3.4.1 Paths

Schramm proposed an encoding for the uniform spanning tree in terms of
the collection of its paths [149]. Let U, be the UST in 27"Z3, with the point
at oo added to get a closed set in S3. For a,b € U,, wg’b denotes the path in
U, from a to b. The paths ensemble

I, := {(a,b, w®t) s a,b e Z/{n}

is the collection of all paths in the UST of 27"Z3. Note that Z,, is a subset
of Z:=8§%x S3 x H(S?), where H(S?) is the collection of closed subsets of
S3. 2 is a compact space and we endow it with the Hausdorff topology:

dri(A,B)=inf{r>0: ACB,, BC A}, ABec2,

where B, = {z € X : d(x,B) < r} is the r-expansion of B.

The topology of paths ensemble quantifies the shape difference among
paths between vertices. In particular, it does not take into account the
length of these paths inherited from the graph distance. This path-length is
known as intrinsic distance. A simple approach for studying the convergence
of the intrinsic distance is in terms of finite-dimensional distributions.
For each fixed k € N, we consider the joint distribution of the distance
between k vertices chosen uniformly at random. This approach gives insight

into the structure of the typical sub-tree spanned by k vertices.

3.4.2 Graphs as metric spaces

Two compact metric spaces (X,d~) and (Y,d") are isometrically equiva-
lent if there exists an isometric map ¢ : X — Y Let M be the space of
isometry classes of compact metric space. We endow M with the Gromov-
Hausdorff distance dgy, defined by

dan(X,Y) = inf dfi(p(X),2(Y)), XY €M,
PsPs
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where the infimum is over all metric spaces Z and isometries ¢ : X — Z
and ¢ : Y — Z.

Additionally to the metric structure, we consider a measure endowed to a
compact metric space. Recall that a Polish space is a metric is separable and
completely metrizable topological space. For a Polish space X, we denote
by M;(X) the set of all non-negative Borel measures on X. The Prohorov

metric is defined as

A) < v(As d
d?(u,u):inf{s>0: f1(A) < v(A%) + ¢ an }
1%

(A) < p(A*) + ¢ for all Borel sets A

Let X = (X,dX, uX,pX)and Y = (Y, d", 1, p¥') be two compact rooted
and measure metric space. We define the Gromov-Hausdorff-Prohorov

distance by

dZ P X
deup(X,Y) = inf ( (p)

d(p"))+
®,6,2 | d4(P(X),d(Y) . 7

),
+ dB( o™, D)

where the infimum is over all Polish spaces (Z, d%) and isometries ® : X — Z
and @:Y — Z.

We are mainly interested in compact metric spaces with a tree-like struc-
ture. A real tree (or R-tree) (T, dr) is a metric space satisfying the following

conditions for any z,y € T with D = dp(x,y)

(i) there exists a unique isometric map v®¥ : [0,D] — T such that
ry(xvy) (0) — ¢ and 7(33,1/) (D) =y.

(ii) If ¢ :[0,1] — T is a continuous injective map such that ¢(0) = x and
(1) =y then ([0,1]) = 4*¥)([0, D]).

Let T be the space of real trees and T, denotes the subspace of compact
real trees. We write TSH and TSHP for the corresponding isometry classes
under the Gromov-Hausdorff and Gromov-Hausdorff-Prohorov metric, re-
spectively.
Theorem 3.4.1 ([67, Theorem 1], [i, Corollary 3.2]). The metric spaces
(TS dar) and (TEHY, dgpp) are Polish.
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A graph G is easily described by its set of vertices V' and edges E. In
the scaling limit, it is convenient to consider any graph as a metric space.
If G is a connected graph, we endow the set of vertices with the discrete

metric given by

dg(z,y) = inf len(\(x,y)), x,y €V;
Az,y)

where the infimum is taken over all paths A\(z,y) on G between z and y.
We thus say that (G, dg) is a metric space. Furthermore, we endow G with
counting measure . This measure is uniform over the set of vertices.

If G is a finite graph and U is a uniform spanning tree of G, it is imme-
diate that (U, dy, ) is a measured real tree. In Chapter 5 we consider a
uniform spanning tree of Z3 as a locally compact metric space. We extend

the topological framework introduced in Subsection 5 2.

3.5 Scaling limits of uniform spanning trees

In this section, we overview different results for the scaling limit of uniform
spanning trees. We begin discussing the case of uniform spanning trees on

finite graphs, and then we pass to the results known for infinite graphs.

3.5.1 Finite graphs

In the mean-field case, the scaling limit of the uniform spanning tree of a
finite graph is the Brownian continuum random tree. We begin with the

presentation of this universal object.

The Brownian continuum random tree

The Brownian continuum random tree (CRT) is a compact rooted real tree.
Aldous introduced the Brownian CRT as the scaling limit of critical Galton-
Watson trees with finite variance and conditioned to have a large number of
vertices []. We can also describe the Brownian CRT in terms of a Brownian
excursion. A Brownian excursion e : [0,1] — [0,00) is a Brownian motion

conditioned to be positive in [0,1) and to take the value e(1) = 0.
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Definition 3.5.1 ([124, Theorem 2.2] ). Let

d(s,t) =2e(s)+2e(t) —2 inf 2e(r) for s,t > 0.
rE[sAt,sVi]
We define T' as the quotient space of [0, 1], where we identify points s and ¢
with d(s,t) = 0. The CRT is the compact real tree (T, dr).

Let p be the canonical projection of [0, 1] onto T". The interval [0, 1] is
endowed with the Lebesgue measure £. Then we define the uniform measure

pr on T is the push-forward measure given by

pr(B) == py(L)(B) = L(p~'(B)),

where B is a Borel subset of T

Alternatively, we can sample a Brownian CRT with the stick-breaking
algorithm. This description corresponds to the original definition of the
Brownian CRT in [f].

Algorithm (Stick-breaking algorithm). Let R be an inhomogeneous Poisson
process on [0,00) with intensity measure tdt. We write (R;,)nen for the
location of the points of the Poisson process in increasing order. Denote the
length of the sticks by Ly = R, and L, = R, — R,_1, and consider the

following sequence of compact real trees.

1. T} is the closed line segment with length L. Label the ends of T} as
z1 and z9. The point z; is the root of T7.

2. For n > 1, let z be a uniform point in T),_1. Then, attach at x a closed
line segment with length L,,. We label by 2,41 the end of the segment
L,, on the other side of x.

Theorem 3.5.2 (Aldous [7, Corollary 22]). The tree T,, in the stick-breaking
algorithm is equal in distribution to a subtree of the Brownian CRT spanned
by n+ 1 leaves independently sampled from its uniform measure pur. More-

over, the closure of the set U,enyTn has the distribution of the Brownian
CRTT.
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For each k € N, let wy,...,w; be independent random points with law
pr. We thus define the finite-dimensional distribution of the Brownian CRT
F}. as the joint distribution

(dp (wi, wj))1<icj<t- (3.3)

We remark that dp(wi,ws) corresponds to the length of T; in Algo-
rithm 351, then
/\2
P (dr(wi,wz) > \) = exp -5
In general, the Brownian CRT is the scaling limit of trees arising in com-
binatorial models. Among others, uniform random finite trees and random

uniform unordered trees converge to the Brownian CRT [i35].

Convergence of uniform spanning trees to the Brownian CRT

The scaling limit of the complete graph exhibits the mean-field behaviour
of a model. In the case of the uniform spanning tree, the scaling limit is the
Brownian CRT. The first theorem on this direction is due to Aldous, in the
sense of convergence finite-dimensional distributions. Recall that we define
the joint distribution of the distance between k leaves on the Brownian CRT

in (3.3) as Fy.

Theorem 3.5.3 (Aldous [6]). Let K,, be the complete graph on n vertices
and let U, be the uniform spanning tree of K,. For a firted k € N, let
X1,..., Tk be vertices chosen uniformly at random from K, and let d,(x;, :Uj)
be the distance between x; and x; on UST(K,,). Then

— I asn — o

(dn(mh l’]))
Vn 1<i<j<k

in distribution.

Mean-field behaviour is characteristic of high-dimensional graphs. The

threshold for a high dimension depends on the model. In the case of uniform
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spanning trees on Z?, dimensions d = 4 is critical and d > 5 is a high-
dimension. This characterization is related to the scaling limit of the loop-
erased random walk. As we described in Subsection 7.4 3, the LERW on Z¢
with d > 4 converges to Brownian motion.

Mean-field behaviour holds for a larger family of connected graphs. Let
us introduce some quantities of a graph relevant to the characterization
of mean-field behaviour. Here we follow [138]. Let G = (V, E) be a finite
connected graph. Let § be the ratio of the maximum to the minimum degree
of G. The lazy random walk X = (X¢)¢>0 is defined on the set of vertices
V with transition probability p(-,-). Given X;, with probability % X; stays
on the same vertex and X;+1 = X;. With probability %, the walk changes
its position, and X1 is one of the nearest-neighbours chosen uniformly at
random. We denote by p’(u,v) = P,(X; = v) and by 7 the stationary
distribution of the lazy random walk. We define the uniform mizing time of

the lazy random walk on G by

t
, p'(u,v) 1
ix = >0: — L < =5,
tmix(G) := min {t >0 ﬂ%)\(/’ ) | < 2}

The bubble sum of G is

tmix
B(G):= > (t+1)supp!(v,0).
t=0 veV

We say that
(i) G is D-balanced if d(G) < D,
(i) G is a-mizing if tmi(G) < n'/?7* and
(iii) G is B-escaping if B(G) < 6.

The assumptions (i), (ii) and (iii) are proposed by Michaeli, Nachmias
and Shalev in [13%] as a characterization of mean-field behaviour for finite
graphs (with respect to the UST). They also show that these assumptions
are sharp on Theorem 354 for the diameter of the UST of G, which we
denote by diam(UST(G)).
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Theorem 3.5.4 (Michaeli-Nachmias-Shalev [i138, Theorem 1.1]). For ev-
ery D,a,0,e > 0, there exists a constant C = C(D,«,0,¢) satisfying the
following. Let G be a connected graph on n-vertices and assume that it is

D-balanced, a-mizing and 0-escaping then
P (C™'v/n < diam(UST(G)) < Cv/n) > 1 —&.

Graphs satisfying (i), (ii) and (iii) include the d-dimensional torus Zg@,
the hypercube {0,1}™ and expander graphs. A version of the assumptions
(ii) and (iii) was proposed first in [i44]. However, instead of (i), the results
in [144] assume vertex transitivity. The transitivity hypothesis holds for the
d-dimensional torus and the hypercube, and we thus state convergence for

finite-dimensional distribution on these cases.

Theorem 3.5.5 (Peres-Revelle [i44, Theorem 1.2]). Let d > 5 and let
(Gn) be either the sequence of d-dimensional torus Z%, on n vertices, the
sequence of hypercubes {01}™ on n vertices or a d-regular expander family.
For a fized k € N, let y1, ...y be points chosen uniformly at random on G,
We denote by dy, the intrinsic distance on UST(Gy). Then there exists a
sequence of constants (By,) bounded away from 0 and infinity such that the

joint distribution of the distances

1 2)
/Bn|Gn| / 1<i<j<k
in distribution as n — oco.

The corresponding result for the finite torus Z2, includes logarithmic

corrections. These are expected for the critical dimension d = 4.

Theorem 3.5.6 (Schweinsberg [i51, Theorem 1.1]). Let (G,,) be either the
sequence of d-dimensional torus Z%, on n vertices and we denote by d,, the
intrinsic distance on UST(G,). For a fired k € N, let z1,...,z; be points

chosen uniformly at random on G,. There exists a sequence of constants
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(n) bounded away from 0 and infinity, such that

( dn(zi, Zj

— Fy
Ynnt/2(logn)1/6 ) 1<i<j<k

in distribution as n — oco.

3.5.2 Infinite graphs

In [4], Aizenman, Burchard, Newman, and Wilson described scaling limits
of random trees in terms of their collection of subtrees. Following a different
approach, Schramm studied in [149] the paths ensembles of UST as defined in
Subsection 3.4 1. Both [4] and [149] prove existence of sub-sequential scaling
limits in their respective topologies. We present here the sub-sequential
scaling limit in the paths ensemble topology. Tightness is an immediate

consequence of the definition of the topological space.

Theorem 3.5.7 (Schramm [149, Theorem 1.6]). Let Zs be the paths ensem-
ble of the UST on 6S?. If us is the law of Is, then there is a sub-sequential
weak limit ps — p with respect to the space H (S* x S? x H(S?)) as § — 0.

Although [149] does not prove the full convergence of the paths-ensemble,
Schramm introduced a characterization of the limit object. He proposed the
Schramm-Loewner evolution (SLE) as the conjectured scaling limit of loop-
erased random walks, the Peano curve of the UST, and other conformally
invariant processes in the plane. As we mentioned in Chapter 2, [i27] estab-
lishes the convergence of the LERW to SLE(2). Building up from the work
in [i449], [122] proves the existence of scaling limits of wired and free UST
in bounded domains with smooth boundary, with respect to their paths en-
sembles. One of the main results in [i27] is on the conformal invariance of
the scaling limit. With this in mind, we define the scaling limit of the UST
on a domain of the complex plane.

Let D C C be a simple domain. We consider both the wired UST on
872N D, denoted by WT(;D; and the free UST on §Z?N D, denoted by FT(;D.

Similarly, as in the infinite volume case, we consider their paths ensembles.
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Let WI5D and ]-"I(? be the paths ensembles of WT(;D and F'T 5D , respectively.
These paths ensembles are elements of the space H(D x D x H(D)) with
the Hausdorff topology. We denote their laws by ugV’D and u?’D.

Theorem 3.5.8 (Lawler-Schramm-Werner [i22, Corollary 1.2]). Let D C C
be a simple domain such that 0D is a C'-smooth simple closed curve. Then
the weak limit of the wired UST and the free UST on D exists:

D

W,D W, F,.D F,D
127 R Bs M

as & — 0. Moreover, the scaling limits V' and pu™P are conformally

invariant.

The paths ensemble allows us to study the scaling limit as a subset of
R?. Indeed, Schramm gave a complete topological description of the scaling
limit of the planar UST in [i49]. Nevertheless, the topology of the paths
ensemble is inadequate to study other properties, such as the intrinsic metric,
the uniform measure, and the simple random walk over the limit object. For
this latter purpose, it is more convenient to consider the UST as a measured
metric space; in fact, the UST is a real tree.

Barlow, Croydon, and Kumagai considered the uniform spanning tree as
a quintuple T = (U, dy, pizs, ¢, 0), where U is a uniform spanning tree of Z2,
dy is intrinsic metric, py is the uniform measure, ¢y, is an embedding of U
into R?, and 0 indicates that the embedded tree is rooted at the origin. Their
work in [24] proves the existence of subsequential scaling limits of the UST
in a Gromov-Hausdorff-Prohorov type topology. It includes the convergence
of the embedding ¢;;. Recall that o denotes the growth exponent of the

loop-erased random walk.

Theorem 3.5.9 (Barlow-Croydon-Kumagai [?4, Theorem 1.1]). Let Ps the
law of (U, 6 P2dy, 6%y, Sy, 0). Then the collection (Ps)se(o,1) 1s tight with

respect to a Gromov-Hausdorff-Prohorov topology.

We remark that the results in [24] rely on a detailed understanding of
the growth properties of the two-dimensional loop-erased random walk. In

particular, [24] applies results of [116, 136].
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The sub-sequential limit was extended to full convergence in the Gromov-
Hausdorff-Prohorov topology by Holden and Sun [86]. In [%6], the authors
prove the existence of the scaling limit of contour functions of the UST; the
convergence is for the space of continuous functions endowed with the topol-
ogy of uniform convergence on compact sets. This topology is sufficiently

strong to imply the convergence of the corresponding real trees (see [i]).

Theorem 3.5.10 (Holden-Sun [86, Theorem 1.1, Remark 1.2] ). The law

of the sequence of measured, rooted spatial trees
(ua 5_62d1/{> 52”2/{7 5¢M7 0)

converges as & — 0 with respect to a Gromov-Hausdorff- Prohorov-type topol-

0gy.
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Chapter 4

Competitive Growth

Processes

An interacting particle system is a random model of spatial configurations
evolving. The spatial structure is given by a connected graph G = (V| E).
We often refer to the vertices of G as sites. At any given time, each site
is in a state, which is an element of a the local state space =. ¢ may
be a set of numbers or letters. They represent the presence (or absence)
of different types of particles. A set of local rules governs the interaction
of these particles. These interactions induce changes in the state of a site.
The global state (or configuration) of the system is given by a Markov
chain X = (X¢)s>0 such that X; = (X¢(v))yev takes values in the collection
of functions o

The simple random walk S = (S, : n > 0) provides an elementary
example of a discrete interacting particle system on Z%. In this case, we set
o ={0,1} as the state space. Here 0 represents a vacant site, while 1 is a
site occupied by the random walk. Then, at each integer time n € Z, the

Markov chain for the global configuration is defined as

1 if S, = X, (2) d
Xn(z) = VzeZ".
0 otherwise,
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We may think of an occupied site as the position of a single particle. Under
this interpretation, at each time n € N, a particle simultaneously produces
an identical child and dies. The child-particle occupies a neighbouring site
chosen uniformly.

Our next example is the branching random walk. A branching ran-
dom walk represents a growing population of identical particles, where each
of them reproduces and moves randomly around space, independently from
others. A branching process (introduced in Section i ?) drives the reproduc-
tion mechanism. We restrict to a binomial offspring distribution to simplify
the exposition and refer to [i53, 154] for surveys on this model.

Let T be the genealogical tree of a branching process with offspring
distribution Bin(m,p). T is rooted at p and has a set of edges E. Consider
a collection of random variables ((¢)ecr indexed by the edges of T. This
collection is independent and uniformly distributed over the set of directions
on Z4, & = {*ey,...,+eq}, where ey(j) = 1{k = j}. For a vertex x in T,
the ancestral line [p, x] is the unique path of edges from the root p to the
vertex . We denote by ||z|| the generation of x, defined as the number of

elements in [[p, z]. With this notation, ||p|| = 0. Let

V(x) = Z Ce

e€lp,x]

be the sum of increments associated with the ancestors of . The branching
random walk on Z¢, with offspring distribution B (m,p), is the collection
of random variables (V(z) : = € T). For each generation n, we obtain a

finite point process
V(z10),...V(eny): i=1,...,N),

where {x;}i1<i<n is the set of vertices in the n-th generation. Note that
N > 0israndom. The number of vertices at generation n is a Galton-Watson
process. We can also describe the branching random walk like a (discrete-
time) interacting particle system. In this case, the local state space is o =
{0,1,2,...}. The state of a site z € 7% indicates the number of particles at
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that position. For each integer time n > 0, the global configuration is

Xn(z) = Z 1{V(x) = z}, V2 ezl

2t |lzl|=n

At each time n € Z,, a particle at site z dies and simultaneously gives birth
to a random number of particles. The offspring occupies positions uniformly
distributed among the nearest-neighbours of z.

For the random walk and the branching random walk, particles evolve
at a discrete time. In the following section, we consider interacting particle
systems in continuous time. We need to introduce a framework to justify
that the Markov chain X = (X;);>0 is well-defined. This construction is
our main task in Section 4 2. A second limitation in the branching random
walk model lies in the independence between different particles. If we think
of these systems as a spatial population model, competition for resources
or predator-prey behaviour are natural assumptions. These assumptions
lead to competitive growth processes. As the first example of a competitive
growth process, we present the two-type Richardson model, and the original
one-type Richardson model, in Section 4 3. The motivation for the study of
the Richardson model is related to first passage percolation and serves as an
inspiration for further questions. We thus present first passage percolation
and its connections to Richardson models in Section 4.4. We finish the
chapter with the second example of a competitive growth process, called
chase-escape. We overview this model in Section 45. This process is closely

related to the model that we study in Chapter 7.

4.1 Markov processes

We begin with standard background on Markov process. For this section we
follow [107] and [129].

Let E be a Polish space with Borel o-algebra B(FE). We denote the
collection of continuous functions f : E — R by C(E). Amap x : 1 x Az —

[0,00] is a stochastic kernel between the measure spaces (£1,.4;) and
(QQ,AQ) if
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(i) w1 — K(w1, Ag) is Aj-measurable for any Ay € A9, and
(ii) A2 — k(w1, Ag) is a probability measure on (22, As) for any wy € Q.

Let (Xt)t>0 be an stochastic process and we write (F;)i>o for the fil-
tration generated by X. The stochastic process X = (X¢)>0 is a time-

homogeneous Markov process with distributions (P,)),cg if:

(i) For every n € E, X is a stochastic process on an abstract probability
space (Q,%,P,) with P, (Xo=n) = 1.

(ii) The map & : E x B(E)®R+ — [0, 1] defined by
(n,B) =P, (X € B)

is a stochastic kernel. For every t > 0, the transition kernel k; :
E x B(E) — [0, 1] is defined by

ke(n, A) =k (77, {y e B®+: y(t) € A}) =P, (X; € 4).

(iii) X satisfies the Markov property: for every A € B(E), n € E and
s,t >0,

Pn(Xt—l—SEA‘fs):PXS (XtEA), Pn—a.s.

A function f : [0,00) — E is cadlag if it is continuous from the right

and the left limits exist: for every ¢ > 0
f(t) =1lim f(s), and lim f(s) exists and is finite.
slt st

We let D[0, 00) be the collection of cadlag functions X : Ry — E and D is
the Borel o-algebra generated by the evaluation maps X — X; for ¢ > 0.
Then (D[0,00),D) is the canonical path space for a stochastic process X,
and in particular for the Markov processes that we define below. We denote

the expectation corresponding to P, by E,,.
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Now we additionally assume that the space E is locally compact. The
Markov semigroup {P; : t > 0} associated to the Markov process X =
(X¢)e>0 starting at n € E is defined as

Pf(n) =By (F(X0) = [ fm)dP,

for bounded functions f : £ — R. A Markov process X = (X;)i>0 is a
Feller process if the Markov semigroup maps the collection of continuous
functions C'(E) into itself, i.e. for every f € C(E), P.f € C(E) for all t > 0.
The Markov processes arising from interacting particle systems are Feller
processes. For our purposes, the fundamental property of a Feller process is
that we can define it in terms of its Markov semigroup (see [i29, Theorem
1.5)).

The infinitesimal generator (or generator) of the Markov semigroup
{P;: t > 0} is defined as the operator

(4.1)

where f belongs to a subset of C'(E) where the limit (4 1) exists. The
Hille-Yosida theorem (see [i29, Theorem 2.9]) establishes a one-to-one cor-
respondence between infinitesimal generators on C'(E) and Markov semi-
groups on C(F). This property is crucial for the definition of interacting
particle systems, as we define them in terms of the corresponding generators.
Such construction requires additional work. In the next section, we present
sufficient conditions for our interacting particle systems and refer to [i29,
Chapter 1] for details.

4.2 Interacting particle systems

Let G be a connected graph with a countable set of sites V. Recall that we
write 0 = {s1,..., sy} for the local state space. Our interest is on the global
configuration of V', where each site has a local state. The configuration

space is ¢¥, which is the collection of functions n: V — o. We endow oV
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with the product topology and denote the space of real-valued continuous
functions on ¢" by C(aV).

For the description of an interacting particle system, we require a set of
possible transitions between global states, and rates at which these transi-

tions occur. Following [i29, 130], we describe these two elements as
(i) a set of local maps between global configurations
G={n":0" ="V :TCV, |T| <o},
where the index T indicates the finite subset of sites where the map
n”' changes values on an element n € ¢"'; and

(ii) a collection of non-negative transition rates

{c(T,n): n" €G}.

Another common notation is to write c¢(n,n7) for ¢(T,n) . We will use
¢(T,n) in the construction of interacting particle systems, and c(n, n’)
for our examples. We assume that the function c¢ is non-negative,

uniformly bounded, and continuous as a function of 7.

An interacting particle system is a continuous-time Markov process
X = (Xt)t>0 on the configuration space V. Under a suitable set of condi-

tions over the local maps and the rates (see (4.5) and (4.6)), the generator

Gf@)= Y o) (F") = ), neo® feCc”) (12)

nTeg

defines the Markov process X.
The dynamics in our examples change at one or, at most, two sites, at

the same time. Then the collection of local maps and transition rates are

G={n"n"":2yeV}  Acan),czymn):zyecV}  (43)
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We also assume that

(4.4)

p(z,y) ifn(x)=1,n(y) =0,
c(x,y,n) =
0 otherwise.

for some non-negative sequence of real numbers (p(z,y)), ey~ With these

assumptions, the generator of X takes the form

Gf(x) = cla,n) (fF(n") = f(m) + D c(xy,n) (F1™Y) — fF(n),
T €,y
forn € oV and f € C(a").

As pointed out above, we require some assumptions over the local maps
and their rates. For an interacting particle system of the form (43) and

satisfying (4.4), it suffices that

sup Z sup |e(z,n) — c(x,ny)| < o0, (4.5)
zeV v neaV
and
sup Z p(z,y) < oo. (4.6)
yEVer

Theorem 4.2.1 (Liggett, [130, Theorem B3]). Consider the description of
an interacting particle system of the form (4.3) and satisfying (4.4). If (4.5)
and (4.6) are also satisfied, then the closure of (4.2) is the generator of a

Feller Markov process X = (X¢)i>0 on the space of global configurations av.

A general construction for a finite local state space o is in [162, Chapter
4], while [i29, Theorem 3.9] gives general conditions for the existence of
particle systems with a countable local state space.

The interacting particle systems in this work satisfy the hypothesis of
Theorem 4.2 1. In particular, (4.5) is a consequence of the finite range of
the rates in our examples. We say that a rate c¢(x,n) has finite range if
there exists a constant C' such that c(z,n) depends on 1 through at most
C' coordinates of n. Conditions (4 3), (4.4) are part of the construction and

(4.6) is easy to verify.
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Example 4.2.2. Let us define the continuous-time random walk as an
interacting particle system. The underlying graph is Z¢ and the state space
is 0 = {0,1}. Similarly to the example above of a simple random walk, 0
indicates a vacant site, while 1 indicates a site occupied by the random walk.
We define the local map n*¥ : o2 - oL for z,y € Z% nearest-neighbours

(i.e. [t —y|=1) by

n(z) if z # z,v,
nY(z) =" (n)(z) = {nly) ifz=uz,

n(z) if z =y,

and the transition rate of this map is

c(n,n™?) = Uz —y| =1} (4.7)

The rate of any other local map is 0. The map n™¥ exchanges the position
of the particle if (and only if) one of these sites is occupied. The meaning
of (4.7) is that change in positions occurs after a random time 7', where
T ~ Exp(1). For the continuous-time random walk on Z, a simple way to

indicate the local maps and their transition rates is by writing

01 %10, 10501

An alternative way to define an interacting particle system is with a
Poisson process. Let us define the Poisson process and then discuss the
construction of interacting particle systems with an example.

A Poisson process on Ry with intensity A is a continuous-time Markov

process (N¢, t > 0), valued on Z and satisfying the following conditions.
(i) No=0

(ii) For any finite collection of indices 0 =ty < t1 < ... < tp, the family

of increments (Ny, — Ny, , : i =1,...,n) is independent

(iii) For t > s > 0, the random variable N; — N; follows a Poisson distri-
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bution with parameter \(t — s).

We refer to [102, Chapter 5] for a proof of the existence of the Poisson process
on Ry (and in more general spaces). A classic and beautiful reference on

the general theory of Poisson processes is [100].

Example 4.2.3. We continue Example 4.2.7 with an alternative construc-
tion. Let (R : t > 0) and (L; : t > 0) be two independent Poisson processes
on R;. Then the continuous-time symmetric random walk on Z is equal in
distribution to

Xi =Ry — Ly.

Poisson representations are available for more general interacting particle
systems. These constructions are in [129, Chapter 3, Section 6] and [i67,
Theorem 4.14].

4.3 Richardson models

Our first example of competitive growth processes is the Richardson model.
They model populations spreading uniformly through a graph. We represent
the population growth with the occupancy of vacant vertices. The dynamics
are similar to the growth of cells or infections. If an individual is at a given
site, it will “conquer” a vacant nearest-neighbour site (chosen uniformly)
after an exponential waiting period. We consider two variants: the one-type
Richardson model for the growth of a (single) population, and the multiple
type Richardson model. The first model considers unobstructed growth,
while the multiple-type model corresponds to different species competing
for resources.

In the one-type Richardson model, the population is homogeneous. In
this case, we only have two states for a site. It is either vacant or occupied.
Since our graphs are connected, any site will be occupied after some random
time. The main question for this model is on the shape of the occupied sites
in the long run.

The two-type Richardson model considers two species in competition for

vacant spaces. We distinguish these species as red and blue individuals.
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In contrast to the situation for the one-type Richardson model, it is not
necessarily true that both species occupy an infinite number of sites. For
example, if red particles no longer have vacant sites between their nearest-
neighbours (because blue particles are in those sites) then red will not be
able to reproduce any longer. We interpret that situation as an extinction
event for the red particles. A similar event is possible for blue. On the
contrary, if both red and blue particles occupy an infinite number of sites,
we interpret this as coexistence. Our approach to the two-type Richardson
models focusses on sufficient conditions for a coexistence event.

In the final subsection, we consider the multiple type Richardson model.

It is a generalization of the two-type model for k& competing species.

4.3.1 The one-type Richardson model

The one-type Richardson model is an interacting particle system on Z? with
two states o = {0, 1}. We refer to state 0 as vacant and to 1 as occupied. If
y is vacant then it becomes occupied at a rate proportional to the number
of occupied nearest-neighbours. An occupied site remains that way for the
rest of the process.

For a precise definition, we follow the notation in Section 4 2. For each

x € Z%, we define the occupation map (or infection map) I? : o2t - o2° by

. 1 if z ==,
I*(n)(z) = . neo
n(z) otherwise,

7.4

The one-type Richardson model is the Markov process taking values in

{0,1}%" with transition rates

e, I"(n) = > Unly) =1},

yez?
lz—y|=1

with the initial configuration 7(0) = 1 and 7(z) = 0 for any other z € Z.
Richardson introduced this interacting particle system in [147] as a model

for cell-growth. We remark that the original definition was for a discrete
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time Markov process.
We are interested in the asymptotic shape of the occupied sites. For
each t > 0, we let
B(t):={zeZ%: Xi(z) =1} (4.8)

denote the occupied vertices at time ¢ > 0. The main theorem in Richard-
son’s seminal work [i47] is on the asymptotic shape of B(t). It is shown in
[147] that there exists a convex and compact deterministic set B such that,
for any € > 0, the probability of the event

(1—-¢)Br C Bit) C(1+¢)Br (4.9)
tends to 1 as t — co. The shape theorem in [147] if the first result of its kind.
Cox and Durrett observed in [48] that a lemma suggested by Kesten in [39]
improves Richardson’s theorem: the event in (4.9) holds almost surely for
t > 0 large enough. In [48], Cox and Durrett generalized the shape theorem
to the setting of first passage percolation. We present this generalization as
Theorem 4.4.7. We discuss the relation between the Richardson model and
first passage percolation in Section 4 4 1.

A model similar to the one-type Richardson model is the Eden model
[63]. The Eden model has a simple construction on Z%. For simplicity, we
describe the process in terms of cell growth, as in its original formulation.
We start with a cell at the origin. This cell divides into an identical daugh-
ter, and the newborn cell occupies one of the neighbouring sites, chosen
uniformly at random. The process continues its reproduction in the same
way. To describe the evolution of the Eden process, for each n > Z, we let
A(0) = {0} and define A(n) as the set of vertices after the n-th reproduction.

The one-type Richardson model and the Eden model are the same up to
a suitable time scale. Here we follow [i7]. From the collection of discrete

balls (B(t))¢>0 in (4.8), we construct a sequence of random times { Ny }rez, -

We define Ny = 0 and

N, = inf{t > 0: B(t) contains k + 1 points of Z%}.
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Richardson observed that the collection of subsets {A(k) : k > 1} and
{B(Ng) : k> 1} have the same distribution [147, Example 9].

4.3.2 The two-type Richardson model

In the two-type Richardson model we have three states: o = {w,r, b} for
the vertices of Z¢, for d > 3. Similarly to the one-type version, only sites at
state w may flip on a rate depending on its number of occupied neighbours.
Once a site reaches states r or b, it remains on that state for the rest of
the process. We identify the sites with state r as red particles, sites with
state b correspond to blue particles, while the state w represents a vacant
site. The blue and red particles represent two different species competing
for space. Héaggstrom and Pemantle defined this variant of the one-type
Richardson model in [79], as a tool for understanding infinite geodesics in
first passage percolation. We expand on the discussion of this connection
in Subsection 4.4 2. For a formal definition of this process, we define the
Zd

local maps acting on the model. For each z € Z¢, R* : ¢2° — o2 is the

red-occupation map defined by

r if z =2z and n(x) = w, d
R (n)(2) = . neo”.
n(z) otherwise,
The blue-occupation map B* : o' - oZ% s given by

. b if z =2z and n(x) = w, d
B(U)(Z)Z{ ne o’

n(z) otherwise,

The two-type Richardson model with parameter A is the Markov process

taking values in {w,r, b}%* with transition rates

cmR°m) =X >, ny)=r}  c0,B" ()= > nly) =>b}

yez? yez?
lz—y|=1 lz—y|=1
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The initial condition is the configuration

r ifx=0,
n(@)=14b ifz=(1,0,...,0), (4.10)

w otherwise.

We denote the probability measure associated to this process by Pj.

It is reasonable to think that A rules the coexistence behaviour of red and
blue particles. When A = 1, the red and blue particles spread at the same
“speed” and, intuitively, one would expect both reach an infinite number of
sites. Let A be set of sites occupied by red particles at some time during
the process. We define B for the blue particles in an analogous way. The

coexistence event is defined as
E = {|A| = o0, |B| = o0}. (4.11)

Positive probability for the coexistence event was first proved in Z? by
Héggstrom and Pemantle in [79]. The d-dimensional case was proved inde-
pendently by Garet and Marchand [7?] and Hoffman [83].

Theorem 4.3.1 (Haggstrom-Pemantle [79, Theorem 1.2], Garet-Marchand
[77, Theorem 3.1], Hoffman [83, Theorem 2]). For the two-type Richardson
process on Z¢ with A = 1, the coexistence event E has positive probability.

Héaggstrom and Pemantle conjectured in [79] and in [S0, Conjecture 1.1]
that the converse of Theorem 4.3.1 holds, and the coexistence event E has

probability zero whenever A # 1 for all Z¢ with d > 2. The article [S0] gives

a partial result, but the general case is an open question.

Theorem 4.3.2 (Hiaggstrom-Pemantle [30, Theorem 1.2]). For the two-type
Richardson process on 72,
P\(E)=0
for all A\ € Ry \ A, and the cardinality of A is at most countable.
A wvariation is to study the probability of the coexistence event under

different initial conditions. If two sites other than 0 and (1,0,...,0) are
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occupied at ¢ = 0, then the situation is equivalent to the initial conditions
in (4°10) [79, Proposition 1.1]. The same is true for any initial condition
with a finite number of occupied sites [55, Theorem 1]. We have a change in
the model when a infinite number of particles are present at the beginning

of the process. Consider the initial configuration on Z¢, for d > 2:

r ifx=0,
nt(z) =<b ifr, =0, #0,

w otherwise,

where x = (r1,...,rq). We denote the probability measure associated with
this process by P;". Recall that A\ corresponds to the transition rate of the

red particles.

Theorem 4.3.3 (Deijfen-Héggstrom [57, Theorem 1.1]). For the two-type
Richardson process on Z2, with d > 2,

PI{(E) > 0 if, and only if A > 1.

4.3.3 Multiple type Richardson model

An immediate generalization of the two-type Richardson model is to consider
k different species. The process evolves on Z?, and the local state space
is {0,...,k}. When a site has state j > 1, it means that it has been
occupied by a particle of type j. It remains at that state for the rest of the
process. Otherwise, the site has state j = 0 , meaning that it is vacant. For
J =1,...,k, the I7-occupation map is the analogue of the blue occupation
maps defined for the two-type Richardson model. In words, the j-type
occupies an adjacent vacant vertex after an exponential time Exp(1).

Let x1, ...,z be different sites in Z¢. The k-type Richardson model with
initial conditions (z1,...,zy) is the Markov process X* = (X[F);>¢ taking
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values in {0, 1,... ,k}Zd, with rates

cn, ) = > Unly) =i},

yez?
le—y|=1

j o if z=xj,
n(z)z{ ’

0 otherwise.

and initial conditions

For j =1,...,k, we write
Bj ={zecz: X*t)=j for somet >0}

for the set of sites that eventually become of type j. The coexistence event

for the k-type Richardson model with initial conditions (z1,...,zy) is
E(xi,...,z) :={|Bj| =00: j=1,...,k}. (4.12)

In line with Theorem 4 3 i, Hoffman proved the next theorem as a tool
to obtain a lower bound on the number of infinite geodesics in first passage

percolation (c.f. Theorem 4 4 4).

Theorem 4.3.4 (Hoffman [84, Theorem 1.6]). Consider the 4-type Richard-
son model on Z?. For any € > 0 there exist x1, x2, x3 and x4 in Z? such
that

P(E(z1,72,x3,74))) > 1 —¢.

4.4 First passage percolation

Hammersley and Welsh introduced first passage percolation (FPP) as an ex-
tension of the percolation model [Xi]. The traditional example of FPP is the
phenomenon of fluid moving through a random medium. While percolation
studies the sites where the fluid arrives (occupied sites), FPP incorporates
the time of arrival to each site. In this section, we present the definition and
main theorems in the theory of FPP. We follow [i7] in the presentation of

these preliminaries.
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Let G = (V, E) be a connected graph and let F' be a probability distri-
bution on (0,00). In particular, in this work we only consider F'(0) = 0.
The collection of edge weights (7¢).cr is a family of independent random
variables with common distribution F. Recall that a path on G between the
vertices x and y is a collection of vertices [v1, ..., v,] such that (v;, vit1) € E,

v; = x and v, = y. We define the passage time of a path v = [v1,...,v,] by

n—1

TF(PY) - T(vivig1)"
1

<.
Il

For any z,y € V, we define the passage time between z and y by

Tp(z,y) :=inf{T(7): v € I(z,y)}, (4.13)
where I'(z,y) is the collection of (finite) paths on G between x and y.

Proposition 4.4.1. If F(0) =0, then T defines a (random) metric on V

almost surely.

If G = Z%, we extend the passage time to a metric for R?. We define the
metric 7' : R — (0, 00) by

TF(J"7 y) = TF(xlv y/)’

where 2/ € Z% is the closest vertex to z (in case of a tie, we choose the
smallest vertex with respect to the lexicographical order). We choose v’
similarly.
We denote by Bp(t) the random open ball centred at the origin in the
metric Tr
Br(t) == {y e R%: Tr(0,y) < t}.

One of the main results in the theory of FPP is on the shape of the ball
Bp(t) at large scales.

Theorem 4.4.2 (Cox-Durrett [48]). There exists a deterministic, convex
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and compact set Bp C R? such that for each € > 0,

Br(t)
t

(1—¢)Bp C C (14 €)Br for all large t

almost surely.

4.4.1 First passage competition models

Competitive growth models are interacting particle systems, but we can
define equivalent processes in terms of first passage percolation. We usually
refer to these models as first passage competition models or competing first
passage percolation.

We begin with a construction of the one-type Richardson model, defined
in Subsection 4 3 1. Consider FPP on Z? with exponential (with parameter
1) edge weights and let Ty Z3x 7% — [0, 00) be the corresponding passage

time metric. The random discrete ball
B(t) ={zx €Z: Taxp(0,z) < t}

represents the sites occupied at time ¢t. We thus consider the Markov process

X = (X¢)e>0 taking values in {0, 1}%* and given by

1 if z € B(),
Xi(z) =
0 otherwise.

It is well-known that the one-type Richardson model is equal in distribution
to (X¢)i>0. The process (X¢)i>0 is also known as the edge representation of
the one-type Richardson model.

Our next example is the two-type Richardson model. For simplicity, we
focus on the case A = 1. As above, let Txy, : Z4x 7% — [0, 00) be the passage
time metric defined by FPP, with Exp(1) passage times. Recall that, for the
two-type Richardson process at time ¢t = 0, the origin x; = 0 is red, while
the site zo = (1,0,...,0) is blue. The idea is to compare the passage times

Texp(x1, 2) and Trxp(x2, 2z), which are the passage times from the initial
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red and blue sites, respectively. The colour with a smaller passage time
conquers the site z and occupies it for the rest of the process. This colour
is well-defined since the distribution of the passage times is continuous and
hence {Tixp (21, 2), Texp (%2, 2) } has a unique minimum. Then, the two-type
Richardson model has the distribution of the Markov process Y = (¥3):>0
with Yi(21) = r and Y;(z2) = b for all t > 0; and for z € Z? different to z;

and xo

¥i(2) r o if Texp(21,2) <t and Tixp (21, 2) < Texp(22, 2),
t\z) =
b if Trxp(22,2) <t and Texp(21, 2) > Thxp(x2, 2).

The edge representation of a two-type Richardson model with rate A #
1 is more complex and requires additional care. We need to enforce the
condition that, for every red site v, there is a nearest-neighbour path of
red sites from 0 to v; and similarly for each blue site. In particular, if
the set of blue sites is surrounded by red sites, then blue will not longer
reproduce (and vice versa). We refer to [565, 8] for the construction of the
edge representation of the asymmetrical two-type Richardson model.

In the following subsection, we will see that the construction of Richard-

son models with first passage percolation also gives insights on FPP.

4.4.2 Geodesics

If a finite path - between x and y satisfies Tr(vy) = Tr (v, w) (it achieves the
minimum) we thus say that v is a geodesic from z to y.

Wierman and Reh proved the existence of geodesics in full generality for
72 [i68], Corollary 1.3]. In higher dimensions, we require assumptions over
the passage time distribution F'. We refer the reader to [i7, Section 4.1] for

general conditions, but the next theorem is sufficient for us.

Theorem 4.4.3 (Kesten [96, (9.23)]). For a continuous distribution F,

there exists a unique geodesic between any two points of Z% almost surely.

From now on, we assume that the distribution F' is continuous. We

remark that a crucial point for existence in Theorem 4.4.3 is that F'(0) = 0.
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Note that the exponential distribution Exp satisfies this condition. Let
G(x,y) be the unique geodesic between = and y, and let

Tr = [J{G(0,2)}
2EZ

be the tree of infection rooted at 0, where F' indicates the distribution of
the passage times. Since the geodesics G(0, x) are unique, then 7r is a tree.

An infinite self-avoiding path [v1,vg, .. .] is a geodesic ray if vy, ..., vg]
is a geodesic from v; to vg for every £k > 1. The number of geodesics
rays is equal to the number of (topological) ends of the tree of infection
Tr. With this equivalence in mind, we denote the number of geodesic
rays by K(7r) A simple compactness argument shows the existence of a
sub-sequential limit for (G(0, (n,0,...,0))), ey, and then K(7r) > 1.

Newman conjectured in [i41] that for a continuous distribution F' (with

additional hypothesis over distribution tails and exponential moments),
|K(Tr)| = oo, almost surely. (4.14)

This question is still open, and (4.14) for continuous distributions is stated
as Question 27 in [i7]. Progress on (4.i4) has been close to the two-type
Richardson model for growth-cell. We defined this model in Subsection 4.3.2
and discussed its relation to FPP in Subsection 4.4 i. Now we present the
consequences of the Theorems in Subsection 4 3.2 for K (7).

Héaggstrom and Pemantle observed that the coexistence event for the
two-type Richardson model (defined in (4 11)) implies the existence of two
disjoint geodesic rays starting at 0. This property follows from a compact-
ness argument. They showed that Theorem 4.3 1 implies K (Tgxp) > 2 with
positive probability on Z? [79, Theorem 1.1]. Similarly, independent work
of Garet and Marchand [7?] and Hoffman [83] for the two-type Richardson
model implied for FPP on Z%, d > 2, that

P(K(Tp) >2) > 0.
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This positive probability holds for a large family of distributions F', in par-
ticular for the exponential distribution.

Hoffman proved in [34] a more general result for K (7). Hoffman’s the-
orem is in terms of the geometry of the limit ball Br appearing in the shape
theorem (Theorem 4 4.7). The distributions considered in [84] constitute a
large family. Here, for simplicity, we state the result for continuous distri-
butions F' with finite 2 + o moment.

If Bp is a polygon, we define Sidesg as the number of sides of 0Bp. If Bp
is not a polygon, then Sidesy is equal to infinity. By symmetry, Sidesp > 4
in Z2. Theorem 444 is a consequence of a version of Theorem 4 34 with

distribution F' for the passage times.

Theorem 4.4.4 (Hoffman [%4, Theorem 1.2 and Theorem 1.4] ). Let F' be

=

a continuous distribution with E (127) < oo for some o > 0. For anye >0
and k < Sidesg there exist x1,...,xy such that
P (There exist k disjoint geodesics starting at x1,...,x) > 1 —¢.

Moreover, if k < Sidesp /2,
P(K(Tr) > k) = 1.

A consequence of Theorem 444 is the existence of infinite geodesics
when the limit shape Br is not polygonal. This has been proved by Auffinger
and Damron for measures v (for the distribution of the passage time 7¢)

which satisfy
supp(v) C [1,00), and v({1}) =p > p, (4.15)

where p,. is the critical parameter for oriented percolation on Z2.

Theorem 4.4.5 (Auffinger-Damron [i6, Theorem 2.3]). Consider FPP on
Z? and let v be the law for the passage times Te. If v is a measure satisfying
(4.15) with p > p. on Z2, then

P(K(T;) = 00) = 1.
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We have used that the coexistence event on the Richardson model im-
plies the existence of geodesic rays. Nevertheless, the equivalence between
coexistence, for a k-type Richardson model, and existence, of k ends for the
infection tree, is not immediate. Such equivalence corresponds to a result
announced recently. Recall that E(z1,...,zx) was defined in (4.17) as the
coexistence event. We cite the theorem for two dimensions, and remark that
there is a d-dimensional version of Theorem 4.4 6 with additional hypothesis

over distribution moments and the number Sidesg.

Theorem 4.4.6 (Ahlberg [?, Theorem 1]). Let F' be a continuous distri-
bution with E (1279) < oo for some o > 0. For any k € NU {oc}, and
e>0:

(i) If P(E(x1,...,71)) > 0 for some x1,. ..,z € Z*, then

P(K(Tr) > k) = 1.

(i) If P(K(Tp) > k) > 0, then

for some z1,...,x € Z2.

4.5 Chase-escape process

Chase-escape is an interacting particle system on a connected graph G. It
emulates the behaviour of predators chasing prey that are escaping from
them. On the graph G = (V, E) the local state space is 0 = {w,r,b}. We
refer to states r and b as red and blue, respectively. The state w is white or

vacant. The transitions on chase-escape are

rw 2 T, br 25 bb. (4.16)

This means that red particles spread to adjacent uncoloured sites according

to a Poisson process with rate A. Meanwhile, blue particles overtake adjacent
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red particles at rate 1. For a formal definition we follow [35]. We define the

maps R* : 0V — ¢ and B* : ¢V — oV by

. r if z =2 and n(x) = w, d
R*(n)(z) = ne
n(z) otherwise,

b if z=x and n(x) =,
B*(n)(2) = e ne o
n(z) otherwise,
The chase-escape model with parameter A is the Markov process taking

. d . s
values in {w,r,b}?" with transition rates

c(n, R*(n)) = A1{n(z) =w} > 1{nly) =r},
yez?
lz—y|=1

c(n, B* () = n(z) =r} > 1{nly) = b}
yez?
|z—y|=1

Alternative interpretations of the chase-escape process include the spread
of a rumour or an infection. In that case, the white particles represent the
susceptible population (.5), the red particles represent infected individuals
(I) and the blue particles are recovered ones (R). Under the chase-escape
dynamics, an individual can recover from an infection when it is in contact
with someone already in state R. In terms of a rumour, this recovery corre-
sponds to the spread of facts. The properties of the graph G correspond to
the social network of the population.

In the context of tree, chase escape is equivalent to the escape process and
the rumour-scotching process. Escape and chase-escape were both proposed
by Kordzakhia [i04]. They are similar except that, in the escape process,
blue particles are allowed to conquer both vacant and red sites. A second
variant, introduced by Bordenave, is the rumour-scotching process. We
may think of the rumour-scotching process as a directed version of chase-
escape. In this case, blue particles only conquer red sites, but such spread

is performed only through edges that have spread red particles at some
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previous time. This restriction for the blue particles is associated with usual
social dynamics for the transmission of a rumour. Under this model, a red
site represents an individual believing a rumour, and the blue sites represent
individuals who have additional information that denies such belief. A white
site stands for susceptible individuals who have not heard anything. The
red sites are prone to gossip, and they spread the rumour to their nearest-
neighbours. When a site turns blue, they want to scotch the rumour that
they propagated. However, they only turn to those with whom they shared
the rumour before. Some results for chase-escape on trees were proved first

in the context of the escape or the rumour-scotching processes.

4.5.1 Phase transitions

We distinguish two phases on the chase-escape process, depending on the
cardinality of the set of sites eventually occupied. In the first scenario, the
predator consumes all prey, and then the predator cannot move any further.
On the contrary, if the prey advances fast enough, then there is prey alive
at any time in the process before it ends. (We specify below the end of
the process for finite graphs.) It is intuitively clear that these two phases
depend on the “speed” of the red particles relative to the “speed” of the blue
particles. The parameter A controls such “speed”. Recall the assumption
in (4.16) that the transition rate for blue particles is 1. This choice is
just a normalization of the parameters. We denote by P, the probability
measure of chase-escape with parameter A for the spread rate of red particles.
The phase transitions and the existence of a critical parameter A have been
analysed for d-ary trees, and Galton-Watson trees, and complete graphs.

Let us overview the main results for these graphs.

Finite graphs

Let K, be the complete graph on n vertices. At time ¢ = 0, there is one
blue site, one red site, and n — 2 vacant sites. We add two absorbing states

to the dynamics. The chase-escape process on K, with n > 3, finishes if

(a) there are no red particles left; or
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(b) there are no vacant sites left i.e. all sites are occupied by a blue or a

red particle.

Let A, be the set of vertices of K, that are red, at any time, before the

chase-escape process stops. Let
Ap ={|Al =n—1}

be the coexistence event, where all vacant sites of K, were coloured red
at some finite time (with the addition of the initial red site). Note that
the event A, is equivalent to the absorbing state (b). We call P\(A,) the

coexistence probability.

Theorem 4.5.1 (Kortchemski [105, Theorem 1]). Let (Ky)n>3 be a growing

sequence of complete graphs. Then

0 if <1,
JEEOPA(A") =01 ifa=1,
1 if A>1.

In particular, A = 1 is the critical parameter.

We see that on the complete graph, the coexistence probability is asymp-
totically positive if A > 1. Otherwise, the coexistence probability is asymp-
totically 0. The first scenario corresponds to an coexistence phase, while
the second is the extinction phase on the finite graph. The transition

between these two phases occurs at the critical parameter A = 1.

Infinite graphs

For an infinite graph G with root pg, we assume that the process evolves
on a modified version of G. We add an additional vertex pg attached to pq.

Then the initial conditions of chase-escape at time ¢ = 0 are

Xo(pa) = b, Xo(pa) =7
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and the rest of the vertices are on state w, i.e. these sites are vacant.
Let B denote the set of sites that are blue at some time in the process,
and let
B = {|B| = oo}.

In the coexistence phase there is a positive probability that red particles
occupy infinitely many sites so Py(B) > 0. We define the extinction phase
as P\(B) = 0, in the case both types occupy only finitely many sites almost

surely. We define the critical parameter
Ac(G) :=inf{\: P\(B) > 0}. (4.17)

With this notation, we emphasize the dependence of the critical parameter
on the underlying graph G.
We consider first the case of chase-escape on the ray N. In this case, the

first-guess answer is the correct one.

Proposition 4.5.2 ([62, Proposition 2.1]). For chase-escape on N
Ae(N) =1, (4.18)

and chase-escape is in the extinction phase at criticality.

A tree is a natural generalization from N, since we may consider the tree
is the union of an infinite number of rays. A d-ary tree Ty is a rooted infinite

tree were all vertices have d children.

Theorem 4.5.3 (Kordzakhia [i04, Theorem 1]). There exists a critical

value

A(Tg) =2d—1-2Vd>—d (4.19)
such that, for chase-escape on a d-ary tree with parameter A,
(i) the process is in the extinction phase if 0 < X\ < A(Ty), and

(ii) coexistence occurs if X > Ao(Ty).
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Note that

1
)\cwﬁasdToo.

Bordenave extended the previous result and determined the behaviour at

criticality.

Proposition 4.5.4 (Bordenave [35, Corollary 1.5]). Extinction happens for

chase-escape on a d-ary tree at the critical parameter A.(Ty).

Durrett, Junge and Tang presented in [62] a simple probabilistic argu-
ment for Theorem 453 that included the behaviour at criticality of Proposi-
tion 4 5.4. The base of the proof in [6?] is a comparison between chase-escape
on trees and N. The arguments in [35] are analytical, but they apply to a
more general setting: Galton-Watson trees with an additional assumption
over the growth rate. The assumptions over the growth rate on [35] follow,
almost surely, from conditioning 7" on being infinite. We state the following

theorem under this hypothesis.

Theorem 4.5.5 (Bordenave [35, Theorem 1.1., Corollary 1.5]). Let A.(Ty)
be as in (4.19). Let T be a realization of a Galton-Watson tree with mean
number of offsprings d > 1 and conditioned to be infinite. The following

holds T-almost surely for chase-escape on T with parameter .
(i) If X < A(Ty) then we have extinction.
(ii) If X > A.(Ty) , then coexistence occurs.

Kortchemski extended the study of chase-escape on Galton-Watson trees.
In [i06], he introduced a coupling on Galton-Walton trees of the chase-
escape dynamics and branching random walks killed at 0 [106, Theorem 1].
With this method, Kortchemski obtained a shorter probabilistic proof of
[35, Corollary 1.5] for super-critical Galton-Watson trees [106, Proposition
3] and asymptotics on the tail of the distribution of the number of prey [i06,
Theorem 4].

The examples above have a simple geometric structure. The complete

graph represents the mean-field behaviour, while all the paths on trees are
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self-avoiding. Studying chase-escape on other lattices has been a challenging
problem without significant advancements.

Kordzakhia and Martin have conjectured that coexistence is possible for

Ae(G) < 1 (4.20)

on two-dimensional lattices. Durrett, Junge, and Tang proved (4 20) for
a variation of chase-escape on high-dimensional oriented lattices [67]. The
variation considered in [6?7] allowed for infinite passage times for the red
particles. Blue is allowed to cross that edge if the opposite vertex, on that
edge, was reached by red already. To our knowledge, a similar proposition
has not been proved for a non-oriented graph. The main challenge in the
analysis of two-dimensional lattices is the presence of cycles. Some simple
graphs have been candidates for satisfying (4.20). This was the case of
the graph N x [0, 1]. Durrett, Junge, and Tang discarded this graph as an
example for (420) by proving that A.(N x [0, 1]) = 1.

Tang, Kordzakhia, and Lalley have obtained simulations in support of
(4.20). Their simulations show that A.(Z?) ~ 3 and A.(A) < 1 for different
two-dimensional lattices A, including the hexagon, triangle and 8-directional
lattices. Furthermore, the simulations in [164] show fractal behaviour for the
shape of occupied sites in all these latices when the parameter X is close to its
corresponding critical value. This property is typical in critical phenomena

and gives further support to the following conjecture.

Conjecture 4.5.6 (Kordzakhia-Martin). The critical parameter for chase-

escape on the square lattice is A (Z?) = 3.
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Part 11

Scaling Limits of Uniform

Spanning Trees
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Chapter 5

Scaling Limit of the
Three-Dimensional Uniform

Spanning Tree and the
Associated Random Walk'

Summary of this chapter

We show that the law of the three-dimensional uniform spanning tree (UST)
is tight under rescaling in a space whose elements are measured, rooted
real trees, continuously embedded into Euclidean space. We also establish
that the relevant laws actually converge along a particular scaling sequence.
The techniques that we use to establish these results are further applied to
obtain various properties of the intrinsic metric and measure of any limit-
ing space, including showing that the Hausdorff dimension of such is given

by 3/3, where § &~ 1.624... is the growth exponent of three-dimensional

! Joint work with Omer Angel, David Croydon, and Daisuke Shiraishi.
Acknowledgements. DC would like to acknowledge the support of a JSPS Grant-in-Aid
for Research Activity Start-up, 18H05832 and a JSPS Grant-in-Aid for Scientific Research
(C), 19K03540. DS is supported by a JSPS Grant-in-Aid for Early-Career Scientists,
18K13425.
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loop-erased random walk. Additionally, we study the random walk on the
three-dimensional uniform spanning tree, deriving its walk dimension (with
respect to both the intrinsic and Euclidean metric) and its spectral dimen-
sion, demonstrating the tightness of its annealed law under rescaling, and

deducing heat kernel estimates for any diffusion that arises as a scaling limit.

5.1 Introduction

Remarkable progress has been made in understanding the scaling limits of
two-dimensional statistical mechanics models in recent years, much of which
has depended in a fundamental way on the asymptotic conformal invariance
of the models in question that has allowed many powerful tools from complex
analysis to be harnessed. See [122, 149, i60] for some of the seminal works
in this area, and [ i5] for more details. By contrast, no similar foothold for
studying analogous problems in the (physically most relevant) case of three
dimensions has yet been established. It seems that there is currently little
prospect of progress for the corresponding models in this dimension.

Nonetheless, in [i07], Kozma made the significant step of establishing
the existence of a (subsequential) scaling limit for the trace of a three-
dimensional loop-erased random walk (LERW). Moreover, in work that
builds substantially on this, the time parametrisation of the LERW has
been incorporated into the picture, with it being demonstrated that (again
subsequentially) the three-dimensional LERW converges as a stochastic pro-
cess, see [127] and the related articles [i2%, 155]. The aim of this work is
to apply the latter results in conjunction with the fundamental connection
between uniform spanning trees (USTs) and LERWs — specifically that paths
between points in USTs are precisely LERWSs [143, 169] — to determine the
scaling behaviour of the three-dimensional UST (see Figure 5.1) and the
associated random walk.

Before stating our results, let us introduce some of our notation. We
follow closely the presentation of [24], where similar results were obtained
in the two-dimensional case. Henceforth, we will write /4 for the UST on

73, and P the probability measure on the probability space on which this
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is built (the corresponding expectation will be denoted E). We refer the
reader to [143] for Pemantle’s construction of & in terms of a local limit of
the USTs on the finite boxes [—n,n]> NZ3 (equipped with nearest-neighbour
bonds) as n — oo, and proof of the fact that the resulting graph is indeed
a spanning tree of Z3. We will denote by d;, the intrinsic (shortest path)
metric on the graph U, and wz; the counting measure on U (i.e., the measure
which places a unit mass at each vertex). Similarly to [24], in describing
a scaling limit for U, we will view U/ as a measured, rooted spatial tree.
In particular, in addition to the metric measure space (U, dy, ), we will
also consider the embedding ¢, : U — R3, which we take to be simply the
identity on vertices; this will allow us to retain information about U/ in the
Euclidean topology. Moreover, it will be convenient to suppose the space
(U, dy) is rooted at the origin of R?, which we will write as p;. To fit the
framework of [74], we extend (U,dy) by adding unit line segments along

edges, and linearly interpolate ¢;; between vertices.

5.1.1 Scaling limits of the three-dimensional UST

We have defined a random quintuplet (U, diy, pus, du, pre). Our main result
(Theorem 5h i 1 below) is the existence of a certain subsequential scaling

limit for this object in an appropriate Gromov-Hausdorff-type topology, the

Figure 5.1: A realisation of the UST in a three-dimensional box, as
embedded into R3 (left), and drawn as a planar graph tree
(right). Source code adapted from two-dimensional version of
Mike Bostock.
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precise definition of which we postpone to Section 5.2. Moreover, the result
incorporates the statement that the laws of the rescaled objects are tight
even without taking the subsequence. One further quantity needed to state
the result precisely is the growth exponent of the three-dimensional LERW.
Let M,, be the number of steps of the LERW on Z? until its first exit from
a ball of radius n. The growth exponent is defined by the limit:

5 := lim log BAM,

n—oo  logn ’

(equivalently, EM,, = n5+°(1)). The existence of this limit was proved in
[155]. Whilst the exact value of  is not known, rigourously proved bounds
are 5 € (1, g], see [I14]. Numerical estimates suggest that § = 1.624...,
see [170]. We remark that in two dimensions the corresponding exponent is
5/4, first proved by Kenyon [95], and in dimension 4 or more its value is 2.
In three dimensions there is no conjecture for an exact value of 3.

The exponent S determines the scaling of dy;. Specifically, let Ps be the

law of the measured, rooted spatial tree

(U,5'Bdu,53/~0u75¢uapu) , (5.1)

when U has law P. For the rooted measured metric space (U, dyy, s, p) we
consider the local Gromov-Hausdorff-Prohorov topology. This is extended
with the locally uniform topology for the embedding ¢y;. As a straightfor-
ward consequence of our tightness and scaling results with respect to this
Gromov-Hausdorfl-type topology, we also obtain the corresponding conclu-
sions with respect to Schramm’s path ensemble topology. The latter topol-
ogy was introduced in [149] as an approach to taking scaling limits of two-
dimensional spanning trees. Roughly speaking this topology observes the
set of all macroscopic paths in an object, in the Hausdorff topology. See

Section b 2 for detailed definitions of these topologies.

Theorem 5.1.1. The collection (Ps)sc(o,1) s tight with respect to the local
Gromov-Hausdorff-Prohorov topology with locally uniform topology for the
embedding, and with respect to the path ensemble topology. Moreover the
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limit of Ps exists as 6 = 27" — 0 exists in both topologies.

Remark. The reason we only state convergence along the subsequence (277)
stems from the fact that our argument fundamentally depends on Kozma’s
original work on the scaling of three-dimensional LERW, where a similar
restriction was imposed [i07]. There is no reason to believe that this is
an essential requirement for the result to hold. (Indeed, Theorem 5 i i
shows that subsequential limits exist) This is the only place in our proof
where we require § = 27". If one were to generalise Kozma’s result to an
arbitrary sequence of ds, the natural extension of the above theorem would

immediately follow.

Remark. An important open problem, for both the LERW and UST in three
dimensions, is to describe the limiting object directly in the continuum. In
two dimensions, there are connections between the LERW and SLE,, as
well as between the UST and SLEg, see [R6, 122, i49], which give a direct
construction of the continuous objects. In the three-dimensional case, there
is as yet no parallel theory. The development of such a representation would

be a significant advance in three-dimensional statistical mechanics.

Before continuing, we briefly outline the strategy of proof for the conver-
gence part of the above result, for which there are two main elements. The
first of these is a finite-dimensional convergence statement: Theorem 572
states that the part of U spanning a finite collection of points converges un-
der rescaling. Appealing to Wilson’s algorithm [169], which gives the means
to construct U from LERW paths, this finite-dimensional result extends the
scaling result for the three-dimensional LERW of [127]. Here we encounter a
central hurdle: after the first walk, Wilson’s algorithm requires us to take a
LERW in an rough subdomain of Z3, namely the complement of the previous
LERWs. Existing results in [i07, 127] on scaling limits of LERWSs require
subdomains with smooth boundary, and some care is needed to extend the
existence of the scaling limit. We resolve this difficulty by proving that we
can approximate the rough subdomain with a simpler one, and showing the
corresponding LERWs are close to each other as parametrized curves.

Secondly, to prove tightness, we need to check that the trees spanning a
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finite collection of points give a sufficiently good approximation of the entire
UST U, once the number of points is large. For this, we need to know that
LERWs started from the remaining lattice points hit the trees spanning a
finite collection of points quickly. In two dimensions, such a property was
established using Beurling’s estimate, which says that a simple random walk
hits any given path quickly if it starts close to it in Euclidean terms, see [97].
In three dimensions, Beurling’s estimate does not hold. In its place, we have
a result from [i4R], which yields that a simple random walk hits a typical
LERW path quickly if it starts close to it. Thus, although the intuition in
the three-dimensional case is similar, it requires us to remember much more
about the structure of the part of the UST we have already constructed as

Wilson’s algorithm proceeds.

5.1.2 Properties of the scaling limit

While uniqueness of the scaling limit is as yet unproved, the techniques we
use to establish Theorem 5.0 1 allow us to deduce some properties of any
possible scaling limit. These are collected below. NB. For the result, the
scaling limits we consider are with respect to the Gromov-Hausdorff-type
topology on the space of measured, rooted spatial trees, see Section 5?2
below. The one-endedness of the limiting space matches the corresponding
result in the discrete case, [143, Theorem 4.3]. We use By (z,7) to denote
the ball in the limiting metric space '/~ = (7, dr) of radius r around z. It is

natural to expect that the scaling limit will have dimension

dj = .
Moreover, one would expect that a ball of radius r in the limiting object has
measure of order r*/#. The following theorem establishes uniform bounds
of this magnitude for all small balls in the limiting tree, with a logarithmic
correction for arbitrary centres and with iterated logarithmic corrections
for a fixed centre, which may be fixed to be p. We use f =< g to denote
that f < Cg for some absolute (i.e. deterministic, and not depending on

the particular subsequence) constant C'. We denote by 7 (x,y) the path
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in the topological tree 7 between points x and y. We write £ to represent
Lebesgue measure on R?. The definition of the ‘Schramm distance’ below is
inspired by [149, Remark 10.15].

Theorem 5.1.2. Let'P be a subsequential limit of Ps as § — 0, and the
random measured, rooted spatial tree (T, dr, ur, o7, p1) have law P. Then
the following statements hold P-a.s.

(a) The tree T is one-ended (with respect to the topology induced by the
metric dr ).

(b) Ewvery ball in (T,dt) has Hausdorff dimension dy.

(c) There exists an absolute constant C' < co so that: for any R > 0, there
exists a random ro(T) > 0 such that

#llogr ) O < it (Br(a.r)

< sup  pr(Br(z,r) < (logr "),
IEBT(sz)

for all r < 1.

(d) For some absolute C' < oo, there exists a random ro(T) > 0 such that

% (loglog r=1) =% < 1 (Br(p, 7)) = r% (loglogr )¢, Vr < rp.

(e) The metric dy is topologically equivalent to the ‘Schramm metric’ d*79-
on T, defined by

df(z,y) == diam (¢7(v7(2,7))), (5.2)
where diam s the diameter in the Euclidean metric.

(f) pr=Loor.
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Differences from the two-dimensional case

Analogues for the properties described in Theorem 517 (and others) were
proved in the two-dimensional case in [74], see also the related earlier work
[149]. There are, however, several notable differences in three dimensions.
Following Schramm [i49], consider the trunk of the tree 7, denoted 7°,
which is the set of all points of 7 of degree greater than 1, where the degree of
x is the number of connected components of 7\ {z}. In the two-dimensional
case, it is known that the restriction of the continuous map ¢7 to the trunk
is a homeomorphism between 7° (equipped with the induced topology from
T) and its image ¢7(7°) (equipped with the induced Euclidean topology).
Thus the image of the trunk, which is dense in R?, determines its topology.
We do not expect the same to be true in three-dimensions. Indeed, due
to the greater probability that three LERWSs started from adjacent points
on the integer lattice escape to a macroscopic distance before colliding, we
expect that the image of the trunk ¢7(7°) is no longer a topological tree
in R3, see Figure 5.2. We aim to establish this as a result in a forthcoming

work.

OB(R)E

Figure 5.2: In the above sketch, |x — 2/| = 1, but the path in the
UST between these points has Euclidean diameter greater than
R/3. We expect that such pairs of points occur with positive
probability, uniformly in R.
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Secondly, for the two-dimensional UST, it was shown in [24] that the
maximal degree in 7T is 3, and that p7 is supported on the leaves of T, i.e.
the set of points of degree 1. We can show that the same is true in three
dimensions, though we also postpone these results to a separate paper, since
they are significantly harder than in two dimensional case. Indeed, as well as
appealing to the homeomorphism between the trunk and its embedding, the
two-dimensional arguments in the literature depend on a duality argument
that does not extend to three dimensions. We replace this with a more
technical direct argument. The aforementioned homeomorphism and duality
also allow it to be shown that in two dimensions max,cps |[¢~1(z)] = 3
(where we write |A| to represent the cardinality of a set A), and, although
not mentioned explicitly in [24, 149], it is also easy to deduce the Hausdorff
dimension of the set of points with given pre-image size. Our forthcoming

work will explore the corresponding results in the three dimensional case.

5.1.3 Scaling the random walk on U

The metric-measure scaling of I/ yields various consequences for the asso-
ciated simple random walk (SRW), which we next introduce. For a given
realisation of the graph U/, the SRW on U/ is the discrete time Markov process
XY = ((XY)n>0, (PY)4cz3) which at each time step jumps from its current
location to a uniformly chosen neighbour in ¢. For = € Z?, the law PY is
called the quenched law of the simple random walk on U started at z. We
then define the annealed or averaged law for the process started from pyy
as the semi-direct product of the environment law P and the quenched law
PY by setting
P () = /Pg’(.)dP.

We use EY for the corresponding annealed expectation.

The behaviour of the random walk on a graph is fundamentally linked
to the associated electrical resistance. We refer the reader to [i9, 59, 126,
137] for introductions to this connection, including the definition of effective
resistance in particular. For the three-dimensional UST, we will write R;,

for the effective resistance on U, considered as an electrical network with
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unit resistors placed along each edge.

As noted above, the typical measure of By (p, R) is of order R%/. We show
below that the effective resistance to the complement of the ball is typically
of order R (it is trivially at most R). In light of these, and following [i09],

we define the set of well-behaved scales with parameter \ by

J(A) == {R €[1,00) : R~ py (Bu(p, R)) € A1, \] }

and Ry (p, By(p, R)°) > AR

In particular, for R to be in J(\), we require good control over the volume
of the intrinsic ball centred at the root of U of radius R, and control over
the resistance from the root to the boundary of this ball. As our next result,

we show that the these events hold with high probability, uniformly in R.

Theorem 5.1.3. There exist constants c,c1,cy € (0,00) such that: for all
R A>1,
P(Re J(\)>1—ce @M.

The motivation for Theorem 5 1 3 is provided by the general random
walk estimates presented by Kumagai and Misumi in [109]. (Which builds
on the work [?3].) More specifically, Theorem 51 3 establishes the condi-
tions for the main results of [109], which yield several important exponents
governing aspects of the behaviour of the random walk. Indeed, as is made
precise in the following corollary, we obtain that the walk dimension with
respect to intrinsic distance is given by

3+ 8
dy =1+dy = 5
the walk dimension with respect to extrinsic (Euclidean) distance d is given
by Bdy = 3+ [ (this requires a small amount of additional work to the tools
of [1049]), and the spectral dimension is given by
2dy 6

ds = T, = m (5.3)

Various further consequences for the random walk on U also follow from the
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General form d=2 d=3

LERW growth exponent 153 5/4 =1.25 1.62
Fractal dimension of U dy =d/p 8/5 = 1.60 1.85
Intrinsic walk dimension of U | dy, =1+dy | 13/5 =2.60 | 2.85
Extrinsic walk dimension of U Bdy 13/4 =3.25 | 4.62
Spectral dimension of U 2dy/dy 16/13 = 1.23 | 1.30

Table 5.1: Exponents associated with the LERW and UST in two and

three dimensions.

The two-dimensional exponents are known

rigorously from [20, 21, 24, 95]. The three-dimensional values are
based on the results of this study, together with the numerical
estimate for the growth exponent of the three-dimensional LERW

from [i70].

results of [109], but rather than simply list these here, we refer the interested

reader to that article for details. Table 5.1 summarises the numerical esti-

mates for the three-dimensional random walk exponents that follow from the

above formulae, together with the numerical estimate for 8 from [170], and

compares these with the known exponents in the two-dimensional model.

Corollary 5.1.1. (a) For P-a.e. realisation of U and all z € U,

_ log EYrU L J
R0 logR "

where T%R = inf{n > 0: dy(z, X¥) > R},

log E47EL
) — d
Rgn [e%) log R /8 w

where TQER = inf{n > 0: dp(z, X¥) > R}, and

— lim
n—0o0

2 logpzéln(x, x)

logn
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(b) For PY-a.e. realisation of XY,

log 7§ 1 dy (0, X4 1

im 8T0.R = dy, lim 0g maxo<ms<n G (0, Xi) = —, (5.7)
R—oo log R n—00 logn duw
log T[{ER log maxo<m<n dE(O XM> 1

) — d 1' = = ’ m = . 5-8

Rgnoo logR /8 v "1_{20 10gn /Bdw ( )

(c) It holds that
log EY (T(IfR)

li = dy, .

Ao log R d (59)
log BY (7F

lim ﬁ — Bdy, (5.10)

R—oc log R
where EY is the expectation under PY, and
210g E (4, (0,0))

—nlglgo oz n = d;. (5.11)

Remark. In part (c) of the previous result, we do not provide averaged re-
sults for the distance travelled by the process up to time n with respect to
either the intrinsic or extrinsic metrics. In the two-dimensional case, the
corresponding results were established in [21], with the additional input be-
ing full off-diagonal annealed heat kernel estimates. Since the latter require
a substantial amount of additional work, we leave deriving such as an open

problem.

Finally, it is by now well-understood how scaling limits of discrete trees
transfer to scaling limits for the associated random walks on the trees, see
[14, 24, 50, h2—-b4]. We apply these techniques in our setting to deduce a
(subsequential) scaling limit for X“. As we will explain in Section 5 10, the
limiting process can be written as (¢7(X/ )0, where (X7 )i>0, (P )zeT)

is the canonical Brownian on the limit space (7,d7, p7). This Brownian
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motion is constructed in [i3, 98]. Moreover, the volume estimates of Theo-
rem b i 7, in conjunction with the general heat kernel estimates of [49], yield
sub-diffusive transition density bounds for the limiting diffusion. Modulo the
different exponents, these are of the same sub-Gaussian form as established
for the Brownian continuum random tree in [51], and for the two-dimensional
UST in [24]. Note in particular that our results imply that the spectral di-
mension of the continuous model, defined analogously to (5.6), is equal to

the value ds given at (53).

Theorem 5.1.4. If (Ps,)n>0 is a convergent sequence with limit P, then

the following statements hold.

(a) The annealed law of (¢7(X]))i>0, where X7 is Brownian motion on
(T, dr, pur) started from pr, i.e.

/ 0 ¢ ()dP,

is a well-defined probability measure on C(R,R3).

(b) Let (X%)i>0 be the simple random walk on U started from py, then the

annealed laws of the rescaled processes

U
(5nXt§—(3+5) )
n t>0

converge to the annealed law of (p7(X]))eo0-

(c) f’—a.s., the process X7 is recurrent and admits a jointly continuous
transition density (p] (€,Y))ayeT+>0- Moreover, it P-a.s. holds that,
for any R > 0, there exist random constants c1(T), ca(T),c3(T),ca(T)
and to(T) € (0,00) and deterministic constants 01, 602,03,0, € (0, 00)
(not depending on R) such that

p] (z,y) <eit~d/20(t= )0

- exp {—Cz (M) Z(d”f(%?/)/t)_(b} )
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pl (x,y) >est= /20170

1

.y \ dw—T
ceXp§ —¢4 (dT(t’y)> E(dT(l‘,y)/t)@l s

for all x,y € By(pr,R), t € (0,tp), where {(x) := 1V logx.

(d) (i) P-a.s., there exists a random to(T) € (0,00) and deterministic
c1,¢2,01,09 € (0,00) such that

cit= 2 (loglogt ™)™ < p] (pr, p7) < cat™*/*(loglogt )%,

for allt € (0,tp).

(i) There exist constants c1,ca € (0,00) such that
crt™ /2 <Ep] (p7,p7) < cat /2,

for allt € (0,1).

Organization of this chapter

The remainder of the chapter is organised as follows. In Section b2, we
introduce the topologies that provide the framework for Theorem 511, and
set out three conditions that imply tightness in this topology. Then, in Sec-
tion 5.3, we collect together the properties of loop-erased random walks that
will be useful for this article. After these preparations, the three tightness
conditions are checked in Section 5.4, and the volume estimates contained
within this are strengthened in Sections 55 and 5 6 in a way that yields more
detailed properties concerning the limit space and simple random walk. In
Section 57, we demonstrate our finite-dimensional convergence result for
subtrees of U that span a finite number of points. The various pieces for
proving Theorem 5 i 1 are subsequently put together in Section 5 &, and the
properties of the limiting space are explored in Section 5.9, with Theorem
512 being proved in this part of the article. Finally, Section 5 10 covers the

results relating to the simple random walk and its diffusion scaling limit.
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5.2 Topological framework

In this section, we introduce the Gromov-Hausdorff-type topology on mea-
sured, rooted spatial trees with respect to which Theorem 51 1 is stated.
This topology is metrizable, and for completeness sake we include a possible
metric (see Proposition 5.2 1). Moreover, we provide a sufficient criterion
(Assumptions 1,2, and 3 below) for tightness of a family of measures on
measured, rooted spatial trees in the relevant topology (see Lemma 52 7).
This will be applied in order to prove tightness under scaling of the three-
dimensional UST. In the first part of the section, we follow closely the pre-
sentation of [74].

Define T to be the collection of quintuplets of the form

I = (Ta dTa T, ¢T7 pT)v

where: (7,dr) is a complete and locally compact real tree (for the defini-
tion of a real tree, see [125, Definition 1.1], for example); p7 is a locally
finite Borel measure on (7, d7); ¢ is a continuous map from (7, dr) into a
separable metric space (M, dyr); and pr is a distinguished vertex in 7. (In
this article, the image space (M, dys) we consider is R? equipped with the
Euclidean distance.) We call such a quintuplet a measured, rooted, spa-
tial tree. We will say that two elements of T, 7 and T say, are equivalent
if there exists an isometry 7 : (7, dy) — (77, d/) for which pron™! =y,
¢1 = ¢r o and also m(p7) = p.

We now introduce a variation on the Gromov-Hausdorff-Prohorov topol-
ogy on T that also takes into account the mapping ¢7. In order to introduce
this topology, we start by recalling from [24] the metric A, on T, which is
the subset of elements of T such that (7, d7y) is compact. In particular, for
two elements of T., we set A, (7,7T’) to be equal to

inf { @5 (py o™ i o) + } (5.12)
Z’w"‘f/’cz SUDP (g 2/ eC (dZ (w(l‘)a W(fﬂ/)) +dm (ng(l’), ¢{T(x,)))
(p1:0)€EC
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where the infimum is taken over all metric spaces Z = (Z,dyz), isometric
embeddings ¢ : (T,d7) — Z, ¢' : (T',d) — Z, and correspondences C
between 7 and 77, and we define d4 to be the Prohorov distance between
finite Borel measures on Z. Note that, by a correspondence C between T and
T, we mean a subset of 7 x 77 such that for every x € T there exists at least
one x’ € T’ such that (z,2’) € C and conversely for every x’ € T’ there exists
at least one x € T such that (z,2") € C. (Except for the term involving ¢ and
¢, this is the usual metric for the Gromov-Hausdorff-Prohorov topology.)

Given the definition of A, at (5.12), we then define a pseudo-metric A
on T by setting

AT, T = /0 Tem (1Aa (70, 70)) ar, (5.13)

where T() is obtained by taking the closed ball in (T, dr) of radius r centred
at pr, restricting dr, p7 and ¢ to 7, and taking pg—") to be equal to pr.
We have the following result, and it is the corresponding topology that

provides the framework for Theorem 5.0 1.

Proposition 5.2.1 ([?4, Proposition 3.4]). The function A defines a metric
on the equivalence classes of T. Moreover, the resulting metric space is

separable.

We next present a criterion for tightness of a sequence of random mea-
sured, rooted spatial trees. This is a probabilistic version of [?4, Lemma 3.5]
(which adds the spatial embedding to the result of [1, Theorem 2.11]) Recall
the definition of stochastic equicontinuity: Suppose for some index set A
there are random metric spaces (X, d;) and random functions ¢; : X; — M
for a metric space (M, dps). The functions are stochastically equicontinuous
if their moduli of continuity converge to 0 uniformly in probability, i.e. for

every € > 0,

limsupP [ sup dp (¢i(z), 9i(y)) > ¢ | =0.
n—=0;c4 z,y€X5:
di(z,y)<n

92



Lemma 5.2.2. Suppose (M,dyr) is proper (i.e. every closed ball in M is
compact), and pyr is a fived point in M. Let Ts = (Ts,d7;, 1075, 0755 PT;) s
0 € A (where A is some index set), be a collection of random measured,
rooted spatial trees. Moreover, assume that for every R > 0, the following

quantities are tight:
(i) For every e > 0, the number N (Ts, R,e) of balls of radius € required
to cover the ball 7:;(R),
(i) The measure of the ball: pur; (7:5(1%));

(7ii) The distances dayr (par, 75 (p13))-
And additionally the restrictions of ¢7; to 7:5(R) are stochastically equicon-

tinuous. Then the laws of (Ts)sca, form a tight sequence of probability

measures on the space of measured, rooted spatial trees.

For convenience in applying Lemma 522 to the three-dimensional UST,
we next summarise the conditions that we will check for this example. Since
these are of a different form to those given above, we complete the section
by verifying their sufficiency in Lemma 5 2.3. We recall that the notation
By(z,r) is used for balls in (U, dy).

Assumption 1. For every R € (0, 00), it holds that
lim limsup P (53/%{ (BU(O, 5_*BR)) > )\) =0.

A=00  §50

Assumption 2. For every e, R € (0,00), it holds that

lim i P inf 8%y (Bu(z,6 %)) <n) =0.
s (O (Bt 2) <o)

Assumption 3. For every e, R € (0,00), it holds that

lim lim sup P inf Pdy(z,y) <n| =0.
=0 50 z,y€By (0,6 P R):
6dE(xay)>€
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Lemma 5.2.3. If Assumptions 1, 2 and '3 hold, then so does the tightness

claim of Theorem 511,

Proof. We first check that if Assumptions @ and 2 hold, then, for every
g, R € (0,00),

lim limsup P (Nu (5_BR, 5_65> > )x) =0, (5.14)

A=00 550

where Ny (6 PR,57P¢) is the minimal number of intrinsic balls of radius

6~ Pe needed to cover By(0,0 °R). Towards proving this, suppose that
e (Bul0,67 (R +2/2))) < A, (5.15)

and also

inf 83y (By(z, 6 P/2)) > n. 5.16
o nt i (Bulw,672/2)) 2 (5.16)

Set 1 = 0, and choose
zit1 € By(0,0 P R)\ U By(x;,6 %),

stopping when this is no longer possible, to obtain a finite sequence (x;)};.
The construction ensures that UM By (x;, 6~ P¢) contains By (0,6 #R), and
so M > Ny(67PR,67P¢). Moreover, since dy(zi,x;) > 6 Pe for i # j, it
is the case that the balls (By(z;,6 P¢/2))M, are disjoint. Putting these

observations together with (515) and (5.16), we find that
Ny(6PR,67Pe) < M

M
Nty S (Bu(ﬂﬁu 5_’85/2))
=1
= 7771(53;1[/1 (UiﬂilBu(xi,(Sfﬁ&/Q))
0~ 6% (Bu(0,67P(R+¢/2))
A

IN

IN

IN
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From this, we conclude that

P (Ny (07°R,677) > )
< P (8 (Bul0,677 (R +¢/2))) > )

P inf &y (By(z, 6 %/2)) <n|,
+ <xe3u1(13,5—ﬂ3) uu( u(x,6 e/ )) 1
and so (5.14) follows by letting 6 — 0, A — oo and then n — 0.

Second, we show that if Assumption 3 holds, then, for every ¢, R €
(0, 00),

lim lim sup P sup ddg(x,y) >e| =0. (5.17)
=0 50 z,y€By (0,6 ~PR):
dy(z,y)<6~Fn

Indeed, this follows from the elementary observation that

P sup  ddp(r,y) >e| <P inf Py (z,y) <
x,y€By (0,672 R): z,y€By (0,6~PR):
dy (,y) <6 Pn ddp(x,y)>e

Given (5.i4), Assumption i, the fact that d¢y(py) = 0, and (5.17), the

result is a straightforward application of Lemma 5 22. O

5.2.1 Path ensembles

Finally, we also define the path ensemble topology used in Theorem 5 i 1.
This topology was introduced by Schramm [i49] in the context of scaling
of two-dimensional uniform spanning trees, and a related topology (based
on quad-crossings) have been used in the context of scaling limits of crit-
ical percolation. Recall that y7(x,y) is the unique path from z to y in a
topological tree T .

We denote by H(X) the Hausdorff space of compact subsets of a metric
space X, endowed with the Hausdorff topology. This is generated by the
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Hausdorff distance, given by
dri(A,B) =inf{r >0 : AC B,, BCA,},

where B, = {z € X : d(x,B) < r} is the r-expansion of B.

We shall consider the sphere S? as the one-point compactification of R3,
on which also consider the one-point compactification of a uniform span-
ning tree of Z3. For concreteness, fix some homeomorphism from R? to S?
and endow it with the Euclidean metric on the sphere. Given a compact
topological tree 7 C S3, we consider the set ' C S3 x S x H(S?)

I'r= {(x7y777(x7y)) FXLY € T}

Thus I'7 consists of a pair of points and the path between them. We call
I'r the path ensemble of the tree 7. Clearly ' is a compact subset of
S3 x S x H(S?). Since each tree corresponds to a compact subset of S? x
S3 x H(S?), the HausdorfF topology on this product space induces a topology
on trees. Theorem 5.1 1 states that the laws of the uniform spanning on 673
are tight and have a subsequential weak limit with respect to this topology

(in addition to the Gromov-Hausdorff-type topology described above).

5.3 Loop-erased random walks

As noted in the introduction, the fundamental connection between loop-
erased random walks (LERWs) and uniform spanning tree (USTs) will be
crucial to this study. In this section, we recall the definition of the LERW,
and collect together a number of properties of the three-dimensional LERW
that hold with high probability. These properties will be useful in our study
of the three-dimensional UST. We start by introducing some general nota-

tion and terminology.
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5.3.1 Notation for Euclidean subsets

The discrete /2 Euclidean ball will be denoted by
B(z,r) = {yeZS e — vy <7’},

where we write |z — y| = dg(z,y) for the Euclidean distance between z
and y. (We will use the notation |z — y| and dg(x,y), interchangeably.) A
d-scaled discrete ¢? ball, for § > 0, will be denoted by

Bs(x,r) := {y €673 - |z —y| < 7“} ,
and the Euclidean ¢2 ball is
Bg(x,r) = {y eER? : |z —y| < 7‘}.

We will also use the abbreviation B(r) = B(0,r), similarly for Bs and Bpg.
We also write By, (0,7) = By-n(r). The discrete cube (or £ ball of radius
r) with side-length 2r centred at z is defined to be the set

D(z,r) = {y VAR Iz — ylloo < 7“}.

Similarly to the definitions above, but with £°° balls, Ds(x,r) denotes the
d-scaled discrete cube and Dg(x,r) the Euclidean cube. We further write
D(R) = D(0,R) and D, (r) = Dy (0,r). The Euclidean distance between

a point x and a set A is given by
dist(z, A) :=inf {|z —y| : y € A}.
For a subset A of Z3, the inner boundary 0;A is defined by

0; A = {.CCGA : Jy € 7%\ A such that |:L'—y\:1}.
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5.3.2 Notation for paths and curves

We introduce definitions related to paths and curves. Some concepts were
also defined in Section 7.1

A path in Z3 is a finite or infinite sequence of vertices [vg, v1, . . .] such that
v;—1 and v; are nearest neighbours, i.e. |v;_; —v;| =1, for all i € {1,2,... }.
The length of a finite path v = [vg, v1, ..., vy, Will be denoted len(v) and is
defined to be the number of steps taken by the path, that is len(y) = m.

A (parameterized) curve is a continuous function v : [0, 7] — R3. For
a curve v : [0,T] — R3, we say that T is its duration, and will sometimes
use the notation 1'(7y) := 7. When the specific parameterization of a curve
~ is not important, then we might consider only its trace, which is the closed
subset of R? given by try = {v(¢) : t € [0,T]}. To simplify notation, we
sometimes write «y for instead of tr~ where the meaning should be clear. A
curve is simple if v is an injective function. All curves in this chapter are
assumed to be simple, often implicitly.

The space of parameterized curves of finite duration, C;, will be endowed

with a metric ¥, as defined by
V(v1,72) = |Th — To| + max |y1(sT1) — y2(sT2)|,
0<s<1

where v; : [0,7;] — R3, i = 1,2 are elements of Cy.
We say that a continuous function 4> : [0,00) — R3 is a transient
(parameterized) curve if lim; o [7*°(t)] = co. We let C be the set of

transient curves, and endow C with the metric x given by
oo
X5 = Y27 (Lamax () — 50
k=1 =
The concatenation of two curves v, : [0,71] — R? and ~s : [0, T3] — R?

with v1(7T1) = 72(0) is the curve v1 @ 75 of length T} + T, given by

71(15) ifOStSTl

Y1 D Y2(t) =
’yg(t—Tl) if Ty <t <Ty+Ts.
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The time-reversal of «y : [0,7] — R3 is the curve 7 : [0, T] — R? defined by
St =T~ 1), e[0T,

We define several kinds of restrictions for a curve v : [0, 7] — R3. Anal-
ogous restrictions are defined for transient curves. The restriction of v to an

interval [a,b] C [0,T] is the curve |, : [0,b — a] — R? defined by setting
VNap(t) =7t +a), 0<t<b—a.

Similarly, if v is a simple parametrized curve, and x,y € tr and x appears
before y in =y, then we define the restriction of v between z and y to be the

curve (x,y), where
V(@ y)(t) =yt +ts),  0<t <ty —tg,

with ¢, < t, satisfying v(t;) = « and ~(¢,) = y. (Note that the simplicity
of v ensures that ¢, and t, are well-defined.) Finally, the restriction of v to
the Euclidean ball of radius R, with R > 0, is the curve y|® := Y0,6n17>
where £ = inf{t € [0,T] : |y(¢)] > R} is the time ~ exits the ball of radius
R.

Proposition 5.3.1. Let (7, )nen C Cy be a sequence of curves. Assume that
Y — v € Cy. Then, the convergence is preserved in Cy under the following

operations.

(a) Time reversal: for the sequence of curves under time-reversal

Y — as n — 0o.

(b) Restriction: for 0 < a < b < T(v), the restrictions
/Yn|[a,b} — Vy[a,b} as n — oo,

where the sequence above is defined for n large enough.
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(¢) Concatenation: if 4, — 7 in Cy, then
Yn @V =Y DY as n — oo.

Proof. In this proof, we write T,, = T'(y,,) and T' = T'(y). The convergence
after a time-reversal is immediate from the definition and we get (a). For
(b), we consider the case a = 0. Let r,,,r € [0,1] be such that b = r,, T}, and
b=1rT. Then

Ymliow; Yoa) = max [yn(sb) —(sb)| = max |yn(srnTn) — y(srT)]

< max, |yn(srln) —v(sraT)| + max |y(srnT) —y(srT)].
The convergence of ~, — v implies that the first term above goes to 0 as
n — oo. Note that |r, —r| = b|T;1 — T7!| — 0, and hence the convergence
of the last term above follows from uniform continuity of v. The convergence
of v, under time-reversal gives the general when a > 0.

Next we prove (c). We write T, = T'(3,), T = T'(¥) and 6, = |T}, +
T, — (T + T)|. Note that §, — 0 as n — co. For 0 < s < 1, when we
compare the times that we compare for v, |s(T,, + Tp,) — s(T + T)| < 6.
Then (v, ® An,y @ 7) is bounded above by

on+  max |y ®F(r) -7 @ 5(s)|
|r—s|<én
r<Tp N T, s<TVT
<out max () =)+ max  [5u(r) = 5(s)] + 6, My,
[r—s|<dn |r—s|<dn
r<Ty, s<T r<Tn,s<T
where M,, is an upper bound for the norms of v,,%.,7, and 4. The last
term in the inequality above comes from comparisons between ~,, and 4 (or
between 7, and 7) close to the concatenation point. The convergence of
Yo — v and 4, — ¥, and the uniform continuity of each curve give the

desired result. O

Proposition 5.3.2. Let (7:°)nen C C be a sequence of parameterized curves

with limit v3° — > in (C,x). The convergence is preserved under the
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operations below.

(a) Restriction: for any b >0

Y lj0,6] = 70,8 as m — oo,

in the space Cy.

(b) Concatenation: if (yn)nen C Cy converges to a finite parameterized

curve y as n — 0o, then
Mm®Y =+ 7D as n — oo,
in C.
(¢) Evaluation: if t, — t then

Yol (tn) — v°(t) as n — oo.

Proof. The convergence in (a) follows from the definition of the metric .

Similarly, (b) is a consequence of Proposition 531 (c¢) and the definition of

x- Finally, (c) follows from the uniform continuity of v, o - O

If v is a parameterized (simple) curve and z,y € tr-y, we define the

Schramm metric (cf. (57)) by setting
d> (z,y) == diam try(z, y). (5.18)
The intrinsic distance between x and y is given by
dy(2,y) =T (v(z,y)) =ty — ta, (5.19)

where y(t;) = x and 7(t,) = v, i.e. this is the time duration of the curve
segment between x and y. Formally, both (5.i%) and (5.19) are only defined
when x comes before y in v, but the definition is extended symmetrically in

the obvious way.
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5.3.3 Definition and parameterization of loop-erased
random walks

We will now define the loop-erased random walk. Let S = [vg, ..., vy,] be a
path in some graph (which we take to be Z3 or 6Z%). By erasing the cycles
(or loops) in S in chronological order, we obtain a simple path from vy to
Um. This operation is called loop-erasure, and is defined as follows. Set
T(0) = 0 and vg = vo. Inductively, we set T'(j) according to the last visit

time to each vertex:
T(j) =1+sup{n: v, =7}, Uj = vp(j)- (5.20)

We continue until 9; = v, at which time 7'(j) = m + 1 and there is no
additional vertex ¥;. The loop-erased random walk (LERW) is the
simple path LE(S) = [0o, ..., 7.

The exact same definition also applies to an infinite, transient path S.
Since the path S is transient, the times 7'(j) in (5.20) are finite, almost
surely, for every j € N. In this case LE(S) is an infinite simple path.

The loop-erased random walk is just what the name implies: the loop
erasure of a random walk. In Z3 (or 6Z3) we can take Sy, to be an infinite
random walk. So, is almost surely transient, so the path L(S«), called the
infinite loop-erased random walk (ILERW), is a.s. well defined. We
will also need loop-erased random walks in a domain D C R3. We will
write D = Z3 N D for the subset of vertices of Z3 inside D. Moreover,
the (inner vertex) boundary of D is the set dD defined as the collection of
vertices v € D for which v is connected to v; € Z?\ D. In this case, for a
given starting vertex vy, we may take S to be a simple random walk up to
the stopping time m when it first hits dD. (We will apply this to bounded
domains, so that m is almost surely finite, though the definition is valid even
if m = 00.) Examples of domains of a loop-erased random walk include the
family of L? balls {B(R)}r>o and of L* balls {D(R)},~o.

A discrete simple path v = (v;) may naturally be considered as a curve
by setting v(i) = vj, for ¢ € N, and linearly interpolating between (i) and
~v(i+1). With this parameterization, the length of v (as a path) is equal to
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its duration as a curve: len(y) = T'(y). If v is a loop-erased random walk
on 673, its length as 6 — 0, and the curve needs to be reparameterized.
To obtain a macroscopic curve in the scaling limit, we reparameterize loop-

erased random walks by S-parameterization:
V() =60, Ve [0,6 Plen(y)],

where [ is the LERW growth exponent. Similarly, for an infinite loop-
erased random walk vo, = [vo,v1,...], we consider its associated curve oo
by linearly interpolating between integer times, and its S-parameterization
is given by

Foo(t) = Yoo (67Pt), Wt >0.

In this article, we will sometimes consider the ILERW restricted to a
finite domain. Specifically, if v is an ILERW starting at the origin, we de-
note its restriction to a ball of radius r > 0 by Yoo|” = LE(S*)|(0.¢,(LE(s>)))>
where &, (LE(S%)) is the first time LE(S*) exits B(r). Note that this is a
different object to a LERW started at the origin and stopped at the first hit-
ting time of OB(r). However, the two are closely related, see [136, Corollary
4.5].

5.3.4 Path properties of the infinite loop-erased random
walk

In this section, we summarize some path properties of the ILERW that hold
with high probability. Typically the events will involve some property that
holds on the appropriate scale in a neighbourhood of radius R§~! about the
starting point of the ILERW, for § the scaling parameter, and for some fixed
R > 1. Since the results hold uniformly in the scaling parameter § € (0, 1],
they will also be useful in the scaling limit. As for notation, for € Z3, we
let v be an ILERW on Z? starting at x. If z = 0, then we simply write
Yoo- We highlight that in this section the space is not rescaled.
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Quasi-loops

A path v is said to have an (r, R)—quasi-loop if it contains two vertices
v1,v2 € 7y such that |v; —va| <7, but y(v1,v2) € B(vi, R). (Up to changing
the parameters slightly, this is almost the same as d§ (z,y) > R.) We denote
the set of (r, R)—quasi-loops of v by QL(r, R;~). Estimates on probabilities
of quasi-loops in LERWSs were central to Kozma’s work [107]. The following
bound on the probability of quasi-loops for the ILERW was established in
[148] for loop-erased random walks. The extension to the infinite case follows

from [148, Theorem 6.1] in combination with [136, Corollary 4.5].

Proposition 5.3.3 (cf. [14%, Theorem 6.1]). For every R > 1, there ewist
constants C, M < oo, and 11 > 0 such that for any d0,e € (0,1),

P QLM Vao w1 #0) < CE.

Intrinsic length and diameter

Let &, be the first time that the loop-erased walk v, exits the ball B(n) (i.e.
the number of steps after the loop erasure). The next result is a quantitative
tightness result for n=?¢,,. It is a combination of the exponential tail bounds
of [i55], together with the estimates on the expected value of &, from [178].
We note that the result in [i55] is for the LERW, but the proof is the same
for the ILERW.

Proposition 5.3.4 ([i55, Theorems 1.4 and 8.12] and [i2%, Corollary 1.3]).
There exist constants C,cy1,co € (0,00) such that: for all A\ >1 and n > 1,

P (gn < Anﬁ) > 1 — 2,
P (&> A nf) > 1 cemN,
While any possible pattern appears in 7, the scaling relation (given by
) between the intrinsic distance and the Euclidean distance holds uniformly

along the path of 7. We quantify this relation in terms of equicontinuity.
Let R>1,6 € (0,1) and A > 1. We say that 7 is A-equicontinuous
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in the ball B(R§™!) (with exponents 0 < by, bs < c0) if the following event
holds:

Y,y € vool }

EX(\ R) =
s R) { if dy(2,y) <A701578, then |z —y| < A70257!

The bound for the ILERW was proved in [i27].

Proposition 5.3.5 (cf. [127, Proposition 7.1|). There exist constants 0 <
b1,by < 0o such that the following is true. Given R > 1, there exists a
constant C such that: for all 6 € (0,1)and A > 1,

P(Ef(\R)) >1—CA 2,

A partial converse bounds the intrinsic distance in terms of the Schramm
distance, where we recall that the Schramm distance was defined at (5.1%).
For 6,7 € (0,1], A > 1, set

Y,y € 00N, }

SE(\, 1) =
s(h7) { if dgoc (z,y) <ré~L, then d,_(x,y) < \rP5F

The following result follows from [i27, (7.51)].

Proposition 5.3.6. There exist constants 0 < ¢,C' < oo such that: for any
d,r € (0,1] and X\ > 1,

P(Si(\, 7)) >1—CA3e

Proof. For u € Z3, let B, be the box of side length 3rd~! centred at u, and
let X, = |’yoo\)‘“571 N B, | be the number of points in B, hit by %O|)‘T571. We
recall [177, equation (7.51)], which states that for some absolute ¢, C' and
any u,

P (Xu > )\7“65_5) < Ce .

Cover the ball B(0, \ré—1) by boxes of side length 76! centred at some
{u1,...,un} with N =< A3. If some pair z,y violates the event S, and =z

is in the box of side length 7d~! around w;, then the segment 7o (z,y) is in
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the thrice larger box around the same u;, and so X, > ArP6—P. A union

bound gives the conclusion. ]

Capacity and hittability

As noted in the introduction, one of the key differences from the two-
dimensional case is that in three dimensions it is much easier for a random
walk to avoid a LERW. The electrical capacity of a connected path of di-
ameter 7 in Z3 can be as large as Cr, but can also be as low as O(r/ log7)
(see Proposition 2.2 R for the lower bound). However, the latter occurs only
when the path is close to a smooth curve (see Subsection 2.7.7). The fractal
nature of the scaling limit of LERWSs suggests that a segment of LERW has
capacity comparable to its diameter, and consequently, is likely to be hit by
a second random walk starting nearby.

Let R > 1 and r € (0,1), and 7% a LERW started at = and stopped
when exiting B(0,0 ! R). In this subsection, we give bounds on the hitting
probability of v% by a random walk started from a point y. The hitting
bounds are uniformly over the starting points y € B := B(z, RS~!) with
dist(y,v%) < ré~1. More precisely, denote by P¥ the probability measure
of a random walk S starting at y, which is independent of 73 . We say that
~v% is n-hittable in B if the following event holds:

Yy € B(xz, R6~1) with dist(y,7%) < rd~ 1,
Ag(m,R,r;n):—{ y € Bz ) with dist(y,75) <7 }

PY (S [0,€5(Bly, 7257 1)| Nz = 0) <o

where £g(B(y,r/2671)) is the first time that S exits from B(y,r/25~1).
(Recall dist(-,-) stands for the Euclidean distance between a point and a
set.) A local version of this event, restricted to starting points near x, is

given by

o o Yy € B(a:,r5_1),
s(z,mim) = Py (S [0,§S(B(y,rl/25_1))} NAZ = @) <"

The next result, which was established in [i4%], indicates that % is 7-
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hittable with high probability.

Proposition 5.3.7 (cf. [148, Lemma 3.2 and Lemma 3.3]). There exists a
constant ) € (0,1) such that the following is true. Given R > 1, there exists
a constant C such that: for all §,r € (0,1),

P (As(x,R,m;1)) > 1—Cr.

In particular, P(Gs(xz,r;n)) > 1—Cr.

In terms of capacity, Proposition 5 3.7 implies that, with high probabil-
ity, the capacity of a connected segment of v°° is comparable to its diameter.

We write PgY for the joint probability law of 4% and an independent
simple random walk S starting at y. Working on the joint probability space,
together with a change of variable, Proposition 537 implies the following
result. This result is well-know and simply states that a simple random walk
hits a ILERW almost surely.

Proposition 5.3.8 (cf. [i33][Theorem 1.1, Corollary 5.3]). For x,y € Z?
we have that, for all R > 0,

inf PgY B ! L =0)=o0.
inf PEY (S[0,6s(Bly, B Nk =0) =0

Hittability of sub-paths

The main result of this subsection, Proposition 5.3.9, is crucial for obtaining
exponential tail bounds on the volume of balls in the UST in Section 5.A.
It establishes that the path v, = LE (5[0, 00)), i.e. the infinite LERW, has
hittable sections across a range of distances from its starting point.

For 1 < X\ < R, consider a sequence of boxes D; = D (%), 1=1,2,..., ],
where D(r) was defined in Subsection 5.3°1. Let ¢; be the first time that v,

exits D;. We denote z; = Yoo(;), and write

o; = inf {n >t | vo(n) ¢ B <xl,£\>}
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For each i = 1,2,..., A, we define the event A; by

(zi) # @) e } ’ (5.21)

)

where: R? is a simple random walk started at z, independent of 7., with
law denoted P?; &; is the first time that R* exits B(z;, %); and D r (x;) is
2X

the box centered on the infinite half line started at x; that does not intersect

e

2

|

A — { P <RZ[07&] N Yoo lti, o] N D

forall z € B (aci, 18

>

D; and is orthogonal to the face of D; containing x;, with centre at distance

. R . .
R/4\ from z and radius 200x> See Figure 5.3,

........

OB (v, R/16A~ .

..........

Figure 5.3: On the event A;, as defined at (5 21), the above config-

uration occurs with probability greater than ¢y for any z €
B(x;, R/16)).

Now, for fixed a € (0,1), we consider a sequence of subsets of the index
set {1,2,...,A} as follows. Let ¢ = [A\'7%/3]. Foreach j = 0,1,...,q, define
the subset I; of the set {1,2,...,A} by setting

L= {20+ 1], (20 +2), ..., (25 + DAY}, (5.22)
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and the event F} by
F=F =] A, (5.23)
i€l
i.e. Fj is the event that there exists at least one index ¢ € I; such that
Yoolti, 0i] is a hittable set in the sense that A; holds. The next proposition
shows that with high probability the event F} holds for all j = 1,2,...,q.

We will prove it in the following subsection.

Proposition 5.3.9. Define the events F; as in (5.23). There exists a uni-

versal constant c; > 0 such that

q
P (ﬂ Fj) > 1 — Aeemar, (5.24)
j=1

Remark. (i) The reason that we decompose the ILERW ., using the se-
quence of random times ¢; as in the above definition is that we need to
control the future path 7. [t;, ;] uniformly on the given past path [0, ¢;]
via [Ihh, Proposition 6.1].

(ii) We expect that each voo[ti,04] is a hittable set not only with positive
probability as in Proposition b.3.16 below, but also with high probability in
the sense of [148, Theorem 3.1]. However, since Proposition 539 is enough

for us, we choose not to pursue this point further here.

5.3.5 Loop-erased random walks on polyhedrons

We defined that a loop-erased random walk on a domain D c 73 starts at
an interior vertex of D and ends with its first hitting time to the boundary
dD. As we have discussed above, the geometry of the domain D affects the
path properties of loop-erased random walks on it. In this subsection we
will see that the results in [107, 127, 14%] hold for a collection of scaled poly-
hedrons, which we define below. Similarly to Subsection 5.3.4, and under
the assumption that the polyhedrons are scaled with a large parameter, the
proofs in the aforementioned papers carry without major modifications to
our setting. For clarity, we comment on the differences between the work in

[127, 148] and this subsection.

109



A dyadic polyhedron on R? is a connected set P of the form

where each C; C R? is a closed cube of the form [ay, b1] X [ag, ba] % [as, b3] with
ai,bi € Z3 (cf. (5.83), where we scale the lattice instead of the polyhedron).
We say that a polyhedron P is bounded by R if P C B(R). Let us assume
that 0 € P and write

P ={z€Z3: 27"z € P},

for the 2™-expansion of the polyhedron P. In this subsection we restrict our
scaling to powers of 2, and note that 2™P is a dyadic polyhedron as well. If
P is bounded by R, then B(0,1) C 2"P C B(0,2"R), for all n > 1.

Let S be a simple random walk starting at 0 and let {gp be the exit time
of the random walk from the polyhedron. In this section we study the path

properties of the loop-erased random walk
vP = LE(S[0, £ganp)).- (5.25)

Note that the index n indicates a 2"-expansion of P (cf. (5h-84)).
We say that 7 is n-hittable if the following event holds:

AP (rin) = {

Yy € 2"P with dist(y,~)) < r2",
PY (S [0,¢5(By,r/22m)| naf =0) < [

where g(B(y,r/?2")) is the first time that S exits from B(y,r/22").

Proposition 5.3.10 (cf. Proposition 537). Fiz R > 1, let P be a dyadic
polyhedron containing 0 and bounded by R, and let v be the loop-erased
random walk in (525). There exists a constant ) € (0,1) such that there

exists a constant C' (depending on R) and N > 1 for which the following is
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true: for allr € (0,1) and n > N,
P (Af(r; ﬁ)) >1-Cr.

Proposition 5 310 follows from [14%, Lemma 3.2] and [148, Lemma 3.3],
using the argument for the proof of [14%, Theorem 3.1]. The argument for
Proposition 5.3.10 considers two cases, depending on the starting point of
the simple random walk S(0) = y. For some € > 0, either y € B(0,en) or
y € P\ B(0,en). For the first case we apply [148, Lemma 3.2], and here we
use that 77 is a “large” path when n is large enough. If y € P\ B(0,en), we
then consider a covering of P with a collection of balls {B(v;,&?n)}1<i<r,
with vy, ...v, € P\ B(0,en) and L < 10R3|e]~%. We then use [14%, Lemma
3.3] on each one of these balls and a union bound gives the desired result.

Recall the definition of (r, R)—quasi-loop in Subsection 534 and that
QL(r, R;v) denotes the set of (r, R)-quasi-loops of 7. Proposition 533
indicates the the ILERW does not have quasi-loops with high probability.
A similar statement holds for a polyhedral domain. The proof makes use
of Proposition 5.3.10 and we use modifications over the stopping times and
the covering of the domain (as in Proposition 53 i0). Indeed, the proof of
[14%, Theorem 6.1] is divided in three cases. If the LERW has a quasi-loop
at a vertex v, then either v is close to the starting point of the LERW, or v
is close to the boundary, or v is in an intermediate region. The probability
of the first two cases is bounded by escape probabilities for random walks.
We can use the same bounds in [148, Theorem 6.1] as long as the scale n is
large enough (as we assume in Proposition 53 i1). The bound for the third
case follows from a union bound over a covering of the domains. We can use

this argument because P has a regular boundary.

Proposition 5.3.11 (cf. Proposition 533). Fiz R > 1 and let P be a
dyadic polyhedron containing 0 and bounded by R, and let v be the loop-
erased random walk in (525). There exist constants C, M < oo, N > 1 and
1 > 0 such that for any e € (0,1) and n > N,

P (QL(M2", V22" 4]) #10) < Ce.
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Since Propositions 5 310 and 5311 hold for scaled dyadic polyhedrons,
we can follow the argument in [127] leading to the proof of the the scaling
limit of the LERW. From this argument we obtain control of the paths and
the scaling limit for the LERW 7 with B-parameterization. We finish this
sections stating these three results.

For a LERW ~7, n > 1 and A > 1, the path 4} is A-equicontinuous
(with exponents 0 < by, bs < 00) if

EP(\R) := {Vm,y €P if dy(x,y) < A28 then |z —y| < )\_b22"} )
The partial converse is the event:
SP(\7) = {Vx, y ey, if df(x, y) < 12", then dy(z,y) < )\rﬁ25} .

Proposition 5.3.12 (cf. Proposition 5 345). There exist constants 0 <
b1, by < oo such that the following is true. Given R > 1, there exist constants
0<C <o and N >1 such that: for all X\ >1 and n > N,

P(EP(\R)>1—CA 2,

Proposition 5.3.13 (cf. Proposition 536). There exist constants 0 <
¢,C < oo and N > 1 such that: for any r € (0,1], A\>1 andn > N,

P(ST(\ 7)) >1—CA\e

Proposition 5.3.14 (cf. [i27, Theorem 1.4]). Let P be a dyadic polyhedron
containing 0 and bounded by R and let v be the loop-erased random walk in
(5.25). The B-parameterization of this loop-erased random walk is the curve
given by

) =F @), te 0,27 len(y?)

and let 77 be the B-parameterization of the loop-erased random walk in

(5.25). Then the law of §L converges as n — oo with respect to the metric
space (Cy,v).
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5.3.6 Proof of Proposition 5.3.9

In this subsection we show that sub-paths of the ILERW are hittable in the

sense required for the event (5.21) to hold, see Proposition h.3.16 below. The

latter result leads to the proof of Proposition 5.3.9. With this objective in

mind, we first study a conditioned LERW. We begin with a list of notation.

Recall that D(R) is the cube of radius R centered at 0, as defined in

Subsection H.3.1.

Take positive numbers m, n. Let x € D(m) be a point lying in a “face"
of D(m) (we denote the face containing = by F'). Write £ for the infinite
half line started at x which lies in D(m)¢ and is orthogonal to F'. We
let y be the unique point which lies in ¢ and satisfies |z —y| = n/2. We
set Dy (z) := D(y,n/1000) for the box centered at y with side length
n/500. (Cf. the definition of D%(a:i) above.)

Suppose that m,n, z, D, (x) are as above. Take K C D(m) U dD(m).
Let X be a random walk started at z and conditioned that X[1,00) N
K = 0. We set n = LE (X0, 00)) for the loop-erasure of X, and o for
the first time that n exits B(z,n). Finally, we denote the number of
points lying in 1[0, 0] N Dy (x) by JX ,, .. This is an analogue of [155,
Definition 8.7].

Suppose that X is the conditioned random walk as above. We write
GX(-,-) for Green’s function of X.

This setup is illustrated in Figure 5.4 (cf. [ih5, Figure 3)).

We will give one- and two-point function estimates for n in the following

proposition.

Proposition 5.3.15. Suppose that m,n,z, K, X,n,0 are as above. There

exists a universal constant ¢ such that for all z,w € D, (x) with z # w,

P (z € [0,0]) > en3*P, (5.26)

1
P (z,w € n0,0]) < =n~3F|z — w| 35, (5.27)
C
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Proof. The inequality (5.26) follows from [i55, (8.29)] and [i28, Corollary
1.3]. So, it remains to prove (527). We first recall [i55, Proposition 8.1],
the setting of which is as follows. Take z1, 29 € D, (z) with 21 # z2. We set
20 = x, and write [ = |z; — z3|. Note that 1 <1 <n/100. For i =0,1,2, we
let X? be independent versions of X with X%(0) = z;. We write o/, for the
first time that X? hits w. For i = 0, 1, let Z* be X" conditioned on the event
{Ui¢+1 < 0o}, and also let Z2 = X2. Also for i = 0,1, write u(i) for the last
time that Z* passes through z; 11, and set u(2) = oo. Define the event F
by

oo There exist 0 < t1 < t2 <
i such that n(t;) = z; and n(t2) = 22
D(m)

J0B(z,m)

Figure 5.4: Notation used in the proof of Proposition 5 3.9,
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and non-intersection events F} and F5 by

Fi = {LE (2°00,u(0)]) N (2'[1,u(1)] U 2°[1,00)) = 0},
Fy = {LE (2'(0,u(1)]) N 2*[1,00) = 0} .

Then [i55, Proposition 8.1] shows that

21,22

P (F’i ) :GX(Z[),Zl)GX(Zl,ZQ)P (Fl ﬁFg).
Now, in the proof of [155, Lemma 8.9], it is shown that

GX(Z(], Zl) S 9
n

» GX(Zlsz) < 77
and so it suffices to estimate P(F; N Fy). To do this, we consider four balls

Bl = B(Zl,l/8), BQ = B(ZQ,Z/S), Bi = B(21,2l), Bi/ = B(zl,n/16).

Note that By U By € Bf C BY and By N By = (. For i = 0,1, let
Vi = (Zi[O,u(i)])R be the time reversal of Z‘[0,u(i)] where for a path
A= [A0),A(1),..., ()], we write (\)F = [A(u), \(u — 1),...,A(0)] for
its time reversal. By the time reversibility of LERW (see [113, Lemma 7.2.1]
for the time reversibility), we see that P(F; N Fy) = P(F] N F3), where the
events F] and F} are defined by

F{ = {LE (Y°0,0(0)]) N (Y'[0,0(1) = 1]U 2%[1,00)) = 0} ,

Fy = {LE (Y'[0,0(1)]) N 2%[1,00) = 0}
Here o (i) is the first time that Y hits z;. We define several random times

as follows:
e sp is the first time that LE (Y°[0,0(0)]) exits By;
e 5o is the first time that LE (Y°[0,0(0)]) exits BY;

e s is the last time up to sy that LE (Y°[0,0(0)]) exits Bj;
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Figure 5.5: The random times sq, s1, s9, to, Ug, U1.

e tg is the first time that LE (Y1[0,0(1)]) exits Ba;

e t; is the last time up to o(1) that Y1[0,0(1)] hits dBy;
e g is the first time that Z? exits Bo;

e w; is the first time that Z2 exits BY.

See Figure 5.5 for an illustration showing these random times. If we write
v = LE (Y0, 0(i)]) for i = 0,1, we see that P(F{NF}) < P(H;NHyNHj),
where the events Hi, Ho, H3 are defined by

1= {7000, 50] N Y fta, 0(1) = 1] = 0},
{’710750 ﬂZ 1’LLO]_®}
=1

Yols1, 82 N Z2[ug, u1] = (Z)}.

Since dist (D(m), BY) > n/4, it follows from the discrete Harnack princi-
ple (see [i13, Theorem 1.7.6], for example) that the distribution of Z2[0, u1]

is comparable to that of Ry[0, u], assuming R2(0) = 22 where Ry is a simple
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random walk, and ] is the first time that Ry exits Bf. More precisely, there

exist universal constants ¢, C' € (0,00) such that for any path A
cP (RQ[O,U&] = )\) < P (ZQ[O,ul] = )\) < CcP (RQ[O,U&] = )\) .

Also, since vg[s1, s2] € (B})¢, using the Harnack principle again, we see that

1, P72 (1[0, o] N Ro[1,uf] = 0)

’ PfL (yo[s1, s2] N Ra[0,u)] = 0)

} , (5.28)
where wu is the first time that Ry exits By and Eyo y1 stands for the expec-
tation with respect to the probability law of (Y?, Y'1).

Another application of the Harnack principle tells that 71[0,%y] and
Y1i[t;,0(1) — 1] are “independent up to constant” (see [i27, Lemma 4.3]).
Namely, there exist universal constants ¢, C' € (0, 00) such that for any paths
A1, Ao

cP (yl[O,to] = )\1) P (Yl[tl,d(l) — 1] = )\2)
<P (n0,t] = i, Y1, 0(1) = 1] = Xs)
< CP ([0,1) = M) P (V' [t 0(1) = 1] = ho) .

This implies that given Y°, 1z, and P72 (71[0,to] N Ra[1,up] = 0) are in-
dependent up to constant. Also, it is proved in [i36, Propositions 4.2 and
4.4] that the distribution of 1[0, tg] is comparable with that of the ILERW
started at z9 until it exits By. Using the discrete Harnack principle again, we
see that the distribution of the time reversal of Y''[t;, (1) —1] coincides with
that of the SRW started at z; until it exits By. Therefore, if we write Ry
and R3 for independent SRWs, the right hand side of (5 2R) is comparable
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to

By {P}% (70ls1, 2] N Ra[0,u4] = 0) PRt (70[0, 50] N R1[1,01] = @)}
x Pléz’,gs (Rz[1,up] NLE (R3[0,00)) [0,t5] = 0) ,
(5.29)

where o} is the first time that R; exits Bj, and t is the first time that
LE (R3]0, 00)) exits By. Moreover, it follows from [i55, Proposition 6.7] and
[12%, Corollary 1.3] that

P33 (Ra[l, up) NLE (R3]0, 00)) [0, t3] = 0) < 1717,
Finally, let Ry be a SRW started at z; and 7 = LE (R[0,00)) be the
ILERW. Similarly to above, define:
e s to be the first time that ~{ exits By;
e s, to be the first time that v exits Bf;
e s to be the last time up to sh that +(, exits Bj.

We then have from [i36, Propositions 4.2 and 4.4] that the distribution of
700, s2] is comparable with that of ~([0, s5]. Moreover, [136, Proposition
4.6] ensures that ([0, sy] and ~([s], s5] are independent up to a constant.

Therefore the expectation with respect to Y9 in (5.29) is comparable to

Py, (1000, 50] N Ba[1,01] = 0) P, (volsh, 2] N R0, w1] = 0)

= Es()Es(l,n), (5:30)

where we use the notation Es defined in [155]. Finally, by [i28, Corollary
1.3], it holds that the right hand side of (5 30) is comparable to n=2+#. This
gives (5.27) and finishes the proof. O

Definition 5.3.1. Suppose that m,n,z, K, X,n, o are as above. For each
z € B(w,n/8), let R* be a SRW on Z? started at z, independent of X. Write
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€ for the first time that R* exits B(z,n), and let
N = |R7[0,£] N 7[0, 0] N Dn ()]

be the number of points in D, (x) hit by both R?[0,£] and n[0, ¢]. Further-

more, define the (random) function g(z) by setting
9(2) := P* (N. > 0) = P* (R*[0,£] N (1[0, 0] N Dy (x)) # 0),

where P? stands for the probability law of R*. Note that g(z) is a measurable
function of 5[0, o], and that, given 9]0, ], g(+) is a discrete harmonic function
in Dy, (z)°.

The next proposition says that with positive probability (for 1), g(z) is

bounded below by some universal positive constant for all z € B(z,n/8).

Proposition 5.3.16. Suppose that the function g(z) is defined as in Defi-

nition H.5.1. There exists a universal constant co > 0 such that
P (g(2) > ¢o for all z € B(xz,n/8)) > co. (5.31)
Proof. We claim that it suffices to show that
P (g(z) = co) = co (5.32)

for some ¢y > 0. The reason for this is as follows. Suppose that (5.37) is
true and the event {g(z) > ¢} occurs. Since dist (B(z,n/8), Dy(x)) > n/4,
using the Harnack principle, there exists a universal constant ¢; > 0 such
that g(z) > c1g(x) > cicp for all z € B(x,n/8). Thus we have P(g(z)) >
cocy for all z € B(x,n/8)) > ¢o, which gives (5.31).

We will prove (532). Recall the definition of N, from Definition 53 1.
By (5.26), we see that

E(N;)= > P(wen0,0])P*(we R0,£]) >cn P
wE Dy, ()
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for some ¢ > 0. On the other hand, by (527), we have

E(N2)= Y P(wi,wz €n[0,0]) P* (wy,ws € R*[0,£])

w1,w2€ Dy ()

< C?’L_4+B Z |’LU1 _ w2|—4+6

w1,w2E€Dy ()
< Cn—4+ﬁn2+ﬁ
— Cn72+25'

This gives E(N2) < C{E(N,)}?. Therefore, the second moment method
tells us that E(g(z)) > ¢ for some universal constant ca > 0. This implies
P (g(z) > c2/2) > ¢2/3, which gives (5.37). O

Proof of Proposition 5.3.9. We will prove that for each j =1,2,...,¢
P(Ff) < (1—c)™, (5.33)

where cg is the constant of Proposition 5.3.16. Since ¢ < A'~%, the inequality
(5.33) gives the desired inequality (5.24). Take j € {1,2,...,q}. Suppose
that F} occurs. This implies that for every i € I;, the event A; does not

occur. Setting [ = 2j\%, we need to estimate

I4-Ae I+22—1 I+A2—1
P(ﬂ Af):P(AfHa N Af)P( N Ag).
i=l+1

i=l+1 i=l+1
Note that the event ﬂiil)‘jl_l A¢ is measurable with respect to [0, %4 za]

while the event Aj e 18 measurable with respect to Y[tixaa, 014aa]. There-
fore, using the domain Markov property of 7 (see [ii3, Proposition 7.3.1]),

Proposition 5 316 tells us that

I4+AT—1
P Alc+)\a m Af <1- €o,
i=l+1
where we apply Proposition 5316 with m = W, n= %, x = (tjrxa)
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and K = v[0,t;4xe]. Thus we have that

I+Xe I+2%—1
P( N Ag) g(1—c0)P( N Ag).

i=l+1 i=l+1

Repeating this procedure A\* times, we obtain (533), and thereby finish the
proof. O

5.4 Checking the assumptions sufficient for
tightness

The aim of this section is to check Assumptions 1, ? and 3, as set out in

Section 5 2. In what follows, we let v(z,y) be the unique injective path in

U between z and y. In particular, v (z,y)(k) is the location at kth step of

the path. Note that vy (z,y)(0) = z and vy (z,y) (du(z,y)) = y. Given a

subset A of Z3, we define a a-net of A as the minimal set of lattice points
such that Ac U,cp, B (2, ).

5.4.1 Assumption 1
The first assumption follows from the following proposition.
Proposition 5.4.1. For every R € (0,00), there exist universal constants

Ao > 1, and constants c1,co € (0,00) depending only on R such that: for all
A > X and 6 € (0,1) small enough,

P (Bu (0, Ré*ﬁ) CB (Aé*l)) >1— A,

Proof. Fix R € (0,00). We may assume that § > 0 is sufficiently small so
that

5—1
- >1 .34
—2logy 6 +2 0 (5:34)
and also that A > 2. For each k > 1, let & = A~'27% 5, = (2k)~! and

Ay =B\ B((L —m)s ).
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Write ko for the smallest integer satisfying 61y, < 1. We remark that the
condition at (5:34) ensures that (1 — ng,)0~1 < 6! —10. Thus the inner
boundary 9;B(0,57!) is contained in Ay,. (We defined the inner boundary
in Subsection 5 3°1.)

Let Dy, be a “6 'ej-net” of Aj. The minimality assumption implies that
|Di| < 05;3. Since 5_15k0 < 1 and 9;B(0,071) C Ayg,, it follows that
0;B(0,671) C Dy,.

Now, to construct U, we perform Wilson’s algorithm rooted at infinity

(see [29, 169]) as follows:

e Consider the infinite LERW 74, = LE(S[0, 00)), where S = (5(n))n>0
is a SRW on Z3 started at the origin. We think of Uy = 7o as the

“root” in this algorithm.

e Consider a SRW started at a point in D, and run until it hits Up;
we add its loop-erasure to Uy, and denote the union of them by U;.
We next consider a SRW from another point in D until it hits U{;
let U be the union of U} and the loop-erasure of the second SRW.
We continue this procedure until all points in D are in the tree. We
consider each loop-erased random walk as branches of the tree. Write

U, for the output random tree.

e We now repeat the above procedure for Dy. Namely, we think of U] as
a root and add a loop-erasure of SRWs from each point in Dy. Let Uy
be the output tree. We continue inductively to define Us, Uy, ..., Uy, .

e Finally, we perform Wilson’s algorithm for all points in Z3 \ U, to
obtain U.

Note that, by construction, Uy C Uy, 1, and also 9;B(0,6 1) C Uy, .

We proceed with an estimate on the number of steps that v., takes to
exit an extrinsic ball. Specifically, we define the event F := {£ > X955},
where ¢ is the first time that v, exits B(0, \=*§~1). From Proposition 534
we have that

P(F)>1— Ce Y
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for some universal constants ¢, C' € (0, 00).

Next, for each z € Z3, let t, = inf{k > 0 : ~y(x,0)(k) € Uy} be the
first time that v, (x,0) hits Uy. We write v (x,Up) = Yu(x,0)[0,t,] for the
path in U connecting x and Uy. We remark that ¢, = 0 and v (z,Up) = {z}
when x € Uy. We consider the event G defined by

G = {u(@,U) N B (0,747 = forall € D }.

Suppose that the event G does not occur, and that there exists an x € Dy
such that vy (z,Up) hits B (0, \=%671). This implies that in Wilson’s algo-
rithm, as described above, the SRW R started at « enters into B (0, )\*45*1)
before it hits ye. Since §71/2 < |x| < 671, it follows from [i 13, Proposition
1.5.10] that

P (R[o, )N B (0, x45*1) £ 0)) <o\t

for some universal constant C' < oo, where R is a SRW started at x, with Pg
denoting the law of the latter process. Taking the sum over x € D (recall

that the number of points in D is comparable to A\?), we find that
P(G)>1-C\x L.

To complete the proof, we will consider several “good” events that ensure
Yoo U (z,Up) with z € Dy (k=1,2,..., ko) is a “hittable” set in the sense
that if we consider another independent SRW R whose starting point is close
t0 Yoo Uy (2, Up), then, with high probability for veo U~y (2, Up), it is likely
that R intersects oo U /(z,Up) quickly. Such hittability of LERW paths
was studied in [14%, Theorem 3.1]. With this in mind, for £ > 1 and ¢ > 0,
we define the event H(k,() by setting

B Vo € Dy, y € B (z,e,671) :
ko= { P} (R [0, Tr (2, /&0 ™) N (Yoo U, Up)) = 0) < &, } ’
(5.35)

where R is a SRW, independent of 7., Pj stands for its law assuming
that R(0) = y, and Tr(x,r) is the first time that R exits B(z,r). (For
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convenience, we omit the dependence of H(k,() on §.) Note that the event
H (k, ¢) roughly says that when R(0) is close to voo Uy (x,Up), it is likely for
R to intersect with voo Uy (x,Up) before it travels very far, see Figure 5 6.
From [i48, Lemma 3.2|, we see that the probability of the event H(k,() is
greater than 1 — Ce? if we take ¢ sufficiently small. The reason for this is as
follows. Suppose that the event H(k, () does not occur, which means that
there exist z € Dy and y € B(z,e,0 1) such that the probability considered
in (5.35) is greater than si. The existence of those two points z € Dy and

y € B(z,e,0~1) implies the occurrence of the event I(x,k,(), as defined by

Jy € B (z,e,6~1) such that
I(.T, k?C) = Y ( , _1) T ¢
PY(R[0,Tg (z,/exd H)] NyL =0) > &

where we write v for the unique infinite path started at = in & (notice that

7% = Ys0). Namely, we have

H(k,¢) € | I(x,k, Q).
€Dy,
We mention that the distribution of 4% coincides with that of the infinite
LERW started at . With this in mind, applying [i4%, Lemma 3.2] with
s =¢e 0t = \/55_1 and K = 10, it follows that there exist universal
constants ¢; > 0 and C' < oo such that for all k > 1, A > 2, § € (0,1) and
x € Dy,
P (I(x,k,¢)) < Cej.

Since the number of points in D}, is comparable to 5,;3, we see that
P (H(k,(1)) > 1 - Cef, (5.36)

as desired.

Set A} == FNGN H(1,(). For X sufficiently large, the event A} is
non-empty. We have already proved that P(A}) > 1 — CA~!. Moreover,
we note that on the event A}, we have dy(0,y) > A\™2675 for all y € 7o N
B(0,671/3)°. We also have on A} that the event G holds, and then the
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branch yy(x,Up) does not intersect with B (0, A=%6~!) for any = € D;. Since
the event F' C A}, we get that dy(0,y) > A\~26~7 for all y € yy(z,Up) with
x € Dp. Recall that U is the union of v and all branches ~(x,Up) with
x € Dy. Conditioning U; on the event A}, we perform Wilson’s algorithm
for points in Ds. It is convenient to think of U; as deterministic sets in
this algorithm. Adopting this perspective, we take y € Dy and consider
the SRW R started at y until it hits ¢;. Suppose that R hits B(0,571/2)
before it hits U;. Since the number of “ ﬁé‘l-displacements” of R until it
hits B(0,07!/2) is bigger than 10*151_1/2, the hittability condition H (1, ()
ensures that

<¢1

P} (R hits B (0,6_1/2) before it hits Z/{1> <)/, (5.37)

OB(1-m)o ) ¢ oBGY) ¢

Figure 5.6: On the event H(k, (), as defined at (535), the above con-
figuration occurs with probability greater than 1 — si for any
x € Dy, y € B(z,e,0~1). The circles shown are the boundaries
of B(z,e,6 1) and B(z, /50~ !). The non-bold paths represent
Yoo U (2, Up), and the bold path R[0, Tg(z, /26 1)].
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for some universal constant ¢ > 0. Define the event By by
By = {vy € Do, yu(y,Uy) N B (0,5*1/2) = (2)} ,

where 7(y,U1) denotes the branch between y and U; in Y. Taking the sum
over y € Do, the conditional probability (recall that we condition U, on the
event A}) of the event By satisfies

ey

P(By) > 1 — Cey3e)™.

Thus, letting A5 := A1 N BaN H(2,(1), it follows that

where we also use that 1 is comparable to €2, and that the number of points
in Dy is comparable to €5 3. We also note that Al is non-empty for A large
enough.

Conditioning Us on the event AL, we can do the same thing as above for
a SRW started at z € D3. Hence if we define the event B3 by setting

By = {2 € Dy, (2 Us) N B (0,671/2) =0},

then the conditional probability of the event Bj satisfies

¢y

P(B;) > 1 — Cey’ey™.

So, letting A5 := A5 N Bs N H(3,(1), it follows that

and we continue this until we reach the index kg. In particular, if we define
By, and Aj, for each k = 2,3,... ko by

By = {¥z € Dy, (.U 1) N B (0,671/2) =0},
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and A} := A} _, N By N H(k,(1), we can conclude that

ko
P (4,) =P (4)) [T P (4%145_,)
k=2 (5.38)

> (1-0x) ]o'o[ (1-cet)=1-an
k=1

We take a universal constant \g for which (53%) is positive for all A > A.

On the event A}, , it is easy to see that:
o dy(0,y) > A9 for all y € 75 N B (0,671/3)",

o dy(0,y) > A727F for all y € vy(z,Up) and all x € Dy with k =
1,2,... k.

Since 0;B(0,671) C Uy,, this implies that dy(0,y) > A79677 for all y €
B(0,671)¢ on the event A} . Therefore, it follows that

P (Bu (0, A—95—5) C B(o,a—l)) >1-CaL
Reparameterizing this, we have
P (B (0,R67) C B (0,2671)) > 1 CRSAS,

for some universal constant C' < co. This finishes the proof. 0

5.4.2 Assumption 2

We will prove the following variation on Assumption 2. Given Proposition
b4l it is easy to check that this implies Assumption 2. The restriction of
balls to the relevant Euclidean ball will be useful in the proof of the scaling

limit part of Theorem 5.1_1.

Assumption 4. For every e, R € (0,00), it holds that

lim 1i P inf  3uy (By(z, 6 Ps)N B 'R)) <n | =o0.
10 50 (weBl(%lR) Mu( ulw,07%e) O B )) 7
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We begin with the following warm-up lemma, which gives a lower bound
on the volume of By(0,05~7) for each fixed 6 € (0,1].

Lemma 5.4.2. There exist constants Ag > 1, c¢1,co and c3, such that: for
all X > X, 6 € (0,1) and 6 € (0,1]

P (e (Bu (0,0677)) < A7167%) < cro72a, (5.39)

Proof. We will first deal with the case that § = 1, and then prove (539)
for general 6 € (0,1] by reparameterizing. We may assume that A > 2 and
0 > 0 sufficiently small. Let ¢ be the first time that the infinite LERW 74,
exits B(A™1/351). Define the event F* by setting

F* = {%O[U, )N B (0, )\_1/25_1) =0, o < )\_1/45_5} :

Suppose that s returns to the ball B(0, \~1/26=1) after time o. Then so
does the SRW that defines 7, after the first time that it exits B(0, A~1/35—1.
The probability of such a return by the SRW is, by [i13, Proposition 1.5.10],
smaller than CA~Y/6 for some universal constant C' < co. On the other
hand, combining [i55, Theorem 1.4] with [i28, Corollary 1.3], it follows

that the probability that o is greater than A\~1/4§—# is bounded above by

Cexp {—c)\l/ 12} for some universal constants ¢, C' € (0,00). Thus we have
P (F*)>1—CA Y6, (5.40)

Note that on the event F™*, the number of steps (in ) between the origin
and z € voNB (O, )\*1/25*1> is smaller than \~1/4§—F,

Next we introduce an event G*, which ensures hittability of -, similarly
to the event H(k, () defined at (5.35). Namely, for ¢ > 0, we set

e — Vo € B(0,2A71571),
(€)= Pg (R [O,TR (0, xl/’zdfl)] N Yoo = @) <<€

From [i4%, Lemma 3.2], we have that there exist universal constants C' < co
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and (3 > 0 such that: for all A >2and 6 >0
P (G* (&) >1—0x L

Moreover, we consider the following net, which is again similar to the ver-
sion appearing in the proof of Proposition 54 i. Here is the list of notation

that we need.
¢
e For each k > 1, let ¢ = A=+ %) 2k ana ne = 1/(2k).
o Write £ for the smallest integer satisfying z—:za S < 1.

e Set Af = B(0, (1+n;)A" L6 )\ B0, (1 —n;)A~t6~ 1) and let Dj C 73
be a €56 1-net of A} in the sense that the number of points in Dj is
smaller than CA73(e})~3 and A} is contained in the union of all balls
B(z,e;67 1) with z € Dj.

Note that since we take 0 > 0 sufficiently small, it follows that both bound-
aries 9; B(0,A\"1971) and dB(0,A\"151) are contained in DZS‘

Now we perform Wilson’s algorithm as follows:

e The root of the algorithm is U] := 7, the infinite LERW started at

the origin.

e We run sequentially LERWs from each point in D7 until they hit the
part of the tree already constructed, and let U] be the union of those

branches and 1.

e We define U} inductively for k = 2,3,...,k§ by adding all branches

starting from every point in D} to Uy _;.
e Finally, we consider LERW’s starting from Z3 \Z/I,j8 to obtain U.

We condition the root 74, on the event F* N G*({2) and think of it as
a deterministic set. Since the number of points in D7j is bounded above
by CX/2 it follows that with high (conditional) probability, every branch
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Y (, UE) with & € D is contained in B(0, \~'/26~1). Namely, if we define
the event H* by

H* — PYU(x7u(>]k> - B<07 )‘71/2571)
| and dy(z,Uy) < A V45 P for all z € DY |’

where dy(z,Uj) stands for the number of steps of the branch 7 (x, 1), then
the condition of the event G*((2), [i55, Theorem 1.4] and [i?&, Corollary
1.3] ensure that the conditional probability of the event H* satisfies

P(H*) >1—CX /2,
If we define the event I*(k, () by

I"(k,¢) =
Vo € Df,y € B(:c,s,t&‘l),
Py (R [O,TR (a: (g;;)l—u’i%oa—lﬂ N (oo U, Ug)) = @) <E)F [
then a similar technique to used to deduce the inequality at (5.36) gives that

there exist universal constants (3 > 0 and C' < oo such that: for all A > 2,
0>0and k=1,2,...,k§,

P (I*(k,G3)) > 1 — C(e1)*.

Now we define L} := F*NG*((2)NH*NI*(1,(3). Note that on the event
1, it follows that for any y € (%o N B(0, )\_1/25_1)) U (Uzep: (@, UT)),
we have
dy(0,) < 22714575,

We inductively define L} for k > 2 in the following way. Let

() = u (Ui 1) € Ay
and dy(z, U ) < 27FB\"1/4578 for all x € D

We define L} := L;_,NI*(2,(3)NH*(k) for k > 2. Suppose that we condition
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Ui, on the event L} ;. Since each branch v Uyy(x,Us) with x € Di_,
is a hittable set, by using a similar iteration argument to that used for
(5.37), as well as [155, Theorem 1.4] and [128, Corollary 1.3], we see that the
conditional probability of H*(k) is bounded above by Cexp{—c2F/4\1/2}.
With this in mind, we let

K
L= L.
k=1

)
P (L") =P (L}) [[ P (Li[Li 1)
k=2

> (1 - cx@/?) ﬁ (1 —C (52)2) >1—COA @2
k=1

The hard part of the proof is now complete. Indeed, on the event L*, it is
easy to check that
dy(0,y) < CA™457P,

as long as y € (700 N B0, \"/2571)) U Z/l,;ka. Since the subtree U} contains
0;B(0,\71671), using [i55, Theorem 1.4] and [i2%, Corollary 1.3] again, we
see that

P (dy(0,y) < CA467F for all y € B(0,A71671)) > 1 - O™ (5.41)
for some universal constants ¢, C' € (0,1). This implies that
P (W (B;,, (0,5*5)) < x15*3) <Ooxe.

for some universal constants ¢, C' € (0, 00). Reparameterizing this, it follows
that for all A > 1, 6 € (0,1) and 6 € (0, 1],

P (s (Bu (0,067F)) < x7167%) < CoF A,

which finishes the proof. O
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Let 7%, be the infinite simple path in U started at v. When v = 0, we
write 70, = 7s. Fix a point v. The next lemma gives a lower bound on
By (m,95_6> N B(0,6~ 1) uniformly in x € 4% N B(0,671).

Lemma 5.4.3. There exist universal constants Ao > 1 and bg,cg,c7,cs
in (0,00) such that for all A > Xo, 6 € (0,1), 8 € (0,1] and all v €
B (0, /\505*1),

3z € 4%, N B(0,571) such that

’ ( e (Bu (2.05%) A BO,57Y) < A-1473 ) S TAT (5.42)

Proof. Again, by reparameterizing, it suffices to show the inequality (5 42)
the case that # = 1. Also, we may assume that A > 2 is sufficiently large
and that 6 > 0 is sufficiently small. We recall that we proved at (541) that

there exist universal constants aj, as € (0,00) such that
P(A) =P (B(0,A7107") € By (0,aA/4677)) > 1= apA ™. (5.43)

Similarly to previously, we need to deal with the hittability of v,. To this
end, define the event A(() by

A(Q) =

meB(s(;,lfé—l); Pi (R [O’TR ("“’ x%*l)} N Yoo = @) < ATtw
dist($,7oo)§)\—%§—1

From [i4%, Lemmas 3.2 and 3.3], it follows that there exist universal con-
stants ¢4 € (0,1) and C < oo such that

P (A(G)) > 1— CA, (5.44)

Now we let by = a1(4/5000 and take v € B (O, )\b05_1>, henceforth in this
proof only, we write 75, = 7~ to simplify notation. We also write py for
the first time that v, exits B(0,67 1) (we set pg = 0 if v ¢ B(0,671)), set
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Cqa
R = X1 61, and define p to be the first time that voo exits B(0,R). Then

a similar argument used to deduce (5 40) gives that

Saaq

P(A%) = P (7alp,00) N B(0,071) =0, p < Ast§~7) > 1 CA~ 0.

So, it suffices to deal with the event that there exists an x € 75[0,p] N
B(0,6~ 1) for which the volume of By, (:U, 5_6)03(0, 6~ 1) is less than A~163.

. . . _Saa1
Given these preparations, and moreover writing » = A~ 100 6 !, we de-

compose the path v[0, p] in the following way.

e Let 9 = 0. For [ > 1, define 7 by 77 = inf{j > 711 : |700(j) —
Yoo (Ti-1)| = 7}

e Let N be the unique integer such that 7ny_1 < pg < 7n.

o Set 7{ =inf{j > po : [Voo(4) — Voolp0)| > 1}

e For [ > 1, if pj_1 < p, then we define 7/ = inf{j > pj_1 : |700(j) —
Yoo(pi—1)| > 7} and set p; = inf{j > 7/ : Y(4) € B(0,671)} A p.
Otherwise, we let 7/ = oo and p; = p.

e Let N/ be the smallest integer [ such that p; = p.

e For 0 <I < N'—1, welet 77/ =max{j < pr: [Voo(J) — Yoo(pr)| > 7} if
it is the case that {j < p;: |700(4) — Yoo(p1)| > r} # 0. Otherwise, we

set 7/ = py.

Notice that we don’t consider the sequence {7} if v ¢ B(0,d71) since 7y =
po = 0 in that case. (Namely, if v ¢ B(0,5~1), we only consider the sequence
{r/}.) We also note that for any = € voo[po,p] N B(0,671), there exists
0 <1 < N’ such that @ € voo[pr, 7/44]-

Our first observation is that by considering the same decomposition for
the corresponding SRW, it follows that the probability that N + N’ >
A1@1/10 45 smaller than C exp{—cA°}. Furthermore, applying [i55, Theo-
rem 1.4] together with [128, Corollary 1.3], with probability at least 1 —
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Cqa
Cexp{—c\°}, it holds that 7, — 71 < A~ 200 68 for all | = 1,2,...,N,and
€401

that 7/ — pj_1 < A\~ 200 67 for all I = 1,2,..., N’. Consequently,
P(A%) > 1 — Cexp{—c)\Y,

where the event A3 is defined by setting

N+ N <A S q—q <A 906 fforalll=1,2,...,N }

3 _
A% = / 1" _Saa1 -B . y
and 77, — 7 < A7 204 7 forall [ =0,1,...,N' -1

Replacing the constant {4 by a smaller constant if necessary, [148, The-
orem 6.1] (see Proposition 5 3 3) guarantees that v, has no “quasi-loops”.

Namely, it follows that
P(AY) >1—-C
where the event A% is defined by setting

B (90 (1), A75671) 1 (9[0, 1] U Yo [7i41,00)) = 0
Vi=1,2,...,N and

B (70 (p), A7 5671) 1 (700 [0, 7] U ool 1, 00) ) = 0
Vi=0,2,...,N —1

At =

We now consider a A~ 106~ L-net of B(R), which we denote by D. We may
assume that for each y € DN B(§71), it holds that B(y,2A"16~1) € B(671).
Notice that the number of the points in D is bounded above by CA\®/3.
For each 1 <1 < N = 2, we can find a point z; € D N B(6~!) satisfying
|21 — Yoo (T1)| < A"T067L. Also, for each 0 < 1 < N’ — 1, there exists a point
z) € DN B(071) satisfying |2} — veo(p1)] < A"T57L, (Here, note that we
can find z} in B(§~1) since voo(p) € B(671).)

We perform Wilson’s algorithm as follows.
e The root of the algorithm is vo.

e Consider the SRW R! started from 1, and run until it hits v,,. We
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let U! be the union of v, and LE(R!). Next, we consider the SRW
R? started at zo until it hits ¢'; the union of it and ! is denoted by
U?. We define ! for | = 3,4, ..., N — 2 similarly.

e Consider the SRW Z° starting from x{, until it hits V2. We let u°
be the union of UYV~2 and LE(Z°). Next, we consider the SRW Z!
started at 2 until it hits 2/°; the union of LE(Z') and U° is denoted
by U'. We define U for | =2,3,..., N’ — 1 similarly.

e Finally, run sequentially LERWs from every point in Z3 \ UN'-1 o
obtain U.

Define FO := A'NA2NA3NA*NA() as a “good” event for 7,,. Conditioning
Yoo 0N the event FO, we consider all simple random walks R, R?,..., RV =2,
70,74, ..., ZN'71 starting from xq, @, ..., TN _2,Th, ), ..., Thy_, Tespec-
tively. The event A({;) ensures that the probability that R’ (respectively
7" exits B(xy, )\_%6_1) (resp. B(x], )\_%5_1) before hitting v, is smaller
than A=¢% for each . Moreover, the event A? says that the endpoint of R!
(vesp. Z') lies in voo[7i—1, Ti+1] (resp. Yoo[7{’,7/41]) for each I. On the other
hand, the number of SRW’s N + N’ — 2 is less than )\% by the event A3.
Also, we can again appeal to [155, Theorem 1.4] and [128, Corollary 1.3] to
see that with probability at least 1 — C exp{—c\°}, the length of the branch
LE(R") (resp. LE(Z')) is less than A"168 for each | = 1,2,...,N — 2
(respectively [ = 0,1,..., N’ — 1). Thus, taking the sum over [, we see that

Caa1

P(FHYy>1-C\x 7,
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where the event F! is defined by setting

LE(R!) C B (a1, A\"5571),
the endpoint of R! lies in Yoo[T1—1, T141],
and the length of LE(R') is smaller than A8

foralll=1,2,...,N —2

LE(ZY) C B (x;, )\‘%5*1) :

the endpoint of Z! lies in voo[7, 1),
and the length of LE(Z') is smaller than A" 1058
foralll=0,1,...,N' —1

F!' =

Recall that for each y € D N B(d71), it holds that B(y,2A"1671) C
B(0~1). Since the number of the points in D is bounded above by CA®/3,

the translation invariance of U and (5.43) tell that

2aq

P(F?) >1—as\™ 35,
where the event F? is defined by

F? = {B(ml,)\_lé_l) C By (:cl,agxl/‘*(s—ﬂ) foralll =1,2,...,N — 2}
N {B(:c;,xla—l) C By (x;,@xl/‘*a—ﬁ) forall [ =0,1,..., N — 1} :

We set F3 := FON F!' N F2. Suppose that the event F occurs. Take
a point x € 5[0, po]. We can then find [ € {0,1,..., N — 2} such that
T € Yoo|[T1, Ti42]. Let y; be the endpoint of R!. Since y; lies in Yoo [11—1, 7141],
and the event A3 holds, we see that dy(x,y;) < Tiyo — T1_1 < 3\~ S 5 8.

However, the event ! says that dy(y;, ;) < A58, Finally, the event

F? ensures that for every point z € B(x;, \™1071), we have dy(z;,2) <
agA~1/46=P. So, the triangle inequality tells that dy(z, z) < 5A~ 55 55 for
all z € Bz, \167 1) C B(671).

We next consider a point € 7oo[po, p] N B(6~1). There then exists
0 <1< N'such that € ys0[p1, 7/,1]. Let y] be the endpoint of Z'. Since y;
lies in Yoo [7]’, 7/,4], and the event A® holds, we see that dy(z,y)) < 7/, —
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Caa1

/" < A7 200 67, However, the event F! says that dy(y],r]) < A5,
Finally, the event F? ensures that for every point z € B(z],\"171), we
have dy (2], z) < asA =468 So, the triangle inequality tells that dy(z, z) <
3\~ 53 5—F for all 2 € B(z), \"'6~1) C B(5™).

This implies that for all € y[0,p] N B(671),

u {Bu <g: BA~F0 6~ ﬁ) N B((Sl)} > e300, (5.45)

Reparameterizing this, we finish the proof. O

Assumption 4 immediately follows from the next lemma.

Lemma 5.4.4. There exist constants ci,ca,c3 such that: for all X > 1,
§ € (0,1) and 6 € (0,1],

. 3 —B —1 —1 —C2\—C
P <x€g(15f_1)5 st (Bu(w,0677) N B(5™Y)) < A ) < 7N,

Proof. We will only consider the case that # = 1. We also assume that A\ > 2
is sufficiently large and that § > 0 is sufficiently small, similarly to the proof
of the previous lemma. Moreover, we will use the same notation as in the
proof of Lemma 54.3. Recall that the constants a; and (4 appeared at
(5:43) and (544), and that we defined by := a1(4/5000 and R := A5t g1,
For v € B(A"§~1), p was defined to be the first time that 7%, exits B(R)
(p=0if v ¢ B(671)). In the proof of Lemma 5.4.3, we proved that for each
v € B(A§h),

B Ab1578) N B(0,61 A73673
pl " { u (x ) } >1—CA ™", (5.46)
for all z € v%,[0, p] N B(67 1)

for some by > 0, see (545h). Let by = 4145181 A 11’018 We consider a \7?26~1-
net D' = (z" )M, of B(0,20!). Note the number of points in D', which is
denoted by M, can be assumed to be smaller than C'A\%b2.

Now we perform Wilson’s algorithm as follows:

e The root of the algorithm is v, = 7%.
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e Consider the SRW R! started at z! € D’, and run until it hits ...
Let U be the union of LE(R') and .. We then consider the SRW R!
started from z! € D', and run until it hits 24_1; add LE(R!) to U1 —
this union is denoted by U;. Since M < CA32, by applying (5.46) for
each z!, we have

P(V)>1-Ccx /2

where the event V! is defined by setting

e ,_{ Kt {Bu (x Abs 5) NB(o } eA3573, }

for all x € Upy N B(6~

e Taking a > 0 such that aE;”;lj*Q = 1/2, we let ap = aZ?leQ,
and consider a 27¥A\~02§7Lnet D*¥ = (2¥); of B((2 — ay)6~'), where
the number of points in D* is bounded above by C23¥)\3%2. Let kg be
the smallest integer k such that 27¥\~b26-1 < 1.

e Perform Wilson’s algorithm for all points in D! adding new branches
to Ups; the output tree is denoted by U;. Then perform Wilson’s
algorithm for points D¥ (k = 2,3, ..., ko) inductively; the output trees
are denoted by Us, ... ,Z/?ko. Note that B(6~!) C LA{kO.

Since every branch generated in the procedure above is a hittable set,

we can prove that there exist universal 0 < b3 < by and C > 0 such that
P(V?) >1—C\bs, (5.47)
where the event V2 is defined by
V2 i= {Va € Uy, dy(w, 2(M)) < X757 and 2(M) € B(5~")}.

Here, for each z, we write x(M) € Uy for the point such that dy(z, x(M)) =
dy(xz,Upr). The inequality (5-47) can be proved in a similar way to the proof
of Proposition 5.4 1, so the details are left to the reader.

Suppose that the event V!N V?2 occurs. Since B(671) C Z/Alko, this implies
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that for any z € B(6~!), we have
pue { By (2,2275077) N B(0,071) } > ex~*6 7%,

A simple reparameterization completes the proof. O

Combining Proposition 5.4 and Lemma 5.4.4, we have the following.

Corollary 5.4.1. Assumptions ? and 4 hold.

5.4.3 Assumption 3

In this subsection, we will prove the following proposition.
Proposition 5.4.5. Assumption '3 holds.

Proof. In [i27], it is proved that there exist universal constants b3, by €
(0, 00) such that for all 6 € (0,1) and A > 1,

P(J;) >1—bA %, (5.48)
where the event J; is defined by setting

I Va,y € Yoo N B ()\b36_1)
P with du(a,y) < A6 [ —y) < AbagL [

see [127, (7.19)] in particular. We also need the hittability of v as follows.
For ¢ > 0, define the event J(() by setting

PR (R0, Tk (2, X267 1) | Nyae = 0) < A0
10 = { ’ for all z € B (Ab3/45‘1> '

It follows from [i4%, Lemma 3.2 and Lemma 3.3] that there exist universal
constants C' < oo and (5 € (0,1) such that for all 6 > 0 and A > 1,

P (J(¢)) >1—Cbs,

With this in mind, we set b5 = %8% and Ry = A\b5671. Let D" = (z); be
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a A7%¢ " Lnet of B(R;). The number of points M” of D" can be assumed
to be smaller than CA%5. We perform Wilson’s algorithm as follows. The
root of the algorithm is 7., as usual. Then we consider the loop-erasure
of the SRWs R, R?, ..., RM" started from z1, 29, .., 2y respectively; we
denote the output tree by Up». Finally, we consider LERW'’s starting from
all points in Z3 \ Upsr.

Conditioning v on the event J; N J((3), for each [ = 1,2,..., M", the
probability that R exits B (zl, \bs/ 25_1) before hitting v is, on the event
J((5), bounded above by A%, Taking the sum over I, we see that if

Jo = { R0, T (2, X9/2671) | Moo # 0 for all L = 1,2,...., M"},

then
P(Jy) >1—C)\7bs.

On the other hand, if we define

J { Ve, y e v2 N B (zl, )\b35_1) }

P with dy(,g) <X, e — gl < A

for each I =1,2,..., M" | (recall that 4% stands for the unique infinite path
in U starting from x,) by the translation invariance of U and (5 4%), it follows
that P(J}) > 1 — byA™% for all I. Thus, letting

M//
Js =) Ji,

=1
we have P(J3) > 1 — A7,
Now, suppose that the event J := J; N J(¢5) N J2 N J3 occurs. The
2bs
triangle inequality tells that on the event J, for all z,y € Up;» N B (ATJ )
with dy(2,7) < A7%678, we have |z — y| < 3A"%6~L. Thus
2b3
P Ve,y € Uyn N B (/\3(5_1>

with dy(z,y) < A58, |z — y| < 3A7b3571

>1—C\ b,
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By the translation invariance of I/ again, we can prove that each branch vZ

is also a hittable set with high probability. Namely, if we let

JH¢) = { P (R [O’TR (%/\4)5/25,1)} Fjbvéfilz (Z)) < A—Cbs }
for all x € B(z;, A\™"07")

for each [ = 1,2,..., M", then by using [i4%, Lemma 3.2], we see that there
exist universal constants (g € (0,1) and C' < oo such that for all 6 € (0, 1),
A>landl=1,2,...M",

P (J'(Ge)) = 1— CAT10%,

With this in mind, we let

M/I

Ty = () J' (),
=1

so that P(J4) > 1 — CA 70,

Conditioning Uy on the event J N Jy, we perform Wilson’s algorithm
for all points in B(R1/2) \ Up», considering finer and finer nets there as
in the proof of Proposition 5.4.i. The event Jy ensures that every SRW
starting from a point w in B(Ry/2) hits Uy before it exits B(w, A\~%/35~1)
with probability at least 1 — C/\*Cﬁbs)‘%. Thus we can conclude that with
probability at least 1 — CA™%, we have diam (yy(w,Upsr)) < A7/3571 and
dy(w, Upgn) < X7/4678 for all w € B (0, R1/2). Therefore, by the triangle

inequality again, it follows that

Vae,y e U N B(Ry1/2)

P >1- O, (5.49
( with du(@.3) < A3, o — y] < A~/551 ) ; 049

Finally, Proposition 5.4.1 shows that with probability 1 — CA™% the in-
trinsic ball By (0, L6~?) C B(R;/2) for each fixed L. Combining this with
(5.49) completes the proof. O
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5.5 Exponential lower tail bound on the volume

In Lemma 54 3, we established a polynomial (in A) lower tail bound on the
volume of a ball. In this section, we will improve this bound to an expo-
nential one, see Theorem h 5?7 below. We start by proving the following
analogue of [20, Theorem 3.4] in three dimensions. The proof strategy is
modelled on that of the latter result, though there is a key difference in that
the Beurling estimate used there (see [113, Theorem 2.5.2]) is not applica-
ble in three dimensions, and we replace it with the hittability estimate of

Proposition h.3.9.

Theorem 5.5.1. There exist constants \g > 1 and ¢,C,b € (0,00) such
that: for all R > 1 and XA > Ag,

P (s (Bu(0, R)) < A'R%) < Cexp {~e’}. (5.50)

Proof. We begin by describing the setting of the proof. We assume that
A > 1 is sufficiently large, and let a = %. Let ¢ = [A\(!=%/3] be the number
of subsets Io, I1,..., 1, of the index set {1,2,...,A}, as defined in (5.22).

Note that for all 0 < j; < jo < ¢ and all 41 € [}, € I, we have
dist (8D;,,0D;,) > A\ R. (5.51)

For each j = 0,1,...,q, recall that the event F}; stands for the event that
there exists a “good” index i € I; in the sense that v[t;, 0] is a hittable
set. By Proposition 539, with probability at least 1 — A!=%exp {—c1 A%},
the ILERW ~ has a good index in I; for every j = 0,1,...,q. Let

q
F=F, (5.52)
j=1

and suppose that the event F' occurs. It then holds that, for each j =
0,1,...,¢, we can find a good index i; € I; such that the event A;; occurs.
We will moreover fix deterministic nets W? = (w}), p = 1,2,3, of B(2R)
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satisfying

R /
| > 1otz for all k # k'

> and |w} — w},
Note that we may assume that [W?| =< \.

From now on, we assume that the event F' occurs whenever we consider
. We also highlight the correspondence between our setting and that of [0,
Theorem 3.4]. In the proof of [20, Theorem 3.4], k points z1, 29, . .., 2 were
chosen on the ILERW. Here the points x;, = v(ti,), sy, = v(tiy), ..., Ti, =
7v(t;,) correspond to those points. Setting n = %, we write Bj = B(z;;,n)
for j =0,1,...,q. Note that for each j; # jo

NTIR
2

dist (le,BjQ) > (5.53)

by (5.51).
As in [20, (3.18) and (3.19)], we define the events F'!, F? by setting

F' = {y[Tyr, 00) hits more than ¢/2 of By, B, ... B,}, (5.54)

F? = {Tm > A“’Rﬁ} :

where T, is the first time that v exits B(r), and a’ = Wloo’

Here we also need to introduce the event F3, as given by

see Figure H.7.

= {3w} € W such that N} > 37},

where NV ,% is equal to

wi e W? .
B (wl , 10%4) CB (wk, 101232) and B (le, ﬁ) Ny[0,00) #0 [|

ie, N ,% stands for the number of balls of the net W?2 contained in the ball
B(w, 102)\2) and hit by ILERW ~.
We will first show that P(F!) is exponentially small in A. Let I, be the
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set of paths ( satisfying P(v[0,7;] = ¢) > 0. Namely, I', stands for the set
of all possible candidates for v[0,7,]. Take ( € I'sg, and let z = ¢ (len(()) be
the endpoint of (. Write Y for the random walk started at z and conditioned
on the event that Y[1,00) N ¢ = 0. The domain Markov property (see [1i3,
Proposition 7.3.1]) yields that the distribution of y[T5r, 00) conditioned on
the event {~[0,Tor] = ¢} coincides with that of LE(Y[0, 00)). Therefore, we
have

P(F') < Y P(H)P (4[0,Tor] = (),
¢elar

where the event H is defined by

H¢ = {Y hits more than ¢/2 of By, By ..., By} .

Recall that R* stands for the simple random walk started at z. We remark
that dist(z, Bj) > R/4 for all j € {0,1,...,¢q}. Let 7 be the first time that

y

dB(2R)

Figure 5.7: A typical realisation of v on the event F'', as defined at
(h-ha).
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R* exits B(z, R/8), and observe that
P (R*[1,00) N ¢ =0) < P (R*[L,7]N¢ =0). (5.55)

Indeed, it is clear that the left-hand side is bounded above by the right-hand
side. To see the opposite inequality, we note that [i55, Proposition 6.1] (see
also [14%, Claim 3.4]) yields that

P (R*[1,00)N¢ = 0)
=16

> P <Rz[1, A1A¢ =0, dist (B2R), R*(r)) > 1R6>

>P (Rz[l,r] N¢ =0, dist (B(2R), R*(7)) > E, R?[r,00) N B(2R) = @)

> P (R*[1,7]N¢ =10),

which gives (5.55). Consequently, we obtain that

CP (R*[1,7]N¢ =0, R* hits more than ¢/2 of By, By ..., By)
P (R*[1,7]N¢=10)

< Cz’ega)liz/s)l) (RZ hits more than ¢/2 of By, B; .. .,Bq) .

P(H¢) <

Take 2z’ € B(z, R/8), and note that dist(z’, B;) > R/8 for all j =0,1,...,q.

We define a sequence of stopping times i, ug,... as follows. Let

q
Ulzlnf{t>0 : RZ,(t)E UBJ}’
=0

and j' be the unique index such that R* (u;) € Bj1. For [ > 2, we define u;

q
u; = inf {t > U1 Rzl(t) S (U Bj) \sz1} ,
=0

and write 5 for the unique index such that R (u;) € Bji. Since the distance
between two different balls is bigger than A*!R/2 by (5.53), and each ball

by setting
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has radius n = R/2), it follows from [113, Proposition 1.5.10] that
P (u; < oo|uj_1 < 00) < CA N~ = CA~ 50,
for all [. Thus, taking A sufficiently large so that CA5 < 1 /2, it holds that
P(H;) < C(1/2)%? < Cexp {—cATm |,

which gives
P(F') < Cexp {—cAim }. (5.56)

As for the event F2, we have from Proposition 534 that
P(F?) < Cexp {-eA"}. (5.57)
Finally, we will deal with the event F3. Define

(e, 2l abmcreis) |

M=
k andB(wZQ,wg%)ﬁS[O,oo)#@

)

in other words, M, ,i stands for the number of balls of the net W? contained
in B (w,lc, 102%) and hit by SRW S[0,00). It is clear that N} < M}. Thus,
on the event F3, there exists w,lg € W' such that M ,% > \5. However, for each
k, it is easy to see that P(M} > %) < Ce~“*. Therefore, since |IW!| < X5,
we see that

P(F%) < Cexp {-eA'/?}. (5.58)

We are now ready to follow the proof of [20, Theorem 3.4]. If the event
FeUF' U F? U F? (recall that the event F is defined at (552)) occurs,
we terminate the algorithm with a ‘Type 1’ failure. Otherwise, for each
j=0,1,...,q, we can find z; € W? N B(x;;,n/8) such that B(z;, A™*) N
7[0,00) = 0. Using this point z;, we write

—4 —6
B;:B(zj,A R), B;’ZB(zj,A R).
Let Uy = 7[0,00). Suppose that the event F N (3_;(F*)¢ occurs. We
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consider the SRW R* until it hits Uy. Let 9 = LE(R*) be its loop-erasure
which is the branch on U between zy and Uy. Define the event G? by
GY = {R* ¢ By}. Since v satisfies the event F, we see that

P ((G‘f)c) > . (5.59)

Suppose that the event G occurs. We mark the ball Bj as ‘bad’ if R**NB; #
§). Otherwise, we define the event GY := {len(yy) > A\"/2RPYN{R* C By}.
If the event GY occurs, we also mark By as ‘bad’ (we only mark By in this

case). By Proposition 534, it holds that
P (G5) < Coxp{-en!/?}. (5.60)

If the event (G9)° N (G9)¢ occurs, we use Wilson’s algorithm to fill in the
reminder of Bfj. Define the event GY by setting

GO—{ Jv € B{ such that v, (v, Uly) € B}

_ N GO cn GO c’
3 or len (yy (v,70 Ulp)) > A\ ZRP } (G N (&)

where we recall that (v, A) stands for the branch on U between v and A.
Modifying the proof of Lemma b.4.7, we see that

P (G§) <oae (5.61)

for some universal constants ¢,C € (0,00). Suppose that the event GY
occurs. We again mark the ball B; as ‘bad’ if S” hits B; for some v € By
in the algorithm above. If the event (G9)° N (G9)¢ N (G9)¢ occurs, we label
this first ‘ball step’ as successful and we terminate the whole algorithm. In

this case, for all v € B{
du(0,v) < (X + A2 4 A2 R < OXTRY,
and so

pe (Bu (0,CX7R%)) > eA"8R?. (5.62)
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If the event G UGS UGS occurs, we denote the number of bad balls by N&.

Using a similar idea used to establish (556), we see that
P (N§ > y/a/4) < Cexp {-ex/20} (5.63)

If NP > V/q/4, we terminate the whole algorithm as ‘Type 2’ failure. If
NE < /q/4, we can choose B; which is not bad and perform the second
‘ball step’, replacing By with B; in the above. We terminate this ball step
algorithm whenever we get a successful ball step or we have Type 2 failure.
We write F* for the event that some ball step ends with a Type 2 failure.

Since we perform at most ¢'/? ball steps, it follows from (5.63) that
P(F*) < Cexp {—eA/10}. (5.64)

Finally, we let F° be the event that we can perform the jth ball step for all
j=1,2...,¢"? without Type 2 failure and success. By combining (5.59),
(560) and (5.61), taking A sufficiently large, we see that each ball step has

a probability at least ¢o/2 of success. Therefore, we have
P(F%) < Cexp {—eAl/2}. (5.65)

Once we terminate the ball step algorithm with a success, we end up with a
good volume estimate as in (5.62). Combining (5.56), (5.57), (5.5%), (5.64),

(5.65) with Proposition 5 39, we conclude that
P (W (Bu (0, CX"Rﬂ)) > cA‘18R3> >1— Cexp {—cxz’} .
Reparameterizing this gives the desired result. O

We are now ready to derive the main result of this section, which gives

exponential control of the volume of balls, uniformly over spatial regions.

Theorem 5.5.2. There exist constants A\g > 1 and ¢,C,b € (0,00) such
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that: for all R > 1 and XA > Ag,

P (weBi{gl/ﬁ)uu (Bu (x,xb’R)) < )\le> < Cexp {—c)\b}. (5.66)

Proof. We will follow the strategy used in the proofs of Lemmas 543 and
3
B.4.4. Theorem 55 1 tells us that if A := {|By(0, \"'R)| < A™*R?#}, then

P(A1) < Cexp{-cd'}, (5.67)

We may assume that b € (0,1). We also let by = b/1000. Applying Propo-
sition 537 with s = exp{—A""}RY?, r = exp{—A*1/2) RY/# and K = 100,
we find that there exists universal constants n € (0,1) and C' > 0 such that

P(4y) < Cexp{-A"},
where As is defined to be the event

Jv € B(5R'Y?) such that
dist(v,7) < e A" RY8 and P¥ (RV[0,t,) Ny = 0) > e=™"

Here, ~ represents the ILERW started at the origin, RV stands for a SRW
started at v, the probability law of which is denoted by PY, and ¢, stands for
the first time that RY exits B(v, exp{—A" /2} R'/#). We next use Proposition

533 to conclude that there exists universal constants C, M < oo such that
P(43) < Cexp {-a"/M},
where the event Ag is defined by

Jv e B(5R1/’8) and i < j such that
As=1{  A(0),70) € B (v, 10exp{-)"/2}RY5) 1,
and y[i, j] Z B (v,10" exp{-\" /M}R'/?)

Namely, the event Az says that v has a quasi-loop in B(5RY#). We next
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let
§ =10 3 min{n, 1/M}, (5.68)

and define a sequence of random times si, s, ... by setting so = 0,

si=inf {t>0: 4(t) ¢ B (exp{-0A"}RV7)},
s; = inf {t >s;1: (t) ¢ B (’y(si_l),exp{—&\bl}Rl/B)} , Vi > 2.

Let x; = v(s;), write
I= {Z > 10 (y[sio1, 8] UA[si, si01] Unlsicn, sival) N BARYP) £ 0},

and set N = |I|. By considering the number of balls of radius exp{—§\* }R%
crossed by a SRW before ultimately leaving B(4R'/?), we see that

P(A4) < Cexp {—ce‘;/\bl} ,

where Ay := {N > exp{36A\*}}. A similar argument to that used in [i27,
(7.51)] yields that

b1
P(A4;5) < Cexp {—ceéz} )

where As is the event that there exists an 7 € I such that s; — s;_1 >
exp{—0A? /2}R. Thus, defining the event A by setting

5
A=) 45,
i=1
combining the above estimates gives us that
P(A) > 11— Cexp{-\"/M}. (5.69)
We now fix a net W = (w;); of B(5RY?) such that

B(RY?) €| B (w), exp{-A"}RYF)
J
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and |W| =< exp{3A®}. For i € I, let w; € W be such that |z; — w;| <
exp{—X"}R/8. We now use Wilson’s algorithm for all points w;. On AS,
it holds that, for each i € I,

P (R0, ty,) Ny =0) < exp{—n/\bl}.
Therefore we have
P(B1) < Cexp{—nA"} exp{36A"} < C exp{—nA/2}, (5.70)

where Bj is the event that there exists ¢ € I such that R"i[0,¢,,] Ny = 0.
Suppose that the event Bf occurs. For ¢ € I, write u; for the first time that
R™: hits v, and let z; = R™i(u;). On A§, we have that z; € y[s;_1,s;] U
v[si, si+1], because otherwise v has a quasi-loop. We define the events Bs

and Bj3 by setting
By = {3i € I such that len (LE (R"/[0,u])) > exp{~\" /4} R},

By = {3i € I such that )Bu (wi,)flR)’ < A*4R%} .

Combining the translation invariance of U/ with Proposition b 34 ensures
that
P(By) < Cexp {—ce’\bl/4} . (5.71)

Moreover, by (b.67) and the translation invariance of the UST again, we
have
P(Bs) < Ce=N x 3\ < Ce—c)\b/Q’

where we use the fact that [W| = e3*"* and by = b/1000. Defining

3
B = Bj,
j=1
we have proved that

P(ANB)>1-Cexp{-a\"},

151



where we recall that 6 > 0 was defined as in (5.6%).
Next, suppose that the event AN B occurs. Take z € y N B(4RY/?). We
can then find some ¢ € I such that x € y[s;, s;+1]. On A, we have

dy (i1, ;) < exp{—6A"/2}R and dy(z;, zi11) < exp{—0\" /2}R.
Furthermore, on Bf N A§ N B, it holds that
zi € Y[si—1,8i) Uy[si, si+1] and dy(w;, 2;) < exp{—)\bl/él}R.

This implies that dy(w;, z) < exp{—6A"/4}R. If B§ also holds, it follows
that we have
3
[ (Bu (m 2)\_1R)> > A 4R7.

Consequently, we have proved that there exist universal constants C, 6, b1 €
(0,00) such that for all R and A

o ( st (By (2,3 'R)) > A5 R?

>1—Cexpq—6A"t. 5.72
for all 2 € y N B(4RY/#) ) - p{ } (5.72)

Finally, once we get (5.72), the proof of (566) can be completed by
following the strategy used to prove Lemma 5.4 4 given Lemma h4.3. In-
deed, thanks to (5.72), we can use a net whose mesh size is exponentially
small in A, which guarantees the exponential bound as in (5.50). The simple

modification is left to the reader. O

5.6 Exponential upper tail bound on the volume

Complementing the main result of the previous section, we next establish an
exponential tail upper bound on the volume, see Theorem 5.6 2, which im-
proves the polynomial tail upper bound on the volume proved in Proposition

h4 1. We begin with the following proposition.

Proposition 5.6.1. There ezist constants Ao > 1 and ¢,C,a € (0,00) such
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that: for all R >1 and A > o,
P (By (0,A7'R?) € B(R)) < Cexp{—cA"}.
In particular, it holds that
P (m,, (BM (O,)\_lRB)) > R3) < Clexp{—c\}.

Proof. The second inequality immediately follows from the first one. Thus
it remains to prove the first inequality. We follow the strategy used in the
proof of [20, Theorem 3.1]. We may assume that A is sufficiently large. It
follows from Proposition 5.3.4 that there exist constants C,c and ag > 0
such that

P (TR/S < )flRﬁ) < Cexp{—cA?},

where again 7, stands for the first time that the ILERW ~ exits B(r).
Setting a; = ap/10, we define a sequence of nets Dy, as follows. For k > 1,
set 6 = 2 Fexp{—A¥}, n = (2k)~', and ko be the smallest integer such
that 0y, R < 1. Defining

A :=B(R)\ B((1—mn;)R),
let Dy, be a set of points in Ay satisfying |Dy| < 6,;3 and also that

A, € | B(w,6kR).
wEDk

We then perform Wilson’s algorithm as follows.
e Let Uy = v be the ILERW, which is the root of the algorithm.

e Take w € D1, and consider the SRW RY started at w, and run until
it hits Uy. We add LE(R™) to Uy. We choose another point w’ € D,
and add the loop-erasure of R¥', a SRW started at w’ and run until
it hits the part of the tree already constructed. We perform the same

procedure for every point in D;. Let U; be the output tree.

153



e We perform the same algorithm as above for all points in Dy. Let Us

be the output tree. Similarly, we define Uj.
e We perform Wilson’s algorithm for all points in U, .

Since 0, R < 1, we note that 0;B(R) C Ay, C Uy,
Now, take w € Dj, and let N,, be the first time that (0, w) exits
B(R/8). Using [i36, Proposition 4.4], we see that

P (N, < A'R?) < OP (T < A7'R?) < Cexp{—eA™}
for each w € D;. Thus if we define the event F} by setting

Fi={Tris <\'RPPU ([ {Ne < 27'RY,
weD1

then it follows that
P(F1) < 0673 exp{—cA\™} < Cexp{—c\™},

where we have used the fact that |D;| =< 6;% < exp{3\®} and that a; =
ap/10.
Next, for b > 0, we define GV’ (b) to be the event

Jv € B(2R) with dist (v, yy(w,o0)) < 5 R
such that P (RY[0,£] Ny (w,00) = 0) > 6% |’

where ¢ is the first time that RY exits B (v,v/01R). Applying Proposition
h 37 to the case that K = 100, it holds that there exists by > 0 such that

P(GY) :=P (G¥(by)) < C83°. (5.73)
So, if we define the event G1 := Uyep, GY, then
P(Gy) < Co7.
Suppose that the event F{ N GY occurs, and perform Wilson’s algorithm
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(see [169]) from all points in Dy. For w € Dy, define
HY = {y(w,0) enters B(R/2) before it hits U },

and let Hy = Uyep,HY. The event HY implies that R enters B(R/2)

without hitting U/;. Since the event G occurs, we see that

)

P(Hé”) < (611)0)c511/2

and thus we have
P(H,) < C61°.

For w € Dy, we then define G¥ = G¥(by) to be the event

Jv € B(2R) with dist (v, vy (w, 00)) < 62R
such that PV (RY[0,£] Nyy(w,00) = 0) > 6% |’

where £ is the first time that RY exits B(v,v/d2R), and by is the constant
defined as above (see (5.73) for by). Using [14%, Lemma 3.2 and Lemma 3.3]
once again (with 7 = /03 R and s = §2R), we have

P(GY) < 08°.

Importantly, we can take by depending only on K = 100. Define the event
G2 by setting G := Uyep,GY, and then

P(Gy) < 685",
Defining Hy, and Gg, k > 3 similarly, it follows that
P(H,UGy) < C8H.

Finally, we define
ko
J=FNnGin [ (H;NGY).
k=2
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On the event J, we have the following.

e Forall k=1,2,...ky and every w € Dy, the first time that ~,(0, w)
exits B(R/8) is greater than A\™'R¥.

e The set Dy, disconnects 0 and B(R)°.
Thus, on the event J, it holds that By (O, )\_IR'B) C B(R). Since
ko
P(J9) < Cexp{—dA\} + C > 6" < Cexp{-A"},
k=1
we have thus completed the proof. O
We are now ready to establish the main result of the section.

Theorem 5.6.2. There exist constants \g > 1 and ¢/,C’,d’ € (0,00) such
that: for all R > 1 and A > Ag,

P By (2, A" R)) > AR¥P | < C"exp{—dA"}.  (5.74
(Zeg;z}f/a)ﬂu (Bu (=2"R)) = < Clep{=dA"}. (5.14)
Proof. Since the proof is very similar to that of Theorem 552, we will only
explain how to modify it here. Also, we will use the same notation used in

the proof of Theorem 5.5 2. Proposition 5.6 1 tells that there exist constants
¢, C,b € (0,00) such that

P(A}) < Cexp{—c)\’}, (5.75)

where A} := {uy(Bu(0,AR)) < )xlOR%}. In this proof, we choose the con-
stant b in this way, and let by = b/1000. Using this constant b, we define the
events As, ..., As as in the proof of Theorem 55 2. Let A = (A])°N(N2_yAS)
so that

P(A)>1—Cexp {—/\bl/M} ,

see (h.69). We also recall the events By and By defined in the proof of
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Theorem 552, for which
P (B U By) < Cexp{-n\"/2},
see (5.70) and (5.71). Moreover, let
B = {3i € I such that u (By (wi, \R)) > \°R5 }.
Combining (575) with the translation invariance of the UST, we have
P(B)) < Ce=N x N < e N/,

where we have also used the fact that |W| =< SN and by = b /1000. Setting
B = B$ N B§N (B4)°, we then have that

P(B) > 1 — Cexp{—n\b/4}.

Now, suppose that the event A N B occurs, and let z € v N B(4RY7).
We can then find some i € I such that x € v[s;, si+1]. Since A§ holds, we
have

dy (w51, 2;) < exp{—0A" /2YR and dy(z;, 7i11) < exp{—0A" /2}R.
Furthermore, since Bf N A5 N BS holds, we have that
2i € Y[si—1, 8] Ui, siy1] and dy(wy, z;) < exp{=A" /4}R.

This implies that dy(w;, r) < exp{—6A¥1/4}R. Given (B%)¢ also holds, we
therefore have

s (By (w, AR/2)) < \°R?.

Consequently, we have proved that there exist universal constants C, 6, by €
(0,00) such that: for all R and A,

p ( e (Bu (x, AR/2)) < NORS

>1—Cexpq—6A"t. 5.76
for all & € N B(4RY/?) ) = p{-0a"}. (570)
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Similarly to the comment at the end of the proof of Theorem 5572, given
(5.76), the proof of (574) follows by applying the same strategy as that
used to prove Lemma 54 4 given Lemma 54 3. Indeed, given (5.76), we can
use a net whose mesh size is exponentially small in A, which guarantees the
exponential bound as in (5.74). The simple modification is again left to the

reader. O

5.7 Convergence of finite-dimensional
distributions

As noted in the introduction, the existence of a scaling limit for the three-
dimensional LERW was first demonstrated in [107]. The work in [i07] estab-
lished the result in the Hausdorff topology, and this was recently extended
in [i27] to the uniform topology for parameterized curves. Whilst the lat-
ter seems a particularly appropriate topology for understanding the scaling
limit of the LERW, the results in [107, 127] are restrictive when it comes to
the domain upon which the LERW is defined. More specifically, we say that
a LERW is defined in a domain D if it starts in an interior point of D and
ends when it reaches the boundary of D. The assumptions in [107] cover
the case of LERWs defined in domains with a polyhedral boundary, while
[177] requires the domain to be a ball or the full space.

In this section, we extend the existence of the scaling limit to LERWs
defined in the domain R3\ Uszl tr KCj, where each K; is itself a path of
the scaling limit of a LERW. Once we gain this level of generality, we use
Wilson’s algorithm to obtain the convergence in distribution of rescaled
subtrees of the UST (see Figure b & for an example realisation of the subtree
spanning a finite collection of points). This will be crucial for establishing the
convergence part of Theorem 5.1 1. We begin by introducing some notation

for subtrees.

5.7.1 Parameterized trees

A parameterized tree is an encoding for an infinite tree embedded in the

closure of R?. This encoding is specialized for infinite trees with a finite
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Figure 5.8: A realisation of a subtree of the UST of 6Z3 spanned by
0 and the corners of the cube [—1,1]3. The tree includes part of
its path towards infinity (in green). Colours indicate different
LERWSs used in Wilson’s algorithm.

number of spanning points and one end. More precisely, a parameterized

or

tree .7 with K spanning points is defined as 7 = (X,I") where:

1. X ={z(1),...,2(K)} C R? are the spanning (or distinguished) points;

and

2. 4*() is a transient parameterized (simple) curve starting at z(i), and
r={y":0<i<K}.

We require that for any pair i, j there exist merging times s/, s/ >

0 satisfying

() 7"V f5i,00) = 7"V it o) and
() tr 9o 500y N r 7o 5y = 0.

Let .Z 5 be the space of parameterized trees with K distinguished points.
We endow .Z X with the distance

dgr (7,7) = max {x(v"9,50)} + max {|s"7 - 5]},

1<i<K 1<, j<K

159



for 7 = (X,F),j = (X,f) e FK,
We write

tr 7 = U try

yel

for the trace of a parameterized tree.

Proposition 5.7.1. Let . be a parameterized tree. Then tr 7 is a topo-
logical tree with one end. Additionally, for any z,w € tr J there exists a
unique curve from z to infinity on 7, denoted by v* and a unique curve

from z to w in Z denoted by v*v.

Proof. The set tr J is path-connected as a consequence of condition (7a) in
the definition of a parameterized tree. It is also one-ended, since MK ,v*()
is a single parameterized curve towards infinity.

The main task in this proof is to show that there cannot be cycles em-
bedded in tr.Z. We proceed by contradiction. Let S' be the circle and
assume that ¢ : S' — tr.7 is an injective embedding. Since every curve in
I' is simple and ¢ is injective, then ¢(S') intersects at least two different
curves, say v*(") and 4*(). From the definition of merging times, we see that
T? = try*® Utr 4*0) is homeomorphic to ([0,00) x {0})U({1} x [0,1]), but
the latter space cannot contain a embedding of S*. It follows that ((S?!)
intersects at least a third curve v*(¥). We assume that ¢(S') is contained
in T3 = tr(y*@) U tr(y*)) U tr(y*®). Under the last assumption, it is
necessary that v*(¥) intersects 4*() and v*U) before these last two curves
merge (otherwise the case is similar to T2). Denote the intersection times
by t* and t9¢, so v*(0) (t4) = =) (¢¢), We use the same notation for 470,
Then, we have that t** < s and t* < s7'. Without loss of generality,
bt < 49, However, it is easy to verify that t% is not the merging time s,
since y*(*) (¢4 ,00) dOes not merge with 7®() at that point. Therefore s“ does
not exist, and this conclusion contradicts the definition of I'. It follows that
©(S1) is not contained in T3, but it intersects more curves, e.g. all of them
in tr 7 = UL, tr((4*®)). However, the argument that we used for T% also
applies to tr 7. We conclude that the embedding ¢ does not exist.

Finally, observe that tr .7 is one ended and all curves in I' are parame-
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terized towards infinity. It is then straightforward to define v* and v*%. [

A corollary of Proposition 571 is that the intrinsic distance in tr .7 is

well-defined. It is given by
dz(z,w) :=T(>"), zZ,w € tr I

where T'(+) is the duration of a curve.

We will consider restrictions of parameterized trees to balls centred at
the origin. For a parameterized tree .7 = (X,I"), let R > 1 be large enough
so that X C Bg(R). We restrict each curve in T’ to 7*®|E (where the
restriction to the ball of radius R > 0 is in the sense described in Subsection
537), and define the restriction of a parameterized tree to Bg(R) as the
subset of R3

TR .= U tr )| E,
vyel’
Note that.7|® may not be connected for some values of R > 0. But for R
large enough, .7 | is a topological tree (Figure 5.9 gives an example of both

cases).

5.7.2 The scaling limit of subtrees of the UST

We introduce the main results of this section.

Let U, be the uniform spanning tree on 27 "Z3. We are interested in
subtrees of U,, spanned by K distinguished points. Let z(1),...,z(K) be
different points in R? and let X,, = {z,(1),...,2,(K)} be a subset of 27773
such that z,(i) — z(i) as n — oo, for each i = 1,...,n. Denote by vﬁ"(i)
the transient path in U, starting at x,(7) and parameterized by path length.
We set ’_yﬁ(i) to be the [-parameterization of fyﬁ”(i) and I';, = {'yﬁ”(i): 1<
i < K}. Then .#K = (X,T,) is the parameterized tree corresponding to
the subtree of U, spanned by z,(1),...,x,(K) and the point at infinity.

Theorem 5.7.2. The sequence of parameterized trees (.7 X),en converges

n

weakly to S5 in the space FX as n — .
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Figure 5.9: .¥ is a parameterized tree with spanning points z(1), z(2)
and x(3). The restriction .#|* is the union of the paths between
x(i) and p*, with 4 = 1,2,3. In this example, .#|" and .7|* are
different inside the radius m. A crucial difference between these
two sets is that .#|" is connected, but .’|* is disconnected.

The proof of Theorem 57 2 relies on the convergence of the branches of
the uniform spanning tree as they appear in Wilson’s algorithm. In the next
section, we control the behaviour of a LERW before it hits an approximation
of a parameterized tree. These loop-erased random walks correspond to the
branches of the UST. Then Proposition 57 % shows that convergence of such
branches implies convergence of parameterized trees. After these arguments,
we are prepared for the proof of Theorem 57 2. We present it in Subsection
h7h.

Conversely, Proposition 576 shows that convergence of parameterized
trees implies the convergence of the intrinsic distance. We thus get the

following corollary of Theorem b7 7.

Corollary 5.7.1. Let (z5(i)), be a collection of points in §Z> such that
x5(i) — x(i), for all « = 1,..., K, for some collection of distinct points
(z(7))E, in R3. Along the subsequence 6, = 27", it holds that

(62due (w5, (1) 2,3)))

ij=1
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converges in distribution.

5.7.3 Parameterized trees and random walks

We begin with a property on the hittability of a parameterized tree. We say
that a parameterized tree 75 is on the scaled lattice 6Z3 if each one of its

curves defines a path on §Z3.

Definition 5.7.3. Let § € (0,1), R > 1 and ¢ € (0,1) and let .75 be a
parameterized tree on §Z3. We say that .5 is n-hittable in Bs(0, R) if the

following event occurs:

Vz € Bs(0, R) with dist(z, J5) < €2,
H(5,2m) = { 010 @ 7)

Pe (87 [0,£5(Bs(,Y/2)| 1 75 = 0) < &7

In the definition above, recall that &g(Bs(z,£/?)) stands for the first
exit time from the d-scaled discrete ball Bs(z,e'/?).

Proposition 5.7.4. There exist constants n > 0 and C' < co such that: if
Y(;K is a parameterized subtree of the uniform spanning tree on 873 with K
spanning points for all 6 € (0,1), R>1 and e > 0,

P (H(#|"em) 21— CKR.

Proof. Recall that any path towards infinity in the uniform spanning tree is
equal, in distribution, to a ILERW. Then, the probability that « € Bs(0, R)
hits the tree Y(;K \R is at least the probability that x hits a restricted ILERW,
where such restriction is up to the first exit of the LERW from Bs(0, R).

Then Proposition 5.7 is a consequence of Proposition h.3.7. O

Remark. The proof of Proposition 5. 7.9 can be generalized to any subset
of R? that is n-hittable with high probability. We restrict to the case of
parameterized subtrees for clarity, and because it is the most relevant for
our purposes. To further increase the clarity of the proof of Proposition 5.7.9,
the reader can think of the subtree .7 as consisting of a single ILERW.
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5.7.4 Essential branches of parameterized trees

Let = (X,TI') be a parameterized tree. For a leaf z(i) € X with i > 1, let

i1
y(i) = try*® N U try*0) (5.77)
j=1
be the intersection point of 4*(?) with any of the curves with an smaller index.
We define y(1) to be the point at infinity and say y(i) is a branching point.
When we compare (5.77) with conditions (7a) and (?h) in the definition of

parameterized tree, we see that
(@) = 7O (570,

where s%™) = min;;{s*7} is the first merging time.

The parameterized curves v*(W¥() are called essential branches for
i =1,...,K. Note that v*M¥() is the transient curve 7*(1) € C, while
ey e Cy for i =1,..., K. We denote the set of essential branches by

[(T) = {y" OV} k.

Proposition 5.7.5. Assume that J, — 7 in the space of parameterized
trees FX. Then

En ) Lm0 g o

in the space C. For i = 2,..., K, the essential branches and the curves

between branching points converge:

in the space of finite parameterized curves Cy.

Proof. The convergence of the first essential branch is immediate from the
definition of the metric dzx, since *yﬁ”(l)’y(l) = vﬁ"(l).

To prove the convergence of the other essential branches, and the curves
between branching points, we first need to show that spanning and branching

points converge.
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Each z,(i) € X is the initial point of a curve in I' and hence conver-
gence in the space of parameterized trees implies that z, — x as n — oo.
Now we consider a branching point y,(7), with ¢ = 2,..., K. Recall that
yn(i) = vﬁ(i)(sfim(j)), where si™0) = min;;{s%/}. Since convergence of the
parameterized trees .7 imply convergence of the merging times sfij -
as n — oo, then, for the sequence of minima, si{m(j) — ™), With an
application of Proposition 532 (c), we get convergence of the branching
points (i) = " (s5"V) = 7O (s5m0)) = y (i),

With convergence of both the spanning and branching points, Proposi-
tion 5.3 1 and Proposition 5 3.2 imply that the corresponding restrictions of

~*(0) converge. O

Proposition 5.7.6. Assume that 9, = (X,,[),) converges to 7 in the
space FE. If the corresponding collections of spanning points are X, =

{zn(1),...,2n(K)} and X = {z(1),...,2(K)}, then

(dz, (zn (i), iﬂn(j)))lgi,jg[( = (d (i), x(j)))lgi,ng (5.78)

as n — o0.

Proof. Proposition 571 shows that restriction, concatenation and time-

(0),2n(4)

reversal of the curves in I'), define ﬁ" . In fact,

A2n(@en () = 4B (Dyn (D) gy p¥n()un(e2) gy gy Ynllm=1)ynlm) gy y¥n(G)2n(s)

(5.79)
where ¢1 = i and ¢,,, = j. Then Proposition 575 implies the convergence of
each essential branch, and Proposition 5.3.1 and Proposition 5.3.2 imply the
convergence of (vﬁ"(i)’x”(k))neN. In particular, the duration of each curve in

(5-79) converges and we get (b 7R). O

Conversely, we can reconstruct a tree from a set of essential branches.

Proposition 5.7.7. Let X = {x(1),...,z(K)} C R3 and consider a collec-

tion of curves with the following conditions:

(a) Let v*W30) e g transient parameterized curve starting at x(1); recall

that (1) denotes the point at infinity.
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(b) Fori=2,...n, v¥*W30 is a parameterized curve starting at z(i) and
ending at §(i), where the endpoint §(i) is the first hitting point to

Then {y*W90Y, i defines a set of transient curves T = {y*0} ;o

and a parameterized tree J = (X,TI').

Proof. First we to construct I" from the collection of curves {vm(i)’g(i)}lgg K.
Note that v*(1):9(1) is already a transient curve starting at z(1). We con-
struct the other elements in T’ recursively. Assume that ~*(1) .. (=1
have been defined and satisfy conditions (?a) and (2b) in the definition of
parameterized tree. Recall that the endpoint of fyx(i)’g(i) is g(i), and this

point intersects some %) with j < i. Then

VI(i) — Wr(i),ﬂ(i) D VI(j)|[g(j),oo)-

Since the endpoint of v%()-9(0) js the first hitting point to ;;11 tr =90 we
have that (tr ’y‘”(i)][x(i)@) Ntry®0)) = () for j < i. This construction ensures
that v*(") satisfies conditions (2a) and (2h), when we compare it against
curves with smaller indexes. We continue with this construction for ¢ =
2,... K to define I". Therefore 7 = (X,I") is a parameterized tree. Finally,
note that (i) satisfies (5.77) and hence §(i) = y(i), for i =2,..., K. O

Proposition 5.7.8. Let (I;,)nen be a sequence of parameterized trees with
essential branches 1'°(.9,) = {’yﬁ”(l)’y”(l)}lgigfg. Assume that

<,Yﬁn(i)7yn(i)) - (796(1'),1/(1')) (5.80)

1<i<K 1<i<K

in the product topology as n — oo and {'yx(i)’y(i)} satisfy the conditions
in Proposition 577, Then (F)nen converges in the metric space F5 to
a parameterized tree T for which T¢(7) = {'ym(i)’y(i)}ogig( is a set of

essential branches.

(4),yn (4) )

Proof. Convergence of (vn" o<i<k in the product topology implies

that each element in I'§, converges. Proposition 577 shows that every curve

’yﬁ"(i) is the concatenation of sub-curves of I'. Moreover, {vx(i)’y(i)}izln_ K
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satisfy the conditions in Proposition 577 and hence they define a param-
eterized tree 7 with T' = (y*(®). Finally, (580) implies the convergence
of the branching points y,(i), and from here we get convergence of the
merging times. Then, Proposition 5 31 and Proposition 532 imply that
X(fyﬁ”(i),’y“’(i)) — 0 as n — oo. Therefore dzx(7,,7) - 0asn —oo. O

5.7.5 Proof of Theorem 5.7.2

The proof of Theorem 577 is by mathematical induction. The convergence
in the scaling limit of the ILERW provides the base case. We state the

inductive step in Proposition b.7.9.

Proposition 5.7.9. Let U, be the uniform spanning tree on 2 "Z3. Let
(,())i=1,.. Kk+1 be a set of vertices in 2773 and assume that x,(i) con-
verges to x(i) € R® as n — oo. Let ’_yﬁ"(i) be the B-parameterization of
the transient path in U, starting at x, (i) and directed towards infinity. As-
sume that ('_yﬁ"(i))i:17_,_7K converges weakly as a parameterized tree to IK
Then (’_yﬁ"(i))i:17_”71{+1 converges weakly to a parameterized tree <52K+1, with

respect to the metric F K+1 for parameterized trees.

We devote the rest of this section to the proof of Proposition 5 7.9. It
is based in Proposition 5.7.8. According to the latter proposition, it suffices
to prove convergence of the essential branches with respect to the product
topology. We then shift our attention to the essential branches of an infinite
subtree of the uniform spanning tree. Wilson’s algorithm provides a natural
construction of them; and we present it below. Subsection 5.7.6 develops
the arguments for the proof of Proposition 57.9.

Let U, be the uniform spanning tree on 27"Z3. Let x,(i) € Z3 and
z(i) € R? as in the statement of Proposition 579, so z,(i) — z(i) as
n—oofori=1,..., K+1. Now we apply Wilson’s algorithm on the scaled
lattice 27"Z3.

e Let 4. be an ILERW starting at x,,(1), and
v () = yp(27t),  VE>0,
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be its f-parameterization. Note that we omit the sub-index n on z(1)
and y(1) to ease the notation. This transient curve is the first branch

of the parameterized tree.

e Let 4 be the loop-erased random walk started at (i), and stopped
when it hits any of the previous loop-erased random walks .., ..., =1,
Let y,(i) € 27"Z3 be the hitting point, and set

FEOYE) = i (2P, vt € [0,27 " len(rd)].

The duration of the curve ’ﬁ(i)’y(i) is 278" len(4?2), i.e. the length of
the path 7/, with the appropriate scaling. We also omit the sub-index

n on x(i) and y(¢) when they appear in the curve ﬁﬁ(i)’y(i),

Set X, = {zn(1),...,2,(K)} and T¢ = {72@¥0 . =1, K}
By Proposition b7/, X;, and I'{, determine a parameterized tree YTLK , and
Wilson’s algorithm shows that tr.#X is equal in distribution to the subtree
of U, spanned by X, and the point at infinity.

As part of the proof of Theorem 577, we will show that the limit
of parameterized trees .#X has the following (formal) representation (see
Lemma 5719). The next construction is Wilson’s algorithm, but in this
case, the branches have the distribution of the scaling limit of the ILERW.

o Let 47w ¢ € be the scaling limit of ILERW starting at z(1),

endowed with the natural parameterization, see [127].

o Let 42)() € C; be the scaling limit of LERW started at (i), and
stopped when it hits any of 4701 - 42@=1).y@—1), (Our construc-
tion will give that this hitting time is finite, see Lemma 57 1%.) Here

we denote the hitting point by y(i).

Set X = {z(1),...,z(K)} and I
defines the parameterized tree FK
re( /Ky =Te,

{7*@D¥DY, i k. Proposition 577
(X, r ) with set of essential branches

168



5.7.6 Proof of Proposition 5.7.9

The next proposition allows us to work with restrictions of parameterized

trees, when we compare them within a smaller subset.

Proposition 5.7.10. Let y(;K be a parameterized subtree of the uniform
spanning tree on 0Z3 with K spanning points. Assume that |z| < m for each
x € K. Then forr >s>m?>0,

P ((yfmy{m N Bp(m) # (z)) < Kom 1+ O(m™Y)]. (5.81)

Proof. The restrictions .7 |" and 7| are different inside Bg(m) when a
path returns to Bg(m) after its first exit from Bg(r); we refer to Figure 5.9
as an example of this situation. By virtue of Wilson’s algorithm and a
union bound, the probability on (5.81) is bounded above by the probability

of return to B(mé~!) of K simple random walks on Z3:

K sup P§ (TS(B(m(S*l)) < oo) ,
z€OB(s6—1)
where Pg indicates the probability measure of a simple random walk on Z3
started at x, and 7¢(B(mdé~1!)) is the first time that the random walk S
hits the ball B(md~!). Therefore, the upper bound in (581) follows from
well-known estimates on the return probability for the simple random walk,

see e.g. [117, Proposition 6.4.2]. O

The proof of Proposition 5.7.9 is divided into a sequence of lemmas, and

these are grouped into five steps. The final and sixth step finishes the proof.

Step 1: set-up.

We begin with the set-up of the proof. First note that the assumptions
of Proposition 579 indicate that (ﬁﬁ(i))lgig x converges in distribution.
From now on, we work in the coupling given by Skorohod’s embedding
theorem where (’?ﬁ(i))lgig Kk converges to a collection of continuous curves

(”Ayx(i))lgig[(, almost surely.
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Let S, = (Sn(t))ien be an independent random walk on 6,Z? starting
at x,(K + 1). Consider the hitting time of the parameterized tree .#% as
given by

n

& =inf {t>0:S,()Ntr.7K £ 0}

We let v, = LE (Sn [0, 5’7]) be the corresponding LERW from z, (K +1) to
K and set

n(t) = ’yn(Qﬂ"t), vt € [0, 2~ Fn len(,)].

We want to show that 7, converges to a scaling limit. Since the domain
73\ UK tr 7*() does not have a polyhedral boundary, we cannot use [177,
Theorem 1.3] directly. To get around this obstacle, we approximate with
a simpler domain. Furthermore, to gain some control over the paths of
the loop-erased random walks (%‘f(i))lgig K, we also need to work within a
bounded domain.

We write Dy, (R) = Dy-n(R) to denote an scaled discrete box with side
length R > 1 around the origin. Since the points z(1),...,z(K + 1) are
fixed, we can take R large enough so that x(1),...,z(K + 1) € D,(R).
For each curve 'ﬁ(i) € I" and for the parameterized tree Y,f{ , we denote its
restriction to the closed box D,,(R) with a super-index, as vﬁ(i)’R and K8,
respectively. We also consider the ILERW in the domain D, (R) \ tr.7%f.

The exit time from such domain for the random walk S, is
SR __ . K,R
R =inf {t >0 8,(t) N (0D, (R) Ute 7198) £ 0}

The curve v = LE (Sn[0,§y7R]> is the LERW from z,(K + 1) to either
SR or the boundary of D, (R); and we set

R (1) = 4B (2°m), vt € [0,27" len(y1)]. (5.82)

Note that we omit z,,(K +1) as a super-index of 7/ to simplify the notation.

We emphasize that 7/ is not necessarily the same as ¥, |%, where the latter

is the restriction of the ILERW to the box D, (R),
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For each integer u, the cubes at scale u are closed cubes with vertices in
27473 and side length 2%, For u < n, let A% be the u-dyadic approxi-
mation to tr.7/% defined by

AL = | J{e™: dist(C™, tr 7 F) < 272, (5.83)
J

Proposition 5.7.11. With fized n € N, the sequence of sets (A%T),ex
converges to tr S in the Hausdorff topology. If u € N is fived, then the

sequence (A%T),cn is eventually constant, almost surely.

Proof. We begin with n € N fixed. The construction of an u-dyadic approx-
imation provides that dg(A%% tr.7K8) < 2-(=2) From here, it follows
the convergence of (A%%),cy in the Hausdorff topology.

Next we consider (A%%),cy with u fixed. In this case, note that the
a.s. convergence of .7f® implies the a.s. convergence of tr.#® in the
Hausdorff topology. Then, for N large enough, dp(tr #5F tr. 750 <
274 if p,m > N, almost surely. It follows that (A%%),>y is constant

almost surely. O

We denote the constant limit of A%F as n — oo, by A%,

For each n,u € N with u < n, consider the loop-erasure of the random
walk S, started from x,, (K +1), and stopped when it exits D,,(R)\ tr .7,
We denote the latter hitting time by ¢/, and the corresponding LERW by

e = LE(S,[0, 7). (5.84)
This curve has the S-parameterization
FOR() = R0, e 0,27 len(ve ). (5.85)

The weak convergence of (5.85) is an immediate consequence of [i27, Theo-
rem 1.4] and Proposition h 7 1. We state this observation below as Lemma

S
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Figure 5.10: The figure shows the decomposition of the curves 7%
and 727 used in the proof of Proposition 5.7 9. The curve 3%
is the concatenation of 4y (in purple) and (% (in red). The
curve 72® is the concatenation of 79 and 7% (in blue). The
figure also shows a restriction of the random walk .S, from y,
to z, (in yellow). In this case, S, avoids hitting A% when it
is close to yy,.

Step 2: comparing ﬁfﬁ’R and ’_YE’R

Let 4% and 42f be the loop-erased random walks defined in (585). Our
aim is to bound the distance ¥ (3%, 72:%) for large values of n, u and wv.
Let us consider the event where this distance is large. More precisely, for

€ > 0 and integers n,u and v, with u,v < n, we define

Exv(e) == {w it an™) 2 e} .

Recall that we use the same random walk on 27"Z? to generate 3% and
AoR - Typically, these two curves have a segment in common, 7° (see Fig-

ure 5.10). We claim that %%\ 3% and 42% \ 4° have a small effect on
V(s Tn)-
Towards proving the preceding claim, we start by introducing some fur-

ther notation for elements in the curves %% and 72'%; Figure 5 10 serves
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as a reference. For clarity, and without loss of generality, we elaborate our
arguments on the event where the random walk S,, hits the boundary of
PR first, that is

Fuo={ehr <elhY,

and hence it generates 7% before 4. The symmetric event is F? :=
{¢PR < ¢P Ry We will consider the restriction of the random walk S,,:

S};’U = Sn’[gf,Réf,R}.

Denote the endpoint of % by v, := S, (£7F). To simplify notation, we
denote the durations of 7% and 7% by

™ =TH?), TV =TEHR),

respectively. The last time that S%? hits its past 5% determines the end-
point of 4°. Let

PR = sup{t < ¢ S(t) € 42T

and set z, := S(¢PF). Let T, be such that 72%(T,) = F27(T,) = z,.
We then have for the common curve 7° = 3%R[0,T,] = +2%[0,T,]. The

difference between 7% and 42 are the curves
Gt = AT, T, et =T, T,

Note that the range of 7,1V is a subset of S;".

We now compare the shapes of '?,Z’R and ﬁ}j’R. In particular, we note
that the respective traces of these curves can be significantly different if one
of the next two bad events occur. The first event controls the diameter of

v, while the second event imposes a limit on the size of (.

e Since 7" is a subset of S}V, nY has a diameter larger than ¢¢ only
if S the segment of the random walk .S, between the hitting times

¢P R and ¢PF) has a similarly large diameter. We denote this event
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Figure 5.11: A realization of the event D%?(¢)¢ N Q(eM,¢). In the
figure, ¥ is the concatenation of the purple and blue curves,
while W};’R is the concatenation of the purple and red curves.

by
D" (o) = {diam(S") 2 <o}

e On the complementary event D%"(gg)¢, the curve (** has diameter
larger than € only if 7% has an (g¢, £)-quasi-loop. Figure 5 i1 shows

an example of this situation. Let
Q(eo,e;7) := {7 has an (e, ¢)-quasi-loop},

and Qy(e0,¢) = Q(eo,&;7%) U Qleo, €; 7).

Combining the definitions above, we introduce a bad event for the shape by
setting
By(e) == Dyy¥ (™) U Qn(e"0),
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noting that we have taken gy = eM, with M > 1 being the exponent of
Proposition 5 3 11. We highlight that, on the event (B»(¢))¢, it holds that
du (7R, A1) <e.

The following result establishes that, on (B%V(¢))¢, 7% and 72f are
also close as parameterized curves. The issue here is that even if the traces
of two curves may be close in shape, they may take a large number of
steps in a small diameter. We will compare the Schramm and intrinsic
distances, as defined at (51%) and (519), on the event (B"(e))¢ where
the shapes are close to each other. The Schramm and intrinsic distances
of 4% are comparable on the events Si (R,e) and E;,R(R,s). These
events are introduced in Subsection 5.3.5. To simplify notation, we write
SH(R,e) = S1_,(R,¢) and Ej(R,e) = El_.(R,¢).

Lemma 5.7.12. Fiz R > 1 and let € € (0,1). On the event (B%"(¢))° N
Si(Re~1,¢), we have that

T(iy") < ReP~1, T(GhY) < RV

Proof. In this proof, we write G = (B%(¢))° N ST(Re™!,¢). We begin with
an upper bound for the duration of 7. On G, the random walk Sy is
localized in a neighbourhood around y,,. Indeed, on D%*(eM)¢ we have that

diam(S%v) < eM. Since 7%V is a subset of S%, it follows that diam(7%?) <

M

e, and, in particular, for the endpoints of 7%

n M
Figure 5i0), we have that d%(zn,wn) = dg(zn,wn) <eM < ¢ OnG C
Si(Re~!,¢), this implies that

zn and w, say (as in

(") = dyy (2n, W) < Ref1,

Next we bound the duration of (¥ on the event G. We have that the
endpoints of (™ are in S»v. Indeed, y, = S“?(0) and z, € (“? C S¥°.
Thus

|2 — yn| < M. (5.86)

On the event G C Q(e™, )¢, the loop-erased random walk 7%% does not

have (eM,¢e)-quasi-loops, and so (5.86) implies that d,é;%(zn,yn) < e. The
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argument used for 7%V also gives T(C%") = dxu(zp, yn) < ReP~1. O
n n T

We finish this step by showing that £ (¢) can be contained in the events
already described.

Lemma 5.7.13. Let R > 1 and e > 0. On the event BV (e)°NSI (Re™1,e)N
El(R,¢), we have that

VAT < CRPE

where 0 < bs, C' < oo are universal constants, and 8 = b3(8 — 1).

Proof. Tt suffices to show that on the event G = BYV(e)¢ N ST(Re™1,¢) N
E'(R,¢),

(T TR) = T = T + max [7(sT") = Fa(sT")| < CR?. (5.87)

Lemma 5.7.17 gives |T% —T%| < 2Re”~!. Next we bound the second term in
(587). Let a = 3%f(sT*) and b = 327 (sT") and assume that one of these
points belongs to the common path, say b € 4°. In this case, sT” < T* and
we can re-write b = Y»E((s(TV/T*))T"). Then, with respect to the intrinsic

metric of ’7}{7R, we compare points within distance
dsu(a,b) < [sT" — (sT/T*) T"| < 2RePL.
We introduce
N" =sup {|a —bl:a,be tr’_y;f’R,dw(x,y) < 2R6ﬁ71} ,

define NV similarly from 7, and also introduce notation for the diameter of

the segments 7% and (" by setting

N'= sup [qeU(t)—z|,  NS=  sup |GEU(t) — 2.
0<t<len(7") 0<t<len(¢y™")
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It readily holds that we have the following bound:

mnax [ (sT") = 75 (sT")| < N"+ N"+ N7+ N&. (5.88)

Lemma 5717 implies that d,(a,b) < ReP=1 for all a € trn. Let by =

%, where b1 and be are the constants of Proposition 5 35. On the event

El(R,¢), we thus have that N7 < R’¢b(8=1) and similarly for N¢. On
the event FEJ (R,¢), the loop-erased random walks 7% and 4% are uniformly
equicontinuous, so that N* < C'RP£b3(5-1) and the same bound holds for
N?. Adding the upper bounds for N*, NY N7 and N¢ in (58%), we get
(5.87). 0

Step 3: bounding P(£4(¢))

In this step, we give an upper bound on the probability of the bad event
&MV (e). The key is that, given u, and v, this estimate is uniform over all n

for v and v large enough.

Lemma 5.7.14. Fiz R > 1. For each ¢ € (0,1), there exists U = U(e) such
that for all m > u,v > U(e)

P (&1°(e) < O,
for constants C = C(R) > 0 and § = 6(R) > 0, depending only on R.
Proof. Lemma b7 13 gives that
P (ex(CR)) <P (Dav(e™)) + P (Q(eM,2))
+P((Shr="") ) +P ((El(R.2))).  (5.89)
Proposition h.3. 11 implies

P(Q(eM ) < P(Q(eM,£2)) < CR3&,

and Propositions 5 317 and 5 313 give upper bounds for the last two terms
of (5.89). Thus we are left to bound the probability of D% (¢M). For this,
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we need U (e) large enough so that, by Proposition 57 11, we have that
dp (AW AVRY < M for all u,v > U(e). (5.90)

On F¥, 4%R is the first walk LERW to stop, and we call its endpoint
yn € OP%E. From (590), we have dist(y,, 0P"T) < M. But, along
S the random walk S, reaches distance ¢ before hitting OP”. The
same argument on the complement of F*, i.e. on F'. Hence Proposition
5.7.4 implies that P(D%(eM)) < CKR3?M + £2M7, In conjunction with
the aforementioned bounds,

sup P (E40(RMe”)) < CKR3 M 4 M1 4 O

n,u,v:
n>u,v>U

3 a
ro(B) ooy oo

9

9(R)

The dominant term above is €’/ and a reparameterization completes the

proof. O

Step 4: the scaling limit of a loop-erased random walk

Recall that 4% is the LERW on D,,(R)\.%% defined in (5 87). In (585), we
defined 3%, for u < n, as the B-parameterization of the loop-erased random
walk LE (Sn[0,§E7R]), where ¢P2F is the first exit time from the dyadic
polyhedron P™%. In this step, we establish that % and 4% converge to
the same limit. We take limits on each variable in the following order. For
Ak we first take n — oo. The limit object is a curve on the bounded
and polyhedral domain Dg(R) \ A%f C R3, where A%% is the polyhedral
domain of Proposition b.7.11. Then we take u — oo, and the limit is a curve
on the bounded set Dg(R) \ tr #%f. In Step 5, we take R — oo, and we
thus define 4 as a limit curve on the full space R? \ tr ..

Lemma 5.7.15. Fiz R > 1. For each u € N, the law of ¥ converges with

respect to the metric ¥, as n — oo.

Proof. Proposition 5.7 11 shows that the domain %% is the polyhedron
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Dg(R)\ A%E, for n large enough. Then, the weak convergence of {74}, cx

is an immediate consequence of Proposition b3 i4. ]
We denote by 4% a curve with the limit law of Lemma 57 i5.

Lemma 5.7.16. Fiz R > 1. Let (4%®),en be the sequence of limit ele-
ments from Lemma 5715, It is then the case that (Y“%),en converges in

distribution in the metric ¥ as u — oco.

Proof. Denote the laws of 4% and 4“% by L£(73%F) and L(3*%), respec-
tively. Since (Cf,%) is a complete and separable metric space (see [94, Sec-
tion 2.4]), to prove weak convergence it suffices to show that (£(5%%)),en is
a Cauchy sequence in the Prohorov metric dp. Let u,v € N. By the triangle

inequality, for n > u, v,

dp (L"), L") < dp (L), L) + de(L(37F), L)
+ sup dp(L(3;7), L(3")). (5.91)
n>u,v
Letting n — oo, the first two terms on the right hand side of (5.91) converge
to 0 by Lemma 57 i5. Moreover, Lemma 5 7 14 shows that the last term
of (5.91) converges to 0 as u,v — co. Therefore (£(5%“%)),en is a Cauchy

sequence in the Prohorov metric. It follows that (9%%),cn converges weakly.

O]

We denote by 4% a curve with the limit law of Lemma 5.7.16. The
random curve 4% is the limit of dyadic approximations. We see below that
it is also the limit of the LERWs stopped when they hit .7/,

Lemma 5.7.17. Fiz R > 1. Then 3 — 4% in distribution as n — oo,

with respect to the metric .

Proof. Since 4%f — 4% in distribution as n — oo, and y*“® — 4% in
distribution as u — oo, to complete the proof it suffices to notice that, for
e >0,

. . ~u,R =R —

lim limsup P (@b('yn ) > 5) =0,

U—0  p—oo
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see [33, Theorem 3.2], for example. However, since ’75 = ’_y,’{’R, the above

statement readily follows from Lemma b7 14, ]

Step 5: taking R — oo

Until this point, we have only considered LERW inside a box Dg(R). Indeed,
72 was defined as a LERW in D,,(R)\.#X, and its scaling limit 4% is within
DEg(R). In this final step, we will take R — oo to consider the tree K and

the random walk .S, in the full space.

Lemma 5.7.18. Let ('AyR) ot be the sequence of limit elements from Lemma
5716 and K s the pamrr;etem'zed tree in Proposition 5.7.9. There exists
a random element 4 € Cy such that 4B converges in distribution to 4 in the
metric ¢ as R — oo. Moreover, the intersection of tr4 and tr K s the

endpoint of 4.

Proof. Denote the laws of 4% and 4% by L£(3£) and L£(3%), respectively.
7

This proof is similar to the one for Lemma 5716 as we will show that

(E(*?R)>R>1 is a Cauchy sequence in the Prohorov metric dp. For two
integers r > s > 0, the triangle inequality yields

dp (L(7",77)) < dp (L(Y", 7)) +dp (L7, ) +sup dp (L(Tn, 75)) - (5:92)

Letting n — oo, the first two terms on the right hand side of (5.97) converge
to 0 by Lemma 5.7 17. Then we are left to bound sup,, dp (L(7;,,7;))-

dp (L(Y",4%)) < sup dp (L Tn)) - (5.93)

Recall that we sample 7, and 7, as loop-erasures of the simple random walk
S,.. On the event that .7 5" A.7K5NB(s'/2) = (), 37 = A7 (as parameterized
curves) whenever S, hits tr.#%" before reaching the boundary of B, (s'/?),
and so
P (3}, # 75) <P (A1) 0 Ba(s'/?) #0)
+ P ([0, &5(Ba(s 2D N A £0)
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Proposition 5710 gives P ((ynK’TAY,f{’S) N B, (s'/?) # (0) — 0 as s — oo.
Recall that .7/ is a subtree of the uniform spanning tree, including a path
to infinity. Then, Proposition 5.7 4 implies that
P (S[O,ﬁg(Bn(sl/Z))] Ntr. 75 £ (Z]) — 0 asr,s — oo.

Therefore, (5.93) converges to 0 as r, s — oco. It follows that (E('AyR))R>1 is
a Cauchy sequence in the Prohorov metric. Since dp is a complete metric,
we conclude that (E('AYR)> converges weakly. Such limit is a random element
4 taking values in Cy, and in particular 4 has finite duration.

On the space of finite curves (Cf,), the evaluation of the endpoint
defines a continuous function E : Cy — R3. Therefore, as we take n — oo,
the endpoint of E(YF) € tr ZX converges to E(5) (see [33, Theorem 5.1],
for example). Proposition 5.3.8 implies that, with probability one, E(3[) €
tr.ZK for R large enough. Additionally, note that .7/ converges weakly to
K as a parameterized tree, when n — co. It follows that the law of E(5')
is supported on 7K. O

Lemma 5.7.19. The collection of curves T¢(.#K) U {3} define a parame-

terized tree K+, This tree coincides with the description in Section 57 5.

Proof. Lemma 57 i% shows that ['*(.#%) U {4} satisfies the conditions of
Proposition 5.7.7. Tt follows that ['“(.#%) U {4} is the set of essential
branches for a parameterized tree SFEHL

Finally, note that Lemma h.7.17 shows that 4 is the limit of scaled loop-
erased random walks, stopped when they hit the previous limit element
tr.7K | and such hitting time is finite. Therefore .51 is the tree of Section

h.7.A. 0

Step 6: the scaling limit of parameterized trees

Proof of Proposition 5.7°9. First let us describe the probability measure in-
duced by (.#X,7,). Let u, be the probability measure on .#X induced by
S K. For each K € ZK let )" be the probability measure on (Cy,)
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induced by the loop-erased random walk #,,; recall that 7, is stopped when
it exits (R3 \ tr.#%) N Z3. The measure v)» defines the stochastic kernel

Ko (K A) =v)n(A), vIE e FK AcB(Cy),

where B(Cy) is the Borel o-algebra corresponding to (Cy,v). That is, the
probability measure induced by (ZX,7,), pn ® K, say, is the unique prob-

n

ability measure such that

fin ® Kn (A1 x Ag) = " Ko (5, A9)pn(d.7)),
for Borel sets A € B(ZX) and Ay € B(Cy).

Now, recall we are supposing that we have a coupling so that 7% —
FK , almost-surely. In what follows, we write P* for the corresponding
probability measure. From Lemma 5.7 1%, we obtain that, P*-a.s., v)» — v/
as n — oo, where 17 is the law of 4. Hence 17 is P*-measurable, and, in

particular, so is v7(A) for all A € B(Cy). As a consequence, the integral
B ® K (A x Ag) = /1A1 (LK) (Az)dP*

is well-defined for every A4, € B(FK), Ay € B(Cy). Moreover, 1 ® K is
readily extended to give a measure on the product space .Z% x C ¢. Finally,
let A; € B(FX), Ay € B(Cy) be continuity sets for u ® K, in the sense
that 4 ® K(0A; x Cf) =0 = p® K(FX x A3). We then have that, P*-
a.s., 14, (Z5VW)(A) — 14, (jK)Vﬁ(AQ). An application of the dominated

convergence theorem thus yields
Hn®Kn(A1 X Ag) *),M@K(Al X Ag),

which is enough to establish that u ® K is a measure on (FX,Cy) (see [33,
Theorem 2.8]). Lemma 5719 shows that p ® K defines a measure on the

spaces of parameterized trees FX+1, 0
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5.8 Proof of tightness and subsequential scaling
limit
Given the preparations in the previous sections, we are now in a position to

establish the first main result of this article, namely Theorem 5.1 1.

Proof of Theorem 511, We start by establishing the parts of the result con-
cerning the Gromov-Hausdorff-type topology. Applying Lemma 52 3, the
tightness claim follows from Proposition b.4 i, Corollary b.4.1 and Propo-
sition Hh4.h. It remains to check the distributional convergence of U,, as
n — oo, where we write U,, for the random measured, rooted spatial tree
at (5.1), indexed by 0, = 27™. By the first part of the theorem and Pro-
horov’s theorem (see [93, Theorem 16.3], for example), we know that every
subsequence (U, )i>1 admits a convergent subsubsequence (U,,, );>1. Thus
we only need to establish the uniqueness of the limit. ’

Now, suppose (U, )i>1 is a convergent subsequence, and write 7 =
(T,dr, pr, ¢, p7) for the limiting random element in T. To show that
the convergence specifies the law of 7 uniquely, we will start by considering

finite restrictions of U,,., 4 > 1. In particular, for R € (0, c0), set g&f‘) as

i.e. the part of U,,. contained inside B(d,,' R). (We acknowledge this notation

clashes with that used in Section 5.7 for restrictions to balls with respect to
the tree metric.) Note that, by (513), we have that

i e (3 (9., >

< lim limsup (1{e*A’1RB s T P (Bu((), A‘léngﬁ) z B(éng)))

R—oo js00

S Ce—CAa’

for any € > 0 and A > 1, where we have applied Proposition H.6.1 to deduce

the final bound. In particular, since A can be taken arbitrarily large in the
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above estimate, we obtain that

Jim_lim sup P (a.u,)>c)=o. (5.94)
As a consequence, to prove the uniqueness of the law of T, it will be enough
to show that, for each R € (0,00), (g&’f))izl converges in distribution to
a uniquely specified limit. Indeed, if 7 is the limit of Q,(f), then, since
U,, 4T (as i — oo) and (5.94) both hold, we have that 7% 4 T as
R — oo.

Next, for given n; and R, consider the measure m(«f) on B(6,'R) x R3

given by
1 (dx)ds,, 4y, ) (dy)

My (B((S?;zl R)) ’
where 6,(-) is the probability measure on R? placing all its mass at z. We
will check that the triple

w1 (dady) =

(B0 R). 05 dud| 550 ry sy 7o) (5.95)

converges in the marked Gromov-weak topology of [6&, Definition 2.4]; a
characterisation of this convergence that will be relevant to us is given in
the following paragraph. Towards establishing tightness, we first note that
the projections of 7r7(~f) onto the sets B(é,;lR) and R3 are simply the uni-
form probability measures on B(d,,' R) and 6,, B(8, ' R), respectively. Since
the latter measure clearly converges to the uniform probability measure on
Bg(R), by [68, Theorem 4] (see also [74, Theorem 3]), the desired tightness

is implied by the following two conditions.

(a) The distributions of
o du (677,60, iz

are tight, where & and ¢} are independent uniform random vari-
ables on B(6,'R), independent of .
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(b) For every € > 0, there exists an 7 > 0 such that
E (62i,uu ({x € B(6,'R) : 1w (Bu(x,égfe) N B(é,;lR)) < 77})) <e.

The fact that (b) holds readily follows from the mass lower bound of Corol-
lary 5.4.1. As for (a), this is a simple consequence of Corollary 5.7 1. More-
over, if we write (5;1“1%) j>1 for a sequence of independent uniform random

variables on B(6,, ! R), independent of U, then Corollary 571 further implies

that
((hea (" 6m) (67, (5.96)

converges in distribution. This enables us to deduce, by applying [5%, The-
orem 5, see also Remark 2.7], that the triple at (5.95) in fact converges
in distribution in the marked Gromov-weak topology. We denote the limit
by (T(R),dT(R),ﬂ'T(R)), where (7, drr) is a complete, separable metric
space, and T(r) is a probability measure on TR % R3 such that T (- X R3)
has full support on 7%, In addition, by combining (5.43) with Proposi-
tion 5.4 5, we have the following adaptation of Assumption 3: there exists

a continuous, increasing function h(n) with h(0) = 0 such that

lim lim inf P sup O |ou(x) — duly)| < h(n) | =1.
n—0 60 z,y€B(6 'R):
5ﬁdu($’y)<71

This allows us to apply [i03, Theorem 3.7] to deduce that

T (drdy) = po) (dr)0g g () (dy),

where p1(r) is a probability measure on T of full support, and O7(R) :
T(H) — R3 is a continuous function.

As a consequence of the convergence described in the previous paragraph
and the separability of the marked Gromov-weak topology (see [6&, Theo-
rem 2]), we can assume that all the random objects are built on the same

probability space with probability space with probability measure P* such
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that, P*-a.s.,

By [b%, Lemma 3.4], this implies that, P*-a.s., there exists a complete and

separable metric space (Z,dyz) and isometric embeddings
Un, + (B0, R), 00 du) = (Z,dz), o (TW, drw) = (Z,dz)

such that
w0 o (Pn,) ™ = T 0P (5.97)

weakly as probability measures on Z x R3, where ¢, (z,y) = (¥n,(),7)
and 9 (z,y) = (¥(x),y). From our initial assumption that U,,)i>1 is dis-
tributionally convergent in T, Corollary 541 and (5.43), we further have
the existence of a deterministic subsequence (n;;);>1 such that, P*-a.s.,
Zlmj — T in T,

inf 63 inf (Bu(a:, 5;?5)) >0, VY5>0, (5.98)
3=l " 2eB(5,) R) K
J
and also
sup 5£i,du(071’) — A € (0,00). (5.99)

z€B(6;} R) 7
J

Now, taking projections onto Z and rescaling, we readily obtain from (597)

that
5?%#“ ((wnz)—l() N B((SmR)) — CU(R) © lZJ_l (5.100)

weakly as probability measures on Z, where the constant c is the Lebesgue
measure of Bg(R). Moreover, appealing again to the mass lower bound of
(5.98), we also obtain the subsequential convergence of measure supports,
ie.

Yy, (B(5mj R)) — (T(R))

with respect to the Hausdorff topology on compact subsets of Z (cf. the
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argument of [i4, Theorem 6.1], for example). That T is indeed compact
is established as in [i4], and that it is a real tree follows from [67, Lemma

2.1]. In particular, if we define a sequence of correspondences by setting

oo (z,2') € B(6,, R) x TH .
ni; = dz (Q,Z)m] (l'),d) x ) < 2d1%1 (@Z)m] (B((Snij R))’w(T(R))) )

where dfl is the Hausdorff distance on Z, then we have that

sup dy (wnij (x), w(:c’)> — 0. (5.101)

($,$’)€Cni]_

Given that U,,, — 7 in T and (5.99) holds, it is a straightforward applica-
J
tion of [24, Lemmas 3.5 and 5.1] to also check that, P*-a.s.,

lim lim sup sup On; [ou(x) — du(y)| =0,
n—0 j—o0 17963(57;-1_ R): J
J

55ij du(z,y)<n

and, applying this equicontinuity in conjunction with (5.97), this yields in
turn that

o |pu(x) — prem (2')] — 0. (5.102)
z,x')€e n; .
J

Finally, although not included in the framework of [56%, 74, 103], it is not
difficult to include the convergence of roots in the above arguments, i.e. we

may further suppose that

dz (Yus, (o) ¥(pram)) = 0 (5.103)

for some pr(r) € TH) with d1r) (prr)) = 0. Recalling the definition of A,

from (5.17), combining (5.100), (5.101), (5.107) and (5.103) yields that
AC(Q%?),I(R)) — 0 P*-as.,
J

where T .= (T(R),dT(m, IRy, O (R), PT(R)).  Since the distribution of
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TW is uniquely specified by (5.96), and the same limit can be deduced for
some subsubsequence of any subsequence of (n;);>1, we obtain that 247(5) —
7@ in distribution in T, and thus the part of the proof concerning the
Gromov-Hausdorff-type topology is complete.

As for the path ensemble topology, we know from [24, Lemma 3.9] that
convergence of compact measured, rooted spatial trees with respect to our
Gromov-Hausdorff-type implies the corresponding path ensemble statement.
To extend from this to the desired conclusion, we can proceed exactly as in
the proof of [24, Lemma 5.5], with the additional inputs required being
provided by (543) and the coupling lemma that is stated below at Lemma
593, O

5.9 Properties of the limiting space

The aim of this section is to prove Theorem 5.1.7. To this end, we present
several preparatory lemmas. In the first of these, we check that for large
enough annuli there is only one disjoint crossing by a path in /. Precisely,

for 7 < R, we introduce the event Cf (r, R) by setting
Ci (r, R) = {3z,y € B(R)" such that y(z,y) N B(r) # 0},

and show that the probability of this occurring decays as the ratio R/r

increases.

Lemma 5.9.1. There exist universal constants Ao > 0 and a,b,C € (0, 00)
such that for all 6 € (0,1) and X\ > Ao,

P (cf (Aot t)) <onh

Proof. This is essentially established in the proof of Proposition 54 1. We
will use the same notation as in that proof here. First, suppose that the
event A;CO, as defined in the proof of Proposition 5.4 1, occurs. It then holds
that: for every point z € 9B(6~1),

Yu (2,70) N B ()\_45_1> = (),
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where 7, is the unique infinite simple path in U/ started at the origin, and
Yu (Z,700) 18 shortest path in U from x to a point of 7. Note that we have
already proved that P(A} ) > 1— CA~L. Second, let u be the first time that
Yoo exits B(AT4671), and define

W = {yoolu,00) 1 BOA?571) =0}

By Proposition 1.5.10 of [1i3], it holds that P(W) > 1 — CA~!. Finally,
suppose that the event Aj N W occurs. For x,y € B(71)e, let ',y € Yoo
be such that v(x, Vo) = Y (2, 2') and Y4 (y, Yoo) = Y (y,y"). We then have
that vy (z, 2')NB(A46~1) = 0 and vy (y, ¥y )NB(A"4671) = (. Also, it holds
that ',y € Yoo[u, 00). In particular, it follows that 4y (x, y)NB(A™56 1) = 0
for all z,y € B(6~1)¢. This completes the proof of the result with a = 5 and
b=1. O

We next establish a result which essentially gives the converse of As-

sumption 3. In particular, we define the event D(a, b, c) by
D(a,b,c) = {Elx,y € B(a) such that d(z,y) < b and dy(z,y) > c} ,

where we define the Schramm metric df{ on U analogously to (572), and

check the following.

Lemma 5.9.2. There exist universal Ao > 0 and ay,...,as4,C € (0,00) such
that for all § € (0,1) and A > Ao,

P (D (A‘“(S‘l, A—a2g1 A—asa—ﬁ)) < oA,
Proof. Consider the event ﬁ(a, b, c) given by
D(a,b,c) = {Elm,y € B(a) N7so such that d5(x,y) < b and dy(z,y) > c} .

We first prove that there exist universal aq, ..., a4, C € (0,00) such that for
all 9 € (0,1) and A > 1,

P (15 ()\“16_1, A—aza—l,x%é—ﬂ)) < oA, (5.104)
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To do this, let a; = 1074, ag = 1 and a3 = 1/2. Moreover, let D = (w;)L,
be a A~%2§L-net of B(A*¢~1) such that B(A“§~!) C UM, B(wy, A=%2671)
and M = A3(@1+a2) - SQuppose that the event D ()\“1(5_1, )\_“25_1,)\_“35_5)
occurs. Then there exists wy € D such that |ys N B(wy, A™%2571)| >

cA™%6 8 for some universal ¢ > 0. Now, it follows from [i27, (7.51)] that
P (Hwk € D such that ‘%o N B(wg, )\_‘125—1)‘ > C)\—a:s(g—ﬁ) < Ce—C'AW,

for some universal ¢/, C' € (0,00). Thus, the inequality (5.104) holds when
we let ag = 100.

We next consider a A4 tmet D’ = (z;)Y, of the ball B(A®§~!) for
which B(A*16~1) is a subset of N, B(z;, A\"%0~!) and N = A3(@1+4)  We

perform Wilson’s algorithm as follows:

e Consider a subtree spanned by D' = (z;)X;. The output random tree
is denoted by U;.

e Perform Wilson’s algorithm for all remaining points Z3\ D’ to generate

Uu.

We define the event L by

L=

.

D (x5 Ame2g = A5

=1

where the event D (a,b,c;1) is defined by

, dx,y € B(a) N~
D(a,b,c;w:{ fy e Blal i }

such that dj(z,y) < b and dy(z,y) > c

with 42 standing for the unique infinite simple path in i/ started at x. By
(5.104), we have P(L) > 1 — CA~%0. Furthermore, if we define

L Vo € BO®s),
diam (¢ (z,Uy)) < X726~ 1 and dy(x,Uy) < X7267F |7

then applying the hittability of each branch of U as in the proof of Propo-
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sition 541 guarantees that P(J) > 1 — CA7!0. Finally, suppose that
the event L N J occurs. The event L ensures that for all x,y € Uy with
d5(z,y) < A7%2671 we have dy(x,y) < 227967, Also, the event J guar-
antees that for all z,y € B(A"6~1) with dj(z,y) < %)\_“25_1, we have
dy(z,y) < 3A"%§78. Thus the proof is complete, establishing the result
with a; = 1074, a3 = 1, a3 = 1/2 and a4 = 10. O

For the remainder of the section, including in the proof of Theorem
512, we fix a sequence 0, — 0 such that (Ps,),>1 converges weakly (as
measures on (T, A)), and write Us, = U, 65dy, 02ty o, 0). Letting P
be the relevant limiting law, we denote by T = (T, dr, pr, ¢7, p7) a random
element of T with law P. A key ingredient to the proof of Theorem 5 i 7 is
the following coupling between the discrete and continuous models, which is
a ready consequence of this convergence assumption. Since the proof of the
corresponding result in [24] was not specific to the two-dimensional case, we

omit the proof here.

Lemma 5.9.3 (cf. [24, Lemma 5.1]). There exist realisations of (Us, )n>1
and T built on the same probability space, with probability measure P* say,
such that: for some subsequence (n;);>1 and divergent sequence (r;)j>1 it
holds that, P*-a.s.,

Diji=Ac (U, T0)) =0
as i — 0o, for every j > 1.

Proof of Theorem 5.1-2. We start by checking the measure bounds of parts
(c) and (d), and we also remark that part (b) is an elementary consequence
of (c) (see [64, Proposition 1.5.15], for example). The uniform bound of (c)

will follow from the estimates: for R > 0, there exist constants ¢; € (0, 00)
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such that, for every r € (0, 1),

P inf  p7r (Br(z,r) < ecr¥(logr=H)7™2 | < e3r®, (5.105)
z€B1(p7,R)

P ( sup  pr (Br(z,7)) > e5r% (log r_l)c“> < crr®.(5.106)
r€B1(p1,R)

Indeed, given these, applying Borel-Cantelli along the subsequence r, = 27",
n € N, yields the result. By appealing to the coupling of Lemma 59 3, the

above inequalities readily follow from the following discrete analogues:

8% mi - By(z,67 P
lim sup P e By (pu 60 R) KT ( ul T)) < cgr®,  (5.107)
§—r00 < ¥ (logr—1) =
53 - By(z,67°
lmsupP | 0 O w€Bulpud O R) o7 (Bu(w,677)) < s, (5.108)
500 > c5rdf (logr—1)co

To establish these, we start by noting that Proposition 5.6 i implies that
the probability in (5.107) is bounded above by

Ce " +P (68 min By(z,67%r)) < cyr® (logr—1) =
( pin, e (Bule,67n) < eir®s(logr™)
for any z > 1. Moreover, applying a simple union bound and Theorem 5.5.2
(with R = 6 Pr, A = ¢; ' log(r~1)®), we can bound this in turn by

I pdf 3
+ C R fZ e_clcl—a/ log(,r,fl)a/cz

—cz®
Ce a;

,
Choosing z = (¢~ 'log(r=))!/?, ¢; small enough so that c'c;® > dy, and
co = 1/d’, the above is bounded above by C”r<", as desired. The proof
of (5 10R) is similar, with Theorem 567 replacing Theorem 557. As for

(d), this follows from a Borel-Cantelli argument and the following estimates:
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there exist constants ¢; € (0,00) such that

P (7 (Br(pr.r) = M) < cre=, (5.109)

P (ur (Br(pr,r) < A7) < cgem™, (5.110)

for all » > 0, A > 1. Similarly to the proof of the uniform estimates (5 105)
and (5.106), applying the coupling of Lemma 59 3, these readily follow from
Theorem 55 1 and Proposition b 6.

For part (a), since (U, dy) has infinite diameter, we immediately find
that (7,d7) has at least one end at infinity. Thus we need to show that
there can be no more than one end at infinity. Given Lemma 593 and the
inclusion results of (543) and Proposition 561, this can be proved exactly
as in the two-dimensional case. In particular, as in [24], it follows from the

following crossing estimate: for r > 0,

lim i P(CL(67'r,67'R)) =0
A T sup ( u(@ )) ,
which is given by Lemma 5 9 1.

For part (e), we can proceed exactly as in the proof of [24, Lemma 5.4].
Given Lemma 593 the one additional ingredient we need to do this is the

estimate corresponding to [24, (5.12)]: for every r,n > 0,

lim lim sup P inf diy(z,y) <6 le | =0,
e=0 50 x,y€By (0,67 Pr):
dy () >6~Fn
and this was established in Lemma 597 (when viewed in conjunction with
Proposition 5.6.1).
Given Lemma 593 and (5.6.1), the proof of part (f) is identical to that
of [24, Lemma 5.2]. O
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5.10 Simple random walk and its diffusion limit
In this section, we complete the article with the proofs of Theorem hH i 3,

Corollary 5 11 and Theorem 5 i 4.

Proof of Theorem 5.1.3. On the event

{ inf s (Bu(xz, R/8)) > A™'RY, uy (Bu(0,2R)) < ARdf}7 (5.111)
2€By(0.R)

one can find a cover (By(z;, R/4))N., of By(0, R) of size N < A% (cf. [49,
Lemma 9], for example). Following the argument of [22?, Lemma 2.4] (see
alternatively [108, Lemma 4.1]), it holds that on the event at (5. 111),

R

Rlzl (0’ BU(OaR)C) > ﬁ

Hence the result is a consequence of Theorem 557 and Proposition 561,
O

Proof of Corollary 5.11. By Theorem h 13, parts (1) and (4) of [i09, As-
sumption 1.2] hold. Moreover, since Ry(0, By (0, R)¢) < R+ 1, we also have
that part (2) of [i09, Assumption 1.2] holds. Hence (5.4), (5.6), (57), (5.9)
and (5.11) follow from [i09, Proposition 1.4 and Theorem 1.5]. It remains
to prove the claims involving the Euclidean distance. To this end, note that

by (5.43) and Proposition 561,
P (Bu(0,A"'R%) C B(R) C By(0,AR")) > 1 — 1A~
Hence, by Borel-Cantelli, if R,, := 2" and ), := n?/¢2, then
Bu(0,\,"RE) € B(R,,) € By(0,A\,RY)

for all large n, P-a.s. Combining this with the results at (5.4) and (57), we

obtain (5.5) and (5.8). As for (5.10), the lower bound follows from Jensen’s
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inequality, Fatou’s lemma and (5%). Indeed,

U E E
—log = (TO’R> > lim inf B (log TO’R>

lim inf
R og R R—00 log R
log T(FR
> u 1 1 ) — .
= E (%faz%f gk ) =

As for the upper bound, a standard estimate for exit times (see [19, Corollary

2.66], for example) gives that
Effrg’r < R°Ry(0, B(R)®) < R*¢g,
where £g is defined above Proposition 5.3.4. The latter result thus yields
EY (TOJ?R) < RPE (¢g) < cR¥P = cRPw,

which gives (a stronger statement than) the desired conclusion. O]

Proof of Theorem 5.1.4. The result can be proved by a line-by-line modifi-
cation of [24, Theorems 1.4 and 7.2], and so we omit the details. However,
as an aid to the reader, we summarise the key steps. As per the construction
of [98], P-a.s., there is a ‘resistance form’ (7, F7) on (T, d7), characterised
by

dr(z,y)" = inf{Er(f, f): f € Fr, f(x) =0, fly) =1},

for all z,y € T, x # y. Moreover, by taking
Dr:=FrnCo(T),

where Co(T) are the compactly supported continuous functions on (7, dr),
and the closure is taken with respect to Er(f, f) + [+ f?dug, we obtain a
regular Dirichlet form (£7,D7) on L?(T,pu7) (see [13, Remark 1.6] or [99,
Theorem 9.4]). Moreover, since (7,dr) is complete and has one end at
infinity (by Theorem 5.1 7(a)), the naturally associated stochastic process
(X[ )0, (P )geT) is recurrent (see [13, Theorem 4]). And, from [99, The-
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orem 10.4], we have that the process admits a jointly continuous transition
density (pf(x>y))z,y€T,t>0-

Next, by appealing to the Skorohod representation theorem, it is possible
to construct realisations of (U, 02dy, 62 pus, Ondus, pu), m > 1, and the limit
(T,d7, pr, d1, p7) 0on the same probability space with probability measure
P* such that

(ua 51€d?/17 52:“’2/17 6n¢1/{7 PL{) - (T7 dr, HTs o, pT) P*-a.s.

Moreover, applying Theorem 5.1 3 in a simple Borel-Cantelli argument al-
lows one to deduce that, P*-a.s.,

lim lim inf 6° Ry, (o, Bu(0, Rd;ﬂ)C) - .

R—o0 Mm—00

Hence we can apply [54, Theorem 7.1] to deduce that, P*-a.s.,

P <<5RX%;(3+ﬁ))t>o € ) — P] o7 (5.112)

weakly as probability measures on C(R, R3). Since the left-hand side above
is P*-measurable, so is the right-hand side. Moreover, for any measurable
set B C C(R;,R3), we have that

FJ 067 (B) =E" (B] 0 67'(B)|T).

where E* is the expectation under P*, and so Pg; o d)?rl is in fact P-
measurable, as is required to prove part (a). For part (b), we apply (5 11i2)
and integrate out with respect to P*.

As for the heat kernel estimates, we note that the measure bounds of
Theorem 51 7(c) are enough to apply the arguments of [49] to deduce part
(c) (for further details, see the proof of [24, Theorem 1.4(c)]). As for the
on-diagonal estimates of part (d), similarly to the proof of [24, Theorem
7.2] (cf. [51, Theorems 1.6 and 1.7]), these follow from the distributional

estimates on the measures of balls at (5.109) and (5 110), together with the
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following resistance estimate
P (RT(P%BT(PT’ R)%) < )\713) < Ce™ ", (5.113)

where Ry is the resistance associated with (€7, Fr). As in the proof of
Theorem 5.1 3, to check (5 113), it is enough to combine (5109) with the
bound

P inf  pur (Br(z, R/8)) < A'RY | < Cem,
z€B7(p7,R)

which is again a ready consequence of the discrete analogue (see Theorem

552 and Proposition 5 6.1). O
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Chapter 6

The Number of Spanning
Clusters of the Uniform

Spanning Tree in Three

Dimensions'

Summary of this chapter

Let s be the uniform spanning tree on 6Z3. A spanning cluster of Us is a
connected component of the restriction of Us to the unit cube [0,1]% that
connects the left face {0} x [0, 1]? to the right face {1} x [0, 1]2. In this note,
we will prove that the number of the spanning clusters is tight as § — 0,

which resolves an open question raised by Benjamini in [2].

!Joint work with Omer Angel, David Croydon, and Daisuke Shiraishi.
Acknowledgements. DC would like to acknowledge the support of a JSPS Grant-in-Aid
for Research Activity Start-up, 18H05832 and a JSPS Grant-in-Aid for Scientific Research
(C), 19K03540. DS is supported by a JSPS Grant-in-Aid for Early-Career Scientists,
18K13425 and JSPS KAKENHI Grant Number 17H02849 and 18H01123.
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6.1 Introduction

Given a finite connected graph G = (V, E), a spanning tree T of G is a
subgraph of G that is a tree (i.e. is connected and contains no cycles) with
vertex set V. A uniform spanning tree (UST) of G is obtained by choosing
a spanning tree of G uniformly at random. This is an important model
in probability and statistical physics, with beautiful connections to other
subjects, such as electrical potential theory, loop-erased random walk and
Schramm-Loewner evolution. See [?9] for an introduction to various aspects
of USTs.

Fix 6 € (0,1) and d € N. In [i43] it was shown that, by taking the
local limit of the uniform spanning trees on an exhaustive sequence of finite
subgraphs of 6Z¢, it is possible to construct a random subgraph Us of §Z2.
Whilst the resulting graph Us is almost-surely a forest consisting on an
infinite number of disjoint components that are trees when d > 5, it is also
the case that Us is almost-surely a spanning tree of 6Z% with one topological
end for d < 4, see [143]. In the latter low-dimensional case, Us is commonly
referred to as the UST on 6Z¢.

In this note, we study a macroscopic scale property of Us, namely the
number of its spanning clusters, as previously studied by Benjamini in [28].

To be more precise, let us proceed to introduce some notation. Write
K =[0,1]4 = {(m1,$2,~- zg) ERY 0<2; <1, i=1,2,- ,d} (6.1)
for the unit hypercube in R%. Also, set
F:{($1,$2,"',$d)€Rd : 171:0} (6.2)

and
G:{(xl,x2,~--,xd)€Rd : xlzl} (6.3)

for the hyperplanes intersecting the ‘left’ and ‘right’ sides of the hypercube
B. Given a subgraph U = (V, E) of §Z4, we write U’ = (V', E') for the
restriction of U to the cube B, i.e. we set V' =V NB and E' = {{z,y} € E:

x,y € V'}. A connected component of U’ is called a cluster of U. Moreover,
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following [28], a spanning cluster of U is a cluster of U containing vertices
x and y such that dist(x, F) < ¢ and dist(y, G) < 0, where dist(z, A) :=
inf,e |z — w| is the Euclidean distance between a point z € R? and subset
A C R%. That is, a cluster of U is called spanning when it connects F to G
(at the level of discretization being considered).

Concerning the number of spanning clusters of Us, it was proved in [2¥]
that:

e for d > 4, the expected number of spanning clusters of Us grows to

infinity as 6 — 0;

e for d = 2, the number of spanning clusters of Z/{(;L is tight as 6 — 0,
where Z/{(gF denotes the uniform spanning tree of the square B N 6Z>
when all the vertices on the right side of the square are identified to a
single point tv (Ll(s+ is called the right wired uniform spanning tree in
[7%]). We also consider two spanning clusters of ;" different if they
are disjoint on L{l;+ \ w. Figure 6.1 shows the spanning cluster of a

realisation of (an approximation to) Us on §Z2.

The case d = 3 was left as an open question in [?&]. The main purpose of

this note is to resolve it by showing the following theorem.

Theorem 6.1.1. Let d = 3. It holds that the number of spanning clusters
of Us is tight as 6 — 0.

Remark. The proof for Theorem 6.1 1 can be adapted to show tightness of
the number of spanning clusters of Us on §Z2. This is an improvement over

the result in [28], which required right-wired boundary conditions.

Remark. Part of Benjamini’s motivation for studying the number of span-
ning clusters came from percolation. Indeed, for critical Bernoulli percola-
tion in Z¢%, it is conjectured that the number of spanning clusters is tight
when d < 6, while the expected number of spanning clusters grows to infinity
as the mesh size goes to zero for d > 6, see for instance [3, 36, 43]. Putting
our main conclusion together with the results obtained by Benjamini in [28],

the corresponding qualitative picture is proved for the uniform spanning tree.
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Figure 6.1: Part of a UST in a two-dimensional box; the part shown
is the central 115 x 115 section of a UST on a 229 x 229 box. The
single cluster spanning the two sides of the box is highlighted.

Remark. In [11], we establish a scaling limit for the three-dimensional UST in
a version of the Gromov-Hausdorff topology, at least along the subsequence
Sn := 27", The corresponding two-dimensional result is also known (along
an arbitrary sequence § — 0), see [?4] and [%6, Remark 1.2]. In both cases,
we expect that the techniques used to prove such a scaling limit can be used

to show that the number of spanning clusters of Us actually converges in
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distribution. We plan to pursue this in a subsequent work that focusses on

the topological properties of the three-dimensional UST.

The organization of the remainder of the paper is as follows. In Section
2, we introduce some notation that will be used in the paper. The proof of

Theorem 6.1.1 is then given in Section 3.

6.2 Notation

In this section, we introduce the main notation needed for the proof of
Theorem 6.1 i. We write | - | for the Euclidean norm on R3 and, as in
the introduction, dist(-,-) for the Euclidean distance between a point and a
subset of R3. Given ¢ € (0,1), if z € 6Z3 and r > 0, then we write

Bs(x,r) = {y VAR |z —y| < r}

for the lattice ball of centre 2 and radius r (we will commonly omit depen-
dence on ¢ for brevity). Let B, F' and G be defined as at (6.1), (6.2) and
(6.3) in the case d = 3.

For § € (0,1), a sequence A = (A(0), A(1),---,A(m)) is said to be a path
of length m if A(i) € 6Z3 and |A\(i) — A\(i + 1)| = § for every 5. A path X is
simple if A(7) # A(j) for all ¢ # j. For a path A = (A(0),A(1),---,A(m)),
we define its loop-erasure LE()) as follows. Firstly, let

so =max {j <m: A(j) = A\(0)},
and for i > 1, set
si=max{j <m: A(j)=A(s;—1+1)}.

Moreover, write n = min{i : s; = m}. The loop-erasure of X is then given
by

LE(X) = (A(s0), A(s1), -+ s A(sn)) -
We write LE(A)(k) = A(sk) for each 0 < k < n. Note that the vertices hit by
LE()\) are a subset of those hit by A, and that LE()) is a simple path such

202



that LE(A)(0) = A(0) and LE(X)(n) = A(m). Although the loop-erasure
of A has so far only been defined in the case that A has a finite length, it
is clear that we can define LE()) similarly for an infinite path A if the set
{k>0: Aj) = A(k)} is finite for each j > 0. Additionally, when the path
A is given by a simple random walk, we call LE(\) a loop-erased random
walk (see [114] for an introduction to loop-erased random walks).

Again given § € (0, 1), write Us for the uniform spanning tree on 6Z3. As
noted in the introduction, this object was constructed in [i43], and shown
to be a tree with a single end, almost-surely. The graph U5 can be generated
from loop-erased random walks by a procedure now referred to as Wilson’s
algorithm rooted at infinity (the name is after [i69], while the version for

infinite graphs was proved in [?9]), which is described as follows.
e Let (7;);>1 be an arbitrary, but fixed, ordering of 6Z3.

e Write R®! for a simple random walk on §Z3 started at z1. Let v, =
LE(R") be the loop-erasure of R** — this is well-defined since R™! is

transient. Set U! = v,,. We refer to 7, as a branch of U!.

e Given U for i > 1, let R%+! be a simple random walk (independent
of U?) started at z;41 and stopped on hitting *. Then LE(R%i+!) is
a branch of the tree and we let U‘+! = U/ U LE(R®i+1).

It is then the case that the output random tree U°,U* has the same dis-
tribution as Us. In particular, the distribution of the output tree does not
depend on the ordering of points (z;)i>1.

Similarly to above, for z € 6Z3, we will write 7, for the infinite simple
path in U; starting from z. Given a point z € 6Z3, it follows from the
construction of Us explained hitherto that the distribution of -+, coincides
with that of LE(R?), where R? is a simple random walk on 073 started at
z.

Furthermore, as we explained in the introduction, we will write Uj for
the restriction of U to the cube B. A connected component of Uj is called
a cluster. Also, as we defined previously, a spanning cluster is a cluster

connecting F' to G. We let N5 be the number of spanning clusters of Uj.
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Finally, we will use ¢, C, ¢y, etc. to denote universal positive constants

which may change from line to line.

6.3 Proof of the main result

In this section, we will prove the following theorem, which incorporates

Theorem 6.1 1.

Theorem 6.3.1. There exists a universal constant C' such that: for all
M < oo and § >0,
P(Ns>M)<CM™L. (6.4)

In particular, the laws of (N(;)(;e(o,l) form a tight sequence of probability

measures on Z .

Remark. In [3], Aizenman proved that for critical percolation in two di-
mensions, the probability of seeing M distinct spanning clusters is bounded
above by Ce~M *. We do not expect that the polynomial bound in (64)
is sharp, but leave it as an open problem to determine the correct tail be-
haviour for number of spanning clusters of the UST in three dimensions,

and, in particular, ascertain whether it also exhibits Gaussian decay.

Proof. Let 6 € (0,1), and suppose M > 1 is such that 6 < M~!. For
r € [0,1], we let
A(r) ={(z1, 22, 23) €B: 21 =71}

We also define

A=[-1,2?, B ={(21,22,23) €B: x; <2/3}.
Moreover, let (zi)iLzl be a sequence of points in A N §Z3 such that A C
UL B(2;,1/M) and L < 10°M3.

To construct Us, we first perform Wilson’s algorithm rooted at infinity

for (z;)%, (see Section 62). Namely, we consider

L
Z/ll = U 727;7
=1
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which is the subtree of Us spanned by (z;)% ;. (Recall that for z € §Z3 we
denote the infinite simple path in U starting from z by ~,.) The idea of the
proof is then as follows. Crucially, each branch of ! is a ‘hittable’ set, in
the sense that for a simple random walk R whose starting point is close to
U', it is likely that R hits ¢* before moving far away. As a result, Wilson’s
algorithm guarantees that, with high probability, the spanning clusters of
Ujs correspond to those of ! when M is sufficiently large. So, the problem
boils down to the tightness of the number of spanning clusters of ¢!, which
is not difficult to prove.

To make the above argument rigorous, we introduce the following two

“good" events for U':

For any = € B(0,4) N §Z3 with dist(x,~,,) < 1/M,

P (RI0, T) Ny, = 0) < M~

I {The number of crossings of 7., between A(0) and A(2/3)}

in B’ is smaller than M

for 1 <i < L, where

e R is a simple random walk which is independent of +,,, the law of

which is denoted by Pj when we assume R(0) = z;
e T is the first time that R exits B(z,1/vM);

e a crossing of 7, between A(0) and A(2/3) in B’ is a connected com-
ponent of the restriction of 7, to B’ that connects A(0) to A(2/3).

Namely, the event H; guarantees that the branch ., is a hittable set (see
Figure 6.7), and the event I; controls the number of crossings of v, .

Now, [i48 Theorem 3.1] ensures that there exist universal constants
&0, C' > 0 such that

P ((L] Hi(§0)> >1-CM™10
=1

Thus, with high probability (for U!), each branch of U is a hittable set.
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2

Figure 6.2: Conditional on the event H;, for any z € B(0,4) N 6Z3
with dist(z,v,,) < 1/M, the above configuration occurs with
probability at least 1 — M €.

The probability of the event I; is easy to estimate. Indeed, suppose that
the event I; does not occur. This implies that the number of “traversals”
of S from A(0) to A(2/3) or vice versa must be bigger than M, where S*
stands for a simple random walk starting from z;. Notice that there exists
a universal constant cg > 0 such that for any point w € A(0) (respectively
w € A(2/3)), the probability that S™ hits A(2/3) (respectively A(0)) is
smaller than 1 — ¢g (see [113, Proposition 1.5.10], for example). Thus, the
probability of the event I; is bounded below by 1 — (1 — ¢g)™ =:1 — e~ oM
where @ > 0. Taking sum over 1 < < L, we find that

L
P (ﬂ Ii> >1— Le M,
=1

To put the above together, let

L

i=1
For 1 <i < L, set Z/{il = U;-:lyzj so that U = Z/li. As above, by a spanning
cluster of U} between A(0) and A(2/3) in B’ we mean a connected component
of the restriction of U} to B’ which connects A(0) to A(2/3). We write n;
for the number of spanning clusters of U} between A(0) and A(2/3) in B'.
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On the event J, we have that
n; <iM +1i—1,

for all 1 < ¢ < L, since n;41 — n; is at most M + 1 for each ¢ > 1. In
particular, we see that the number of spanning clusters of &' between A(0)
and A(2/3) in B’ is bounded above by L(M + 1), which is comparable to
M*.

We next consider a sequence of subsets of A as follows. Let a* > 0 be

the positive constant such that
o0
a* > k=101 (6.5)
k=1

Set n1 =0, and 7 = a* Zf;ll =2 for k > 2. Finally, for & > 1, let
Ap = [1 4,2 — ).

Notice that Ay, 1 C Ay and [-1/2,3/2]3 C Ay, for all k > 1, and moreover
dist(0Ay, A1) = a*k~2. We further introduce sequences (zf)ZL %, consist-
ing of points in Ay N §Z3 such that

Ly
Ak - UB(Zza6k>7
=1
and
Ly < 10°6;%, where & := M 12~ (=1 (6.6)

Note that we may assume that L; = L and (1), = (z:)E,.
For &£ > 0, we set

For any = € B(0,4) N 6Z3 with dist (z,v.r ) < 6,

Pg (R[0, T N7, = 0) < 6

where R is a simple random walk that is independent of v,x, with law
denoted by Pg when we assume R(0) = z, and T* is the first time that R
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exits B(x,v/d). By [14%, Theorem 3.1] again, there exist universal constants
&1,C > 0 (which do not depend on k) such that

Ly,
P (ﬂ Hf(&)) >1-Cg),
i=1
for all k =1,2,---, kg, where kg is the smallest integer k such that §; < 4.
Thus if we write
Ly
HY = (" Hf (&)
i=1
and
ko
J =Jn () H,
k=1
we have

P(J)>1-CM™10

Given the above setup, we perform Wilson’s algorithm rooted at infinity
as follows:

e recall that &' is the tree spanned by (z})X

1 )i=1 — (Zi)iLzl;

e next perform Wilson’s algorithm for (22) fjl — for each 22, run a simple
random walk R* from 22 until it hits the part of the tree that has
already been constructed, and adding its loop-erasure as a new branch

— the output tree is denoted by U?;

e repeat the previous step for (zf“)zL:’“1 to construct U* for k = 1,2, -, ko.

Now, condition U* on the event J above. We will show that, with high
(conditional) probability, every new branch in 4? \ U! has diameter smaller
than M~Y/4, To this end, for 1 < i < Lo, we write d? for the Euclidean
diameter of the path from 27 to U! in U?, and define the event W2 by setting

VVZ? _ {d? > M_1/4}.

Suppose that the event W2 occurs. By Wilson’s algorithm, the simple

1

random walk R* must not hit the tree U’ until it exits B(z2, M~1/4).
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Since dist(z2,0A4) > a* (for the constant a* defined at (5.5)), it holds that
B(22, M~1/%) C A. With this in mind, we set ug = 0, and

= inf {j > w1+ |RE(G) = R ()| > M2}
for m > 1. We then have that
R [Urm—1, U] nU' =0

for all 1 < m < MY%. Since A C UL, B(z;,1/M), it follows that for each
1< m < MY4, there exists a z such that R (up_1) € B(z;,1/M). Thus
the event H;(§p) guarantees that

P (RZ? (i1, um] NUL =0 for all 1 < m < M1/4) < MMV

Consequently, the conditional probability of UileWf is bounded above by
Lo M —%M 1/4, which is smaller than CM—6M"*+3 for some universal con-
stant C' € (0,00) (see (h.f), for the definition of Ly). Replacing constants
if necessary, this implies that, with probability at least 1 — Ce~M 1/4, every
new branch in 242 \ U' has diameter smaller than M~'/4. Notice that once
each new branch has such a small diameter, the event J guarantees that the
number of spanning clusters of 42 between A(0) and A(2/3 + M~1/4) in B
is bounded above by L(M + 1) < 106M4.

Essentially the same argument is valid for ¢*. Indeed, conditioning /¥
on the good event J N ﬂleH ! as above, it holds that, with probability at
least 1 —Ce™ %% v every new branch in //¥*1\ ¥ has diameter smaller than
6]1/4. Notice that >, (5;/4 < 10M~Y* <1072 when M is large. Therefore,
with probability at least 1 —C'M 10, the number of spanning clusters of &/*0
between A(0) and A(3/4) in B is bounded above by L(M + 1) < CM* for
some universal constant C.

Finally, we perform Wilson’s algorithm for all of the remaining points
in 673 to construct Us. Since kg is the smallest integer k such that 6 < 6,
it follows that the restriction of Us to B coincides with that of U*0. Note

that kg = 1 when § = M. Thus we conclude that there exists a universal
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constant C such that: for all M < oo and 6 € (0, M 1],
P(Ns> M) < CM 2. (6.7)

For the case that § € (M~ M~/?], we apply (6.7) to M'/? and monotonic-
ity implies P (N5 > M) <P (N(; > M1/2) < CM~'. Finally, if § > M~1/2,
we use that Ns < 672 < M. Combining these three bounds, we readily
obtain the bound at (64). O
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Chapter 7

Chase-Escape with Death on
Trees'

Summary of this chapter

Chase-escape is a competitive growth process in which red particles spread
to adjacent uncoloured sites, while blue particles overtake adjacent red par-
ticles. We introduce the variant in which red particles die and describe the
phase diagram for the resulting process on infinite d-ary trees. A novel con-
nection to weighted Catalan numbers makes it possible to characterize the

critical behaviour.

7.1 Introduction

Chase-escape (CE) is a model for predator-prey interactions in which expan-
sion of predators relies on but also hinders the spread of prey. The spreading

dynamics come from the Richardson growth model [i47]. Formally, the pro-

! Joint work with Erin Beckman, Keisha Cook, Nicole Eikmeier, and Matthew Junge.
Acknowledgements. Thanks to David Sivakoff and Joshua Cruz for helpful advice and
feedback. We are also grateful to Sam Francis Hopkins for pointing us to a reference
about weighted Catalan numbers. Feedback during the review process greatly improved
the final version. This work was partially supported by NSF DMS Grant #1641020 and
was initiated during the 2019 AMS Mathematical Research Community in Stochastic
Spatial Systems.
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cess takes place on a graph in which vertices are in one of the three states
{w,r,b}. Adjacent vertices in states (r,w) transition to (r,r) according to
a Poisson process with rate A\. Adjacent (b,r) vertices transition to (b, b)
at rate 1. The standard initial configuration has a single vertex in state r
with a vertex in state b attached to it. All other sites are in state w. These
dynamics can be thought of as prey r-particles “escaping" to empty w-sites
while being “chased" and consumed by predator b-particles. We will refer to
vertices in states r, b, and w as being red, blue, and white, respectively.
We introduce the possibility that prey dies for reasons other than pre-
dation in a variant which we call chase-escape with death (CED) . This is
CE with four states {w,r, b, 1} and the additional rule that vertices in state
r transition to state { at rate p > 0. We call such vertices dead. Dead sites

cannot be reoccupied.

7.1.1 Results

We study CED on the infinite rooted d-ary tree I,—the tree in which each
vertex has d > 2 children—with an initial configuration that has the root
red, one extra blue vertex b attached to it, and the rest of the vertices white.
Let R be the set of sites that are ever coloured red. Similarly, let /5 be the
set of sites that are ever coloured blue. Denote the events that red and blue
occupy infinitely many sites by A = {|R| = oo} and B = {|B| = oo}. Since
B —{b} C R deterministically, we also have B C A. We will typically write
P and E in place of P, , and E) , for probability and expectation when the

rates are understood to be fixed. There are three possible phases for CED:
e Coezistence P(B) > 0.
e Escape P(A) > 0 and P(B) = 0.
e Extinction P(A) = 0.

For each fixed d and A, we are interested in whether or not these phases

occur and how the process transitions between them as p is varied. Accord-
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ingly, we define the critical values

Pc = pc(da )‘) - inf{p: P)\,P(B) = O}’ (7'1)
pe = pe(d,\) = inf{p: Py ,(A) = 0}. (7.2)

One feature of CE, and likewise CED, that makes it difficult to study
on graphs with cycles is that there is no known coupling that proves P(B)
increases with X\. On trees the coupling is clear, which makes analysis more
tractable. It follows from [35] that P(B) > 0 in CE on a d-ary tree if and
only if A > AJ with

AN, =2d—1—2Vd?—d~ (4d)" . (7.3)

For CED on T4, P(B) is no longer monotonic with A. As X increases, blue
falls further behind and so the intermediate red particles must live longer

for coexistence to occur. This lack of monotonicity makes
M =2d—1+2Vd>—d~4d

also relevant, because we will see that when A > A\, the gap between red
and blue is so large that coexistence is impossible for any p > 0.

Suppressing the dependence on d, let A = (A, A}). Unless stated other-

cr’'c

wise, we will assume that d > 2 is fixed. Our first result describes the phase
structure of CED (see Figure 7.1).

Theorem 7.1.1. Fiz A > 0.

(i) If A € A, then 0 < p. < pe = N(d — 1) with escape occurring at p = pe,

and extinction at p = pe.

(i) If X ¢ A, then 0 = p. < pe = Nd — 1) with extinction occurring at
P = Pe-

Our next result concerns the behaviour of E|B| at and above criticality.

Theorem 7.1.2. Fiz A\ € A.
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extinction

escape

7.-"" coexistence

P A At

Figure 7.1: (Left) The phase diagram for fixed d. The dashed line is
pe and the solid line p.. (Right) A rigorous approximation of
pe when d = 2. The approximations for larger d have a similar
shape.

(i) If p > pc, then E|B| < oc.
(i) If p = pc, then E|B| = oco.

Theorem 717 (ii) is particularly striking because it is known that E|B| <
oo in CE with A = A (see [35, Theorem 1.4]). Hence the introduction
of death changes the critical behaviour. The reason for this comes down
to singularity analysis of a generating function associated to CED and is
discussed in more detail in Remark 7.3.2.

We prove three further results about p. concerning: the asymptotic
growth in d, smoothness in A, and the approximate value for a given d

and A (see Figure 7.1).

Theorem 7.1.3. Fiz A > 0, ¢ < \/\/2, and C > V2\. For all d large

enough

eVd < Pe < cVd.
Theorem 7.1.4. The function p. is infinitely differentiable in A € A.

Theorem 7.1.5. Fiz A\ € A. For every p # p., there is a finite runtime
algorithm to determine if p < p. or if p > pe.
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7.1.2 Proof methods

Theorems 7.1 1 and 7.1 3 are proven by relating coexistence in CED to the
survival of an embedded branching process that renews each time blue is
within distance one of the farthest red. Describing the branching process
comes down to understanding how CED behaves on the nonnegative integers
with O initially blue and 1 initially red. In particular, we are interested in
the event R, that at some time k is blue, k£ 4+ 1 is red, and all further sites
are white.

The probability of R can be expressed as a weighted Catalan number.
These are specified by non-negative weights u(j) and v(j) for 7 > 0. Given
a lattice path ~ consisting of unit rise and fall steps, each rise step from
(x,7) to (x + 1,7 + 1) has weight u(j), while fall steps from (z,7 + 1) to
(x +1,7) has weight v(j). The weight w(7) of a Dyck path ~ is defined to
be the product of the rise and fall step weights along ~.

The corresponding weighted Catalan number is C,"" = > w(vy) where
the sum is over all Dyck paths 7 of length 2k (nonnegative paths starting
at (0,0) consisting of k rise and k fall steps). See Figure 77 for an example.
For CED, we define C;"* as the weighted Catalan number with weights

A 1

SRy i pru ey s (7.4)

u(j)

At (7.8) we explain why P(9%;) = Cp".

Returning to CED on Ty, self-similarity ensures that the expected num-
ber of renewals in the embedded branching process is equal to the generating
function g(z) = Y72, C’é"pzk evaluated at z = d. We prove in Proposi-
tion 741 that p. is the value at which the radius of convergence of g is
equal to d. We characterize the radius of convergence using a continued
fraction representation of g, which leads to the proofs of Theorems 7.1.7,

714 and 715,
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A A
u(2) wv(2) u(2) v(2)

~ v ~
u(1) v(1)

A A ~

w(0)  v(0) wu(0) v(0)
' A4 S

Figure 7.2: A Dyck path of length 10. The weight of this path is
u(0)%20(0)%u(1)v(1)u(2)%v(2)2.

7.1.3 History and context

The forebearer of CE is the Richardson growth model for the spread of a
single species [147]. In our notation, this process corresponds to the setting
with A = 1, p = 0, and no blue particles. Many basic questions remain
unanswered for the Richardson growth model on the integer lattice [i7], as
well as for the competitive version [56].

James Martin conjectured that coexistence occurs in CE on lattices when
red spreads at a slower rate than blue. Simulation evidence from Tang,
Kordzakhia, Lalley in [i64] suggested that, on the two-dimensional lattice,
red and blue coexist with positive probability so long as A > 1/2. Durrett,
Junge, and Tang proved in [67] that red and blue can coexist with red
stochastically slower than blue on high-dimensional oriented lattices with
spreading times that resemble Bernoulli bond percolation.

The first rigorous result we know of for CE is Kordzakhia’s proof that
the phase transition occurs at A, for CE on regular trees [i04]. Later,
Kortchemski considered the process on the complete graph as well as trees
with arbitrary branching number [i05, 106]. An alternative perspective of
CE as scotching a rumor was studied by Bordenave in [34]. The continuous
limit of rumor scotching was studied many years earlier by Aldous and Krebs
[¥]. Looking to model malware spread and suppression through a device
network, Hinsen, Jahnel, Cali, and Wary studied CE on Gilbert graphs [37].

To the best of our knowledge, CED has not been studied before. From
the perspective of modelling species competition, it seems natural for prey

to die from causes other than being consumed, and, in rumor scotching, for

217



holders to cease spread because of fading interest. Furthermore, CED has
new mathematical features. The existence of an escape phase, the fact that
E|B| = oo at criticality, and the lack of monotonicity of P(B) in A are all
different than what occurs in CE.

The perspective we take on weighted Catalan numbers also appears to be
novel. Typically they are studied with integer weights [9, 146, i52]. We are
interested in the fractional weights at (7.4). Flajolet and Guilleman observed
that fractionally weighted lattice paths describe birth and death chains for
which the rates depend on the population size [68]. The distance between
the rightmost red and rightmost blue for CED on the nonnegative integers
is a birth and death chain in which mass extinction may occur. Since we
are interested in CED on trees, we analyse the radius of convergence of the
generating function of weighted Catalan numbers, which we believe has not

been studied before.

7.2 CED on the line

Let CED™ denote the process with CED dynamics on the nonnegative in-
tegers for which the vertices 0 and 1 are initially blue and red, respectively.
All other vertices are initially white. Let si(n) € {w,r,b, 1} indicate the
state of vertex n at time ¢. Define the processes B, = max{n: s;(n) = b},

R; = max{n: s;(n) = r}, and the random variable
Y =sup{B;: t > 0}. (7.5)

If si(n) # r for all n, then define R, = —oco. Let 0, = (st(n))ff;Bt be the
state of the interval [B, R¢]. One can think of this as the boundary of the
process. Note that this interval only makes sense when R; > —oo. Renewal
times are times t > 0 such that d; = (b, 7). For k > 0 let

Ry = {By = k for some renewal time t} (7.6)

be the event that there is a renewal when blue occupies site k. Also define
the event A; = {s4(n) # t for all n} that none of the red sites have died up
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to time ¢.

Let S; = R; — B; be the distance between the rightmost blue and red
particles at time t. Define the collection of jump times as 7(0) = 0 and for
1>1

7(i) = inf{t > 7(i — 1): Sy # S;(-1) or 1(Ay) = 0}.

The jump chain J = (J;) of Sy is given by

0, otherwise

This is a Markov chain with an absorbing state 0 corresponding to blue no
longer having the potential to reach infinity. The transition probabilities for
j >0 are:

A 1 Jjp

7 o _ o=—2" 7
L+ A+jp Pra—t = 1031y Pio 1—|—)\+jp( )

Pjj+1 =

Call a jump chain (Jy,...,Jy) living if J; > 0 for all 0 < i < n. Trans-
lating the set of Dyck paths of length 2k up by one vertical unit gives
the jump chains corresponding to ;. Notice that p; ;11 = u(j — 1) and
Pjj—1 = v(j —2) with v and v as in (7.4). Thus, it is easy to see that for all
k > 0 we have

Py (%) = G, (7.8)

with C,i"p the weighted Catalan number defined in Section 7 1 2.

Lemma 7.2.1. For any € > 0 there exists p' > 0 such that for all p € [0, p')
and sufficiently large k

> ({F5) -

Proof. Let C},, be number of Dyck paths of length 2k that never exceed
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height m. We first claim that for any 6 > 0, there exists mg such that
Chroms > (4 —6)F (7.9)

for sufficiently large k.

The mth Catalan number (), := Cy;, o counts the number of Dyck paths
of length 2m. Consider any sequence of |k/m] Dyck paths of length 2m. If
we concatenate these paths, we have a path of length 2m|k/m| > 2k — 2m
which stays below height m. We extend this path into a Dyck path of length
2k by concatenating the necessary number of up and down steps to the end
in any manner. Since each of the |k/m| Dyck paths of length 2m can be
chosen independently of one another, we have Cj, ,,, > (C’m)Lk/ m],

Using the standard asymptotic relation C,, ~ (1//7)m=3/24™ (see

[i61]), we have for large enough m, k

4m Lk/m| 4m -1 4 k
Gn2 (s7mem) 2 (o) (o)
) 2ﬁm3/2 2ﬁm3/2 (Qﬁme/Q)l/m

It is easy to verify that (2¢/7m?®/2)/™ — 1 as m — co. Thus, we can

choose m large enough so that

(2/Tm3/2)1/m 2

We then have

m

-1
Chm > C (W> (4 — (5/2))*.

This is true for all m, k sufficiently large, and we can see that if we fix an
mg big enough so that this inequality holds, then we can increase k enough
such that we have the claimed inequality at (7.9).

Using the weights at (7.4), each path v counted by Cj ,, satisfies

w(y) = <(1H1mp)2>k

because v has length 2k but never exceeds height m. Summing over just the
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Dyck paths counted by C}, ,,, gives

)\k

oM > ¢ mo——————————7.
ko= k (1 4+ X+ mp)2k

(7.10)

Fix an € > 0. We can choose > 0 small enough so that (4 —6)(1—9) >
4 —e. By (79), pick ms large enough to have Cj ., > (4 — §)* for all
sufficiently large k. Finally, choose p’ > 0 small enough so that

A S A
(14+X+msp')2 = (14 N)?

(1-9).

Since the C,i"p are decreasing in p, applying these choices to (7.10) gives the
desired inequality for all p € [0, p'):

o’z (-0 ‘(”uf»z)k 2 (mw)k‘
]

Recall the definition of Y at (7.5). We conclude this section by proving
that P(Y > k) can be bounded in terms of P(Ry). The difficulty is that
the event {Y > k} includes all realizations for which blue reaches k, while

R only includes realizations which have a renewal at k.

Lemma 7.2.2. For p > 0, there exists C > 0, which is a function of A, p,
such that P(Y > k) < CkY™ P P(Ry) for all k > 1.

Proof. Given a living jump chain J = (Jo, Ji,..., i), define the height
profile of J to be h(J) = (hi(J),..., hm+1(J)), where h;(J) are the number
of entries Jy in J with ¢ < m for which J;, = i. These values correspond to
the total number of times that blue is at distance ¢ from red. Suppose that
red takes r(JJ) many steps in a jump chain J. It is straightforward to show
that

(J)m‘H 1 hji(J)
J)=\" _ 7.11
PR TR
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is the probability that the process follows the living jump chain J.

We view realizations leading to outcomes in {Y > k} as having two
distinct stages. In the first stage, the rightmost red particle reaches k. In
the second stage, we ignore red and only require that blue advances until
it reaches k. The advantage of this perspective is that we can partition
outcomes in {Y > k} by their behaviour in the first stage and then restrict
our focus to the behaviour of the process in the interval [0, k] for the second
stage.

For 2 < ¢ < k, define I'y to be the set of all living jump chains of length
2k — ¢ — 1 which go from (0,1) to (2k — ¢ — 1, /) with the last step being a
rise step (see Figure 7.3). These are the jump chains from the first stage.
Now we describe the second stage. Assume that blue is at & — ¢ when red
reaches k. For blue to reach k, the red sites in [k — ¢ + 1, k] must stay
alive long enough for blue to advance another ¢ steps. This has probability
o(0) =TI, (141ip)~t. Given ~ € Iy, the formula at (7.11) implies that the
probability Y > k and the first 2k — £ — 1 steps of the process jump chain

follow ~ is

k+1

q9(v) = p(V)o(0) = N o(0) [T A+ X+ jp) . (7.12)
j=1
Let ¢¢ = > er, ¢(7). Notice that
A < P(R 7.13
QQ(1+A+p)(1+/\+2p)2— (Ry)- (7.13)

This is because a subset of R is the collection of processes which follow
jump chains in 'y and for which the next three steps have blue advance
by one, then red advance by one, followed by blue advancing one. We will

further prove that there exists Cy (independent of £) such that
@ < Cot*rgy. (7.14)

The claimed inequality then follows from (7.13), (7.14), and the partitioning
P(Y 2 k) = Yi ar-
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To prove (7-14), notice that by inserting ¢ — 2 fall steps right before the
final upward step of each path in v € T'y, we obtain a path 4 € T'y (see
Figure 7.3). Since the paths v and 4 agree for the first 2k — ¢ — 2 steps, we

have from (7.17)

_ a(?) .

q(v) = T2 At i) 1" 7) (7.15)
(42 +p)(1+A+20) T A
T I+ )+ ((—1)p) ‘I(”_Hg <1+1+Z-p)~ (7.16)

Rewriting as a sum and using integral bounds, one can verify that
-2 A
H (1 + ) < Clg)\/pa
1+1p

=3

for some C that depends on A and p. This gives ¢(v) < Col*?q(7). Thus,
qe < Xver, COE)‘/pq(’y). If we restrict to paths v € I'y, the map v — 7 is

injective and hence

@ < Y. CotMrg(3) < CotMP 37 q(7) = ColMPgo.
Y€y v€l's

This yields (7.i4) and completes the lemma. O

7.3 Properties of weighted Catalan numbers

7.3.1 Preliminaries

Given a sequence (¢ )n>0, define the formal continued fraction

C
Klco,er,.. ] = —— (7.17)
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IK

0 8 14

Figure 7.3: Let k = 7. The black line with dots is a path v € I's. The
blue line with stars is the modified path 4 € I'y. The red line
with pluses is the extension of 4 to a jump chain in fR7.

The ¢; may be fixed numbers, or possibly functions. Also, whenever we
write x we mean a nonnegative real number, and z represents an arbitrary
complex number.

The discussion in [73, Chapter 5] tells us that, for general weighted

Catalan numbers, g(z) := 352, Cy*"2* is equal to the function
f(z):=K[l,a0z,a12,...] (7.18)

for all |z] < M, where M is the radius of convergence of g centred at the
origin, and a; = u(j)v(j). M is the modulus of the nearest singularity of g

to the origin, or by the Hadamard-Cauchy theorem

1
M = . 7.19
lim supy,_, o (Cp")1/k (7.19)

Let u(j) and v(j) be as in (7.4) so that, unless stated otherwise, we have

A

T+A+G+Dp)A+A+ (G +2)p) (7.20)

a; =

When necessary, we denote the dependence on A and p by f ,.
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7.3.2 Properties of f and M

Our proof that f is meromorphic relies on a classical convergence criteria

for continued fractions [165, Theorem 10.1].

Theorem 7.3.1 (Worpitzky Circle Theorem). Let ¢j: D — {|w| < 1/4} be

a family of analytic functions over a domain D C C. Then
K[1,¢0(2),c1(2), .- ]

converges uniformly for z in any compact subset of D and the limit function
takes values in {|z —4/3| < 2/3}.

Corollary 7.3.1. If p > 0, then f is a meromorphic function on C.

Proof. We will prove that f is meromorphic for all z € A = {|z] < 7o}
with 79 > 0 arbitrary. Let h;(z) := Kla;z,aj41%,...] be the tail of the
continued fraction so that f(z) = K[1,a0z,...,aj-12, hj(z)]. Since p > 0
we have |aj| | 0 as j — oo. It follows that for some j = j(rg) large
enough, |agz| < 1/4 for all k > j and z € A. Theorem 7 .31 ensures that
|hj(z)| < oo and the partial continued fractions K|a;z, ..., a,z] are analytic
(again by Theorem 7.3.1) and converge uniformly to h; for z € A. Thus, h;
is a uniform limit of analytic functions and is therefore analytic on A. We
can then write f(z) = K[1,a0z2,...,aj-1%, h;j(2)]. Since each a;z is a linear

function in z, f is a quotient of two analytic functions. O

Next we show that the exponential growth rate of the C’,;\ * responds

continuously to changes in p.

Lemma 7.3.2. Fiz A > 0.

(i) Fiz p> 0. Given 0 < p/ < p, there exists € > 0 such that

CM(1+ ek <o (7.21)
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(it) Fiz p > 0. Given € > 0, there exists a 6 > 0 such that for p' €
(p—0,p+0)

(1-é)f < g];w’ < (1+ ) (7.22)
k

(iii) If p = 0, then given € > 0, there exists a § > 0 such that for p' € [0, )
it holds that

1<

Cp” N
L <(1+e) (7.23)

k

Q

Proof. Let v be a Dyck path of length 2k. From the definition of C,i"p , we
have w(7y) is a product of some combination of exactly k of the a; terms.
Let ag be the weights corresponding to p’. It is a basic calculus exercise to
show that, when p’ < p we have the ratio a;- /a; > 11is an increasing function
in j. Let ay/ap = 1+ €. Using the fact that w() and w’() have the same
number of each weight, we can directly compare their ratio using the worst

case lower bound

(14 F = (ah Jag)* < 0. (7.24)

Cross-multiplying then summing over all paths v gives (i).
Towards (ii), suppose 0 < p' < p. Then we have 1 < a}/a; < (p/p)2.
Choose 01 such that (p — d1)/p = /1 — €/. Using the same logic as above,

we have for p’ > p — §; that

(1 _E/)k < </:>2k < w(’Y) < 1k < (1_‘_6)@

Now suppose 0 < p < p'. Choose d2 such that (p+ d2)/p = /1 + €. Then,

following the same steps as above, we see that for p’ < p + do
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(1-&)F < (1)

IN

w(y) _ <Z>% < (1t

The same reasoning as with (724) and choosing 6 = min(d;, d2) gives (ii).

We now prove (iii). Notice that C,i"o = Cr(M/(14X)?)* with Cy, the kth
Catalan number, since the transition probabilities at (7-7) for the associated
jump chain are homogeneous when p = 0. By Lemma 7.2.1, we have for a
fixed € > 0 and the bound Cj, < 4%, there exists a p/ > 0 such that

01?70 Cr(N/(1+ )\)2)k B C,. 4 &
- cp” : A—akN/(1+12)F  (@-oF = (4_g> . (7.25)

Choosing € such that 4/(4 — €) = 1 + ¢’ and letting § be small enough so
that (7.25) holds for all p’ < §, we obtain an identical bound to the one in
Lemma 7 32 (ii) but for p’ € [0, 9).

O

Lemma 7.3.3. M is a continuous strictly increasing function for p € [0, c0)
satisfying M(0) = (1 + \)2/(4)).

Proof. First note that for any p, M(p) < (ag)™! < co. This is because
C’,;\ ? > w(y) = (ag)* where 7y is the Dyck path consisting of k alternating
rise and fall steps.

That M is increasing follows immediately from the fact that the C,i"p
are decreasing in p. To see that M is strictly increasing we use Lemma 7.3.2
(i) in combination with the definition of M at (7.19). Indeed, the lemma

implies that for any 0 < p’ < p there exists a § > 0 such that

M(p) = . < ! _ M)
limsupkﬁoo(C,i"p/)l/k T (1+94) limsupkﬁoo(q;\vp)l/k 146

So M is strictly increasing.
To show continuity for p > 0, we use (7.19). Fix p > 0 and ¢ > 0. Let
¢ =¢/M(p) and let § > 0 be as in Lemma 732 (ii). For p’ € (p —d,p+ 0)

we have
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Using the bound in Lemma 737 (ii) results in

M(p')
M(p)

Simplifying, then replacing out € gives |M(p') — M(p)| < e. Thus, M is

\p 1/k Mo \p 1/k
lim inf % < () < lim sup % .
Ck 7p Ck ’p

1-€< <1+¢€.

continuous at p > 0. Continuity for p = 0 uses a similar argument along
with Lemma 737 (iii). The explicit formula for M (0) comes from the
formula C’l;\ P = CL(A\/(1 4+ A)?)¥ and the fact that the generating function

for the Catalan numbers has radius of convergence 1/4. O]

Lemma 7.3.4. If A € A then there exists a unique value pg > 0 such that
M(pg) = d; Moreover, if X ¢ A, then M > d for all p > 0.

Proof. Fix A. To signify the dependence on p, let g,(z) be the generating
function of the C,i"p . Using the continuity and strict monotonicity of M in
Lemma 7.3.3, to show the first statement, it suffices to prove that g,(d) < oo
for p large enough, and that go(d) = co. It is easy to see that if p > A(d—1)
then the branching process of red spreading with no blue particles has finite
expected size, and thus g,(d) < oo for such p.

Using the formula for M (0) from Lemma 7.3 3 and rearranging, we can
see that when p = 0, M < d whenever \d/(1 + A\?) > 1/4. The set of \ for
which this occurs is by definition A. Therefore, go(d) = oo, proving the first
claim. The claim that M > d for A ¢ A, follows from Lemma 73 3. The
explicit formula for M (0) is easily shown to satisfy M (0) > d, and since M
is increasing, this inequality holds for all p > 0. O

Our next lemma requires a old theorem from complex variable theory

(see [69, Theorem IV.6] for example).

Theorem 7.3.5 (Pringsheim’s Theorem). If f(z) is representable at the
origin by a series expansion that has non-negative coefficients and radius of

convergence M, then the point z = M is a singularity of f(z).
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Lemma 7.3.6. Let p > 0. Then, M < d if and only if g(d) = oc.

Proof. We first note that the implication “M < d implies g(d) = co" as well
as the reverse direction “g(d) = oo implies M < d" both follow immediately
from the definition of the radius of convergence. It remains to show that
M = d implies g(d) = oo. Corollary 731 proves that f is a meromorphic
function. Since g = f for |z| < M, f(x) > 0 for z € (0,d), and Theorem 7 35

gives z = d is a pole, we have for x € R that

O]

Remark. CE and CED differ in their behaviour at A\ = X\_ (see Theo-
rem 71.2). In particular, the argument that g(d) = oo when M = d does
not apply to CE. Why is this the case? The difference is that when p = 0,
we cannot use Corollary 7 3°1. Instead, we can write o closed expression for

the function:

[%S) 00 k 2
S M A o LT BTN
9(2) g) k kz:% k<(1+>\)2) 2z

we find that g has a branch cut rather than isolated poles. [69, Theorem

IV.10] ensures that the growth of the C,i"pg is determined by the orders of
the singularities of f at distance M = d. Formally,

Cpte = 3" a;Fmi(k) +o(d ") (7.26)

ovj|=d

where the o are the poles of f at distance d and the m; are polynomials with
degree equal to the order of the pole of f at a; minus one. When evaluating

at the radius of convergence M = X\_, this gives a summable pre-factor of
k=312 in (7.26).
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7.4 M and CED

The main results from this section are that for A € A we have p. = pg and
that P(B) is continuous at pg. The lemmas in this section will also be useful

for characterizing the phase behaviour of CED.
Proposition 7.4.1. For A € A it holds that pg = pe.

Proof. Lemmas 745 and 746 give that whenever A € A we have p; =
inf{p: Py ,(B) = 0}, which is the definition of p.. O

Lemma 7.4.2. M > d if and only if E|B| < cc.

Proof. Letting Y be as at (7.5), we first observe that

E|B =Y P(Y =k)d" > > P(Ry)d" = g(d).
k=0 k=1
Hence E|B| < oo implies g(d) < oo, which gives M > d by Lemma 7 3 6.

For the other direction, using the comparison in Lemma 7.2.2 gives

E|B| = Z P(Y =k)d" <1+ Z CE" MNP p(Ry,)dF. (7.27)
k=1
Lemma 7.3.3 tells us that M is continuous and since M > d, the sum on

the right still converges with the polynomial prefactor. O

Call a vertex v € Ty a tree renewal vertex if at some time it is red, the
parent vertex is blue, and all vertices one level or more down from v are
white. Note that this definition of renewal is a translation one unit left of
the definition of renewals in the CED™. This makes it so each vertex at
distance k from the root is a tree renewal vertex with probability P(Ry).
We call a tree renewal vertex v a first tree renewal vertex if none of the non-
root vertices in the shortest path from v to the root are renewal vertices.

Let Z be the number of first tree renewal vertices in CED.

Lemma 7.4.3. EZ > 1 if and only if g(d) = oc.
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Proof. Using self-similarity of T4, the number of renewal vertices is a Galton-
Watson process with offspring distribution Z. Since each of the d* vertices
at distance k have probability P(9Ry) of being a tree renewal vertex, the
expected size of the Galton-Watson process is g(d). Standard facts about

branching processes imply the claimed equivalence. ]
Lemma 7.4.4. If A\ € A and p = pgq, then EZ < 1.

Proof. Since M is strictly increasing in p (Lemma 7.3.3) we have M > d for
p > pq and, so, Lemma 7.4 3 implies that EZ < 1. Let %) be the event
that a fixed, but arbitrary vertex at distance k is a first tree renewal vertex.

Fatou’s lemma gives

By, 7 = Zd Py, (9R%) de llf)n;?fIP’(%’) (7.28)
k=1 k=1

< hmmfz d"P(R},) = hmlnfE)\ pZ <1
plea 1 —

(7.29)

To see the second equality, notice that P(9R)) is continuous in p at pg, as Rj,
consists of finitely many jump chains.
O

Lemma 7.4.5. If A\ € A and p < pg, then P(B) > 0.

Proof. 1t follows from Lemmas 7 3.3 and 7.4 3, along with the easily observed
fact that EZ is strictly decreasing in p that EZ > 1 for p < pg. Thus,
the embedded branching process of renewal vertices is infinite with positive
probability. As |B]| is at least as large as the number of renewal vertices, this
gives P(B) > 0. O

Lemma 7.4.6. If A\ € A and p = pg, then P(B) = 0.

Proof. The probability blue survives along a path while remaining at least

distance L > 0 from the most distant red site from the root for k consecutive
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steps is bounded by the probability none of the intermediate red particles
die, a quantity which is in turn bounded by:

1+ k
(1+>\+L,o> : (7.30)

Choose Lg large enough so that (7.30) is smaller than (2d)~*. Let Dy (v)
be the event that, in the subtree rooted at v, the front blue particle moves
from vertex v to a vertex at level k without ever coming closer than Lg to
the front red particle. Applying a union bound over all vertices at distance
k from v and the estimate (7.30) we have P(Ujy—Dk(v)) < 27%. As these
probabilities are summable, the Borel-Cantelli lemma implies that almost
surely only finitely many Dy occur.

On a given vertex self-avoiding path from the root to oo, let By (re-
spectively, R;) be the distance between the furthest blue (respectively, the
furthest red) and the root. In order for B to occur there must exist a path
such that B; — R; = m infinitely often for some fixed m < Lg. Suppose
B, — R; > m for all times and B; — R; = m infinitely often. Self-similarity
ensures that the vertices at which By — R; = m form a branching process.
Using monotonicity of the jump chain probabilities at (7.7), this branching
process is dominated by the embedded branching process of renewal vertices
(i.e., when m = 1). Lemma 7 4 4 ensures that the embedded branching pro-
cess of renewal vertices is almost surely finite (since it is critical), and thus
for each fixed m < Lg the associated branching process is also almost surely
finite. As blue can only reach infinitely many sites if either infinitely many
Dy, occur, or one of the m-renewing branching processes survives, we have

P(B) =0. O

7.5 Proofs of Theorems 7.1.1, 7.1.2 , and 7.1.3
Lemma 7.5.1. If A € A then p. < pe.

Proof. Consider the function

fu\) = % <\/(32d+2))\+)\2+1—3)\—3>.
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In the proof of Theorem 7.1 3, we verify that p. < fy(A). One can further
check that fy(\.) =0 = fy(A\l) are the only zeros of fy, so that fiy(A) >0

for A € A. Moreover, we have

pe—fU()\):)\(d—l)—i<\/(32d+2))\+)\2+1—3/\—3>.

Some algebra gives p. — fuy(A) = 0 is equivalent to solving —8 + A\(8d + 8) +
A2(8\ — 16)A2%) = 0, which has no real solutions for d > 2. As p. — fuy()) is
continuous in A and positive at any choice of d > 2 and A, we must have
pe — fu(A) > 0. We thus arrive at the claimed relation p. < fy(A) < pe. O

Proof of Theorem 7.1 i. First we prove that p. = A(d — 1). In CED on 7y
with no blue particles present, red spreads as a branching process with mean
offspring dA/(A\ + p). This is supercritical whenever p < A\(d —1). It is easy
to see that P(R) > 0 for such p, since with positive probability a child of
the root becomes red, then the red particle at the root dies. At this point,
blue cannot spread, and red spreads like an unchased branching process.
Since the red branching process is not supercritical for p > A(d — 1), we
have P(R) = 0 for such p, which proves that p. is as claimed.

Now we prove (i). Suppose that A € A. Lemma 734 and Proposi-
tion 741 ensure that p. > 0, and Lemma 751 implies p. < A(d — 1) = pe.
For 0 < p < p., Lemma 7.4 5 implies that coexistence occurs with positive
probability. For p. < p < pe, Lemma 746 and Lemma 745 imply that
P(B) = 0, but the red branching process survives so P(R) > 0. Thus,
escape occurs. For p > pe, red cannot survive in CED with no blue, so
extinction occurs.

We end by proving (ii). Suppose that A ¢ A. By Lemma 7 34 we have
M > d for all p > 0. It then follows from Lemma 747 that F|B| < co and
so P(B) = 0 for all such p. Similar arguments as in (i) that only consider
the behaviour of red after it separates from blue can show that the escape

and extinction phases occur for 0 < p < p. and p > p., respectively. O

Proof of Theorem 7.1.2. Lemma 7.3.3 and Proposition 7.4.1 give that p > p,
implies M > d, which, by Lemma 7 42, implies that E|B| < co. This gives
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(i). The claim at (ii) holds because Lemma 7 3 4 and Proposition 7.4 1 imply
that M = d when p = p.. Lemma 7 36 gives that M = d implies g(d) = oco.
Since E|B| > g(d), we obtain the claimed behaviour. O

Proof of Theorem 7.1 3. Define the functions

(\/(8d+2)A+A2+1—3A—3),

(\/(32d+2))\+)\2 +1 —3)\—3) .
We will prove that

fL(X) < pe(A) < fu(N). (7.31)

Upon establishing this, it follows immediately that for large enough d we
have cvd < Pe < CVd for any ¢ < /A/2 and C > V2.
On a given path from the root, the probability that red advances one

vertex and then blue advances is given by

A
L+ X+ p)(1+A+2p)

b= (7.32)
(

For each vertex v at distance k from the root, let G, be the event that

red and blue alternate advancing on the path from the root to the parent

vertex of v, after which red advances to v, and then does not spread to any

children of v before the parent of v is coloured blue. Letting

A 1
Tl At pltrd 2

(7.33)

it is easy to see that P(G,) = cp*~!. A renewal occurs at each v for which
G, occurs. It is straightforward to verify that pd > 1 whenever p < fr(\).
Accordingly, we can choose K large enough so that ep®X~1d® > 1, and thus
the branching process of these renewals is infinite with positive probability,
which implies that P(B) > 0.

To prove the upper bound we observe that monotonicity of the transition
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probabilities at (7.7) in j ensures that the maximal probability jump chain
of length 2k is the sawtooth path that alternates between height 1 and
height 2. This path occurs as a living jump chain with probability p* with
p as in (7.37). As this is the maximal probability jump chain of the Cj
many Dyck paths counted by My, we have g(d) < 352, Cpp¥d*. The radius
of convergence for the generating function of the Catalan numbers is 1/4
with convergence also holding at 1/4. Thus, when p is large enough that
pd < 1/4, we have g(d) < co. Lemma 736 and Lemma 747 then imply
that E|B| < oo and so p > p.. It is easily checked that the above inequality
holds whenever p > fy(A). Thus, p. < fu(N).

O

7.6 Proof of Theorem 7 14

Recall our notation for continued fractions at (7-17). In this section we use
the definition of a; at (7.20) and also define b; := a;d. The following lemma
shows that the nested continued fractions in the definition of f at (7 i8) are

decreasing when z = M.
Lemma 7.6.1. K[a;M,a;41M,...] < Kla;-1M,a;M,...] for alli> 1.

Proof. Let fi(z) = Kla;x,ait12,...]. Since the f; are analytic for x < M,
we must have f;j(z) < 1 for all x < M (otherwise f would have a singularity
with modulus smaller than M). For any fixed n we can the use monotonicity
of K when we change the entries of K one by one and use the fact that

a; < a;j_1 for all 7 > 1 to conclude that
Klajx,aip1x, ... apz] < Kla;—12, 0,7, aj427, . . ., ap_12]. (7.34)

Taking the limit as n — oo gives fi(x) < fi—1(z) for all x < M. Letting

x T M, these inequalities continue to hold. ]

Note that since f(z) has a pole at M and f;(M) < fi_1(M), we must
have that fo(M) =1 and f;(M) < 1 for all ¢ > 0.
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Proof of Theorem 7.1.4. When p = p,, it follows from Proposition 7.4 1 and
Theorem 7 35 that a pole of f occurs at z = d. Let K(\, p) = Kby, b1, .. .].
Due to Lemma 761 and the equality f(z) = (1 — K[apz,a1z,...])"}, the
singularity at z = d occurs as a result of K (A, pc(A)) = 1.

We can use a similar argument as in Corollary 730 to view f as a
meromorphic function in the complex variables A, p and z. Thus, when
fixing z = d and considering A and p as nonnegative real numbers, the
function K(X,p) = fi,(d) is real analytic. Moreover, since K is easily
seen to be strictly decreasing in p, we have 0K/Jp # 0 at (A, pc(N)). As
K(\ pe(N\)) =1, and K is infinitely differentiable, it follows from the implicit
function theorem that p.(\) is smooth. O

7.7 Proof of Theorem 7 15

We begin this section by describing lower and upper bounds on C’,i"p . These
are easier to analyze than C’,? # and lend insight into the local behaviour
of p.. In particular, we obtain if and only if conditions to have p < p.
(Lemma 7.7.1) and p > p. (Lemma 7.7.3). We use these bounds to prove

Theorem 7.1 4.

7.7.1 A lower bound on C,”

The idea is to assign weight 0 to rise and fall steps above a fixed height

m > 1. Accordingly, we introduce the weights

804) = {um, jEmo o {v<j>, j<m -

0, j>m 0, j>m

Here u(j) and v(j) are as in (7 4). Let CA',?’p be the corresponding weighted
Catalan numbers. Since 4(j) < u(j) and 9(j) < v(j) for all j, we have
CYr <oy,

Let gm(2) = Y52 C’,;\ #2F. The truncation ensures that

A

gm(z) = K[1,a0z,...,anz]
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is a rational function with radius of convergence M > M. Note that M
depends on A, p and m. For nonnegative real values x we have §,,(z) <
Im+1(z). It follows from the monotone convergence theorem that g,,(x) —
g(z) as m — oo and thus

lim M = M. (7.36)

m—r0o0

Lemma 7.7.1. p < p. if and only if K[b;,...,by] > 1 for some m > 1 and
0<t<m.

Proof. Suppose that p < p.. Lemma 7.3.3 and Proposition 7.4.1 imply
that M < d. By (7.36), we have M < d for a large enough choice of m.
Since g, (z) is a rational function, its singularities occur wherever one of the
partial denominators 1 — Kfa;x,...,anx] = 0. Let i* be the largest index
such that there is xy < d with

1 — Klagxo, ..., amzo] = 0.

Since ¢* is the maximum index for which the equation above holds, we

have Klajz,...,amz] < 1 for all j > i* and € (xo,d). This ensures
that Kla;<x,...,anz] does not have a singularity and hence it is a strictly
increasing function for x € (xg,d). Thus, K[b;x,...,by] > 1.

Suppose that K[b;,...,by,] > 1 for some m > 1 and 0 < i < m. This
implies that §,, has a singularity of modulus strictly less than d. Thus,
M < d. Since M < M, Lemma 7.4 5 implies that p < Pe. O

7.7.2 An upper bound on C;"*

Since u(j) and v(j) are decreasing in j, we obtain an upper bound by assign-
ing weight u(m) and v(m) to all rise and fall steps above height m. More

precisely, set

{UU% TSmO {v(j)’ e (7.37)

U(m)a j=zm
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Let C’,? # be the weighted Catalan number using the weights % and 9.
Also, let § and M be the corresponding generating function and radius of
convergence. Since u(j) < a(j) and v(j) < 0(j) for all j > 0, we have
C’,;\ P < C’,i"p for all £ > 0. It follows that the corresponding generating
functions and radii of convergence satisfy g(z) < §(z), and M > M.

There is a finite procedure for bounding M. We say that the function
K[1,co,c1,...,ck) is good if all of the partial continued fractions are smaller
than 1:

cp <1, Kleg_1,c6] <1, -+, Kleg,...,cp] <1 (7.38)
Define the continued fraction
Kp(z) == K[1,a0z, ..., am—2T, Gm-_12¢(amx)] (7.39)

where ¢ (z) = K[1,z,x,...] is the generating function of the usual Catalan
i

numbers. By (7.1%), so long as & < M we have

We now prove that when a partial continued fraction is good, it is good

in a neighbourhood.

Lemma 7.7.2. If K[c] := Klcg,c1,...,ck| is good, then there exists an
€ > 0 such that K[€] := K|¢,C1,...,Ck| is good when ¢; < c;(1+¢€) for all
i=0,... k.

Proof. 1f K|c| is good, then each partial fraction in (7 .3%) is < 1. Note that
each of those partial fractions is a decreasing function of the ¢; which appear
in the fraction. Therefore, if ¢; < ¢;, K[€] is good. Since the inequalities are
strict and K[c] is continuous in each c¢;, we can extend to have K[¢] good
for all ¢; < (1 + €)c; where € is chosen small enough so that none of the

partial fractions in (7-3%) equal 1. O

Lemma 7.7.3. p > p. if and only if by, < 1/4 and K,,(d) is good for some
m > 1.
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Proof. Suppose that p > p.. Then Lemma 733 and Proposition 7.4 1 say
that ¢g has radius of convergence M > d. For |z| < M, we write

g(Z) = K[17 apz, . ..,am—2%2, amflzgm(z)] (740)

with g, (2) == K[1,amz, am+12, - . .] the tail of the continued fraction.
Because M > d, gm(d) < oo, we can see, using a quick argument by
contradiction, that g(d) is good. Suppose that one of the partial fractions in
(7-3%) is strictly larger than 1. But because these finite continued fractions
are continuous in the inputs, this would imply that there is a singularity at
some |z| < d, contradicting the fact that M > d.
As the continued fraction representation of g(d) is good, we then apply

Lemma 777 to say that there exists an € > 0 such that
K[1,bg,...,bm—2,bm—-19m(d)(1 + ¢€)] (7.41)

is also good. Notice that ¥ (am,x) > gm(z) > 1 by definition. Since |an,z| — 0
as m — 0o, we can use the explicit formula for ¢ to directly verify that
Y(amz) — 1 as m — oo. Choose m large enough so that b, < 1/4 and
Y(bm) < 1+ €. Then ¢(by,) < (14 €)gm(d) and it follows from (7.41) that
K, (d) is good.

Now, suppose that b, < 1/4 and K,,(d) is good for some m > 1. Our

definitions of @ and ¥ ensure that we can write
K1, amx,ami1z,...| = K[l apz, anz, . ..] = Y(ant)

for all  with a,,x < 1/4. Since b, = a,,d < 1/4, this ensures that this is true
for all z < d(1 + €') for some ¢ > 0. Similar reasoning as Corollary 7 3.1
then gives K, is a meromorphic function for |z| < d(1 + €). Moreover,
Theorem 7 3.5 ensures that the first pole occurs at the smallest x for which
some partial continued fraction of K, is equal to 1. By Lemma 772, K,,(d)
being good implies that there exists 0 < € < ¢ such that K,, is good for all
x < d(1 + €). Hence, there are no poles of K,, within distance d(1 + ¢) of
the origin. It follows that § = K, for all such z, and thus M > d(1 + e).
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Since M > M, we have M > d. This gives p > p, by Lemma 749 and
Proposition 7.4_1.
O

7.7.3 A finite runtime algorithm

Proof of Theorem 715, Suppose we are given p # p.. Lemmas 771 and
773 give a finite set of conditions to check whether p < p. or p > pe,
respectively. To decide which is true, we increase m and the algorithm

terminates once the conditions holds. O
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Chapter 8

Conclusions

We finish with a summary of the contributions in this work and further

research directions.

8.1 Contributions

We divide this discussion between the two main topics in this dissertation.

8.1.1 Uniform spanning trees

In Chapter 5, we show that the scaling limit of the UST on Z? exists in the
space of measured and rooted spatial trees. Let I/ be the uniform spanning
tree on Z3, let dy; denote the intrinsic metric on U, let iy be the counting
measure on U and let ¢y : U — R? be a continuous map defined as the
identity on the vertices of U and a linear interpolation between its edges.
Recall that we write 8 for the growth exponent of the loop-erased random

walk. Theorem 5 1 1 shows that, if Py is the law of
U, 67 dy, 6%y, Sur).- (8.1)
then the collection (Pjs) o) is tight. Moreover,

U, 27y, 2773 g, 27" )
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converges to (T, dr, ur, ¢7) as n — 0o, with respect to a type of Gromov-
Hausdorff topology, as defined in Section 5.7. To our knowledge, this is the
first result on scaling limits for three-dimensional uniform spanning trees.
The techniques used to prove Theorem bH 1 1 are also useful to study
geometric properties of the limit space. If (7,dr) is the scaling limit of

uniform spanning trees on Z3, in Theorem 512 we prove that
(i) the tree (T,dr) is one-ended;
(ii) the Hausdorfl dimension of (7, dr) is df = 3/p;

(iii) the Schramm distance is a well defined metric on 7 and it is topolog-

ically equivalent to the intrinsic metric d7.

Theorem 5.1 2 also states upper and lower matching bounds for the measure
of the intrinsic balls of (7,d7). Theorem 51 i has consequences on the

simple random walk defined over the uniform spanning tree. In particular,

(i) we find exponents of the simple random walk in terms of 8 (see The-

orem h 1.3 and Corollary b1 1);

(ii) the annealed law of the simple random walk on ¥/ is tight under rescal-

ing (see Theorem h 1.4); and

(iii) we obtain kernel estimates for any diffusion that arises as a scaling

limit (see Theorem h i 4).

The general technique Chapter b also serves to study macroscopic proper-
ties of the uniform spanning tree. Let us denote by Us the uniform spanning
tree on §Z3. By a spanning cluster, we refer to a connected component of

the uniform spanning tree intersecting two opposite faces of the unit cube

[0,1]3. Theorem 6 i i states that the number of spanning clusters of U is
tight as 6 — 0.
Theorem 6.1 1 verifies a conjecture by Benjamini [2%]. For models below

its critical dimension, we expect to have tightness on the number of generat-
ing clusters, whereas it grows to infinity on high dimensions. This behaviour

has been verified, in all dimensions, only for uniform spanning trees. The
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affirmative answer that we find for USTs supports the corresponding con-

jecture for percolation on Z¢ with d < 6 (see [3]).

8.1.2 Competitive growth process

Chapter 7 introduces a novel competitive growth process, chase-escape with
death (CED). 1t is a natural generalization for predator-prey competition
models.

Chase-escape with death is a competitive growth process on a graph G.
It resembles the behaviour of predators and prey, including the possibility
of prey dying for reasons unrelated to the predators. We define chase-escape
with death as an interacting particle system with local state space {w, r, b, 1}.
We call these states white, red, blue, and dead, respectively. We also refer to
red and blue as particles. White states indicate vacant sites. Predators, prey,
and dead prey may occupy these sites as time advances. A red site indicates
the presence of prey, blue is the colour for predators, and { corresponds to a
dead site. In the initial configuration, a red particle occupies one vertex, a
blue particle occupies a neighbour vertex, and the rest of the graph is white.
Red particles spread to adjacent white sites according to a Poisson process
with rate A. Meanwhile, blue particles overtake adjacent red particles at
rate 1. Red particles die, and turn to a death state, at an independent rate
p. Once a site reached a dead state, it stays dead for the rest of the process.

Depending on the parameters A and p, the process reaches either a finite

or an infinite number of vertices.

(i) Coexistence phase: both particle types occupy infinitely many sites

with positive probability.

(ii) Extinction phase: both types occupy only finitely many sites almost

surely.

(iii) Escape phase: red particles occupy infinitely many sites with positive
probability, but blue particles reach a finite number of vertices almost

surely.
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extinction

escape

~--7  coexistence R

AT by At

Figure 8.1: The two-dimensional phase diagram with d fixed. The
horizontal axis is for values of A and the vertical axis is for
values of p. The dashed black line depicts p. and the solid black
line pe.

In Chapter 7, we analyse CED when the underlying graph G is a d-ary
tree Ty. The main result was Theorem 7 i 1. It states that, for fixed A within
an explicit interval A, there exists an interval of death rates [p., pe) where
the escape phase occurs. Coexistence occurs for p € [0, p.) and extinction for
p > pe. If A & A, then the process transitions between escape and extinction
phases. We obtain a characterization of the phase diagram for the spreading
parameter A\ and the death rate p (see Figure X.1).

In Theorem 7.1 .7, we analyse the behaviour at criticality of the average
growth of blue particles. If p > p., then the expected number of sites that
are ever coloured blue is finite. If p = p, this expected value is infinite.

A closed formula is not available for p., but Theorems 7. 1.3, 7.i.4 de-
scribe the behaviour of this critical parameter. For large d, p. =y V/d.
Moreover, as as function of A € A, p. is a smooth function. We can approx-

imate the graph of p, with an algorithm proposed in Theorem 7 i 5.

8.2 Future directions

The common obstacle for addressing open problems on three-dimensional

uniform spanning trees and chase-escape models is a lack of tools. Three-
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dimensional models in statistical mechanics lack properties available in two
dimensions, such as conformal invariance and planarity. The results in two-
dimensions guide conjectures, but the proofs will require new methods. The
situation is similar for chase-escape. We have results for chase-escape and
chase-escape with death on N and trees Ty, and N x {0, 1}. However, chase-
escape on Z2 seems out of reach.

In general, obstacles for solving a mathematical problem maintain the
vitality of our science. At first, one may regret the failure of a known
technique. But this momentarily defeat demands creativity for a deeper
understanding of the problem in hand. Following this spirit, we conclude
this thesis with a collection of problems that are not resolved in this work

but stimulate further research.

8.2.1 Uniform spanning trees

One the main tools to analyse uniform spanning trees and forests is Wilson’s
algorithm. As we have seen in this work, questions on uniform spanning
trees get an answer after their analogue finds a solution for loop-erased
random walks. The problems that we present here follow this direction and

correspond to properties of the loop-erased random walk.

Characterization of the scaling limit of the LERW on Z*

Let K be the scaling limit of the loop-erased random walk on Z3 started at
the origin and stopped at its first exit from the unit ball. Kozma proved the
existence of IC in [107], but a construction of K without passing through the
limit is missing. In [i4%], Sapozhnikov and Shiraishi compared the traces
of K, Brownian motion, and a Brownian loop-soup. Denote by B the trace
of Brownian motion from the origin to the boundary of the unit ball. Let
BS be the Brownian loop soup [i20], and let £ be the set of loops of BS
intersecting IC. If we set
K=KuUL,

then B is equal in law to K [14%].

Question 8.2.1. Does the law 0fl€ determine the law of IC?
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Universality of the scaling limit of the LERW

We have a good understanding of the scaling limit of the loop-erased random
walk in the planar case. For any planar graph where the simple random walk
converges to Brownian motion, the LERW converges in the scaling limit to
SLE(2) [i7i]. In contrast, we know little on the three-dimensional scaling

limit.

Question 8.2.2. Let G be a periodic three-dimensional graph different to
Z3. Prove the existence of the scaling limit of the LERW on G.

8.2.2 Competitive growth models

We already presented an intriguing open question for chase-escape on Z?
in Conjecture 4.5.6. The simpler version of the conjecture of Kordzakhia

Martin is also open.

Question 8.2.3. Does there exist a graph non-oriented G for which the

critical parameter on chase-escape is \e(G) < 17

Natural starting points for Question 82 3 is a binary tree with one edge
added. Such an edge creates a cycles. On a different direction, we can
consider Question 8 23 on Cayley graphs, such like Z x Z x Z/3 or Z x 7 x 7.2

The Birth-and-Assassination (BA) process is the scaling limit of chase-
escape on a d-ary tree. Aldous and Krebs defined the BA process process
in [%]. Bordenave proved this convergence, in the scaling limits, for the
rumor-scotching process on trees [34]. The equivalence between the rumor-
scotching process chase-escape, on d-ary trees, extends the result to the
latter. A natural question is the nature of the scaling limit on other graphs
at criticality. Simulations in [164] indicate that such limit exists for Z? at
A=l

Question 8.2.4. Does the chase-escape process at criticality on a graph G

converge to a scaling limit? Does there exist a scaling limit for chase-escape
with death?
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