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Abstract

We prove several theorems concerning random walks, harmonic functions, percolation, uniform
spanning forests, and circle packing, often in combination with each other. We study these mod-
els primarily on planar graphs, on transitive graphs, and on unimodular random rooted graphs,
although some of our results hold for more general classes of graphs. Broadly speaking, we are
interested in the interplay between the geometry of a graph and the behaviour of probabilistic
processes on that graph. Material taken from a total of nine papers is included. We have also

included an extended introduction explaining the background and context to these papers.
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Lay Summary

There is a deep and well-developed connection between the geometry of a space and the way
probabilistic processes behave on that space. A classical example is given by a heavy particle (e.g.
a mote of dust) that moves randomly through space due to its bumping into a large number of
light particles (e.g., air molecules): The particle will move much faster in negatively curved spaces
than in flat space. In this thesis we continue to develop this connection in a discrete setting, where
our spaces are modeled by graphs. We prove several new results connecting the geometry of a
graph to the behaviour of random processes on it. We are particularly interested in random walk,
a discrete version of the random motion mentioned above, percolation, which models a random
porous material, and the uniform spanning forest, a probability model that is closely connected to

the theory of electrical networks.
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e Chapter [2| is adapted from the paper Critical percolation on any quasi-transitive graph of
exponential growth has no infinite clusters [129], of which I am the only author. This paper

was published in Comptes Rendus Mathematique in 2016.

e Chapter |3|is adapted from the paper Collisions of random walks in reversible random graphs
[133], by Yuval Peres and myself. Research was conducted as an equal collaboration, while I
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bility in 2015.

e Chapter 4] is adapted from the paper Wired cycle-breaking dynamics for uniform spanning
forests [127], of which I am the only author. This paper was accepted for publication in The
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e Chapter |5 is adapted from the preprint Interlacements and the wired uniform spanning forest
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Inventiones Mathematicae in 2016.
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by Yuval Peres and myself. Research was conducted as an equal collaboration, while I did
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e Chapter 10 is adapted from the preprint Uniform spanning forests of planar graphs [130], by
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e Chapter [1, the introduction, contains small amounts of the material from all the other chap-
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Chapter 1

Introduction

1.1 What is this thesis about?

This thesis is a collection of papers about discrete probability on infinite graphs. The central theme

can be summarised by the following question.

What does the geometry of a graph tell us about the behaviour of probabilistic processes on that
graph? Conwversely, what does the behaviour of probabilistic processes on a graph tell us about the

underlying geometry?

This question has formed an important strand of thought through modern probability theory
since its inception in the early 20th century. In this introduction, we will take a quick tour through
the highlights of this tradition. Some of the results of this thesis will be presented as we go, although
most of our own contributions will be presented towards the end. Our aim is to present some of
the main ideas underlying the field, and our own work, in a way that is hopefully accessible to a

general mathematical audience, without getting too much into technical details.

1.2 Random walks on graphs

A graph G = (V| E) is a set of vertices V' and a set of edges E. We think of vertices as points,
and of edges as curves, each of which is either a loop starting and ending at the same point, or
else joins two points together. (More formally, we have an incidence relation which assigns to
each edge either one or two vertices, which are the endpoints of the edge.) For simplicity, we shall
consider in this section only simple graphs, that have no self-loops and at most one edge between
each two vertices. A graph is connected if we can pass from any vertex to any other vertex by
moving across a finite sequence of edges. The degree of a vertex is the number of edges incident
to it. We will assume throughout that our graphs have countably many vertices and edges, and are

locally finite, meaning that all the degrees are finite.

The random walk on a graph is the process that, at each time n > 0, chooses an edge uniformly
at random from among those incident to its current location, independently from everything it has
done previously, and then moves to the vertex at the other endpoint of that edge. When we have
some graph in mind, we write p,(u,v) for the probability that a random walk started at the vertex

u of the graph is at the vertex v at time n.



1.2. Random walks on graphs

Perhaps the first important work in the tradition we describe was George Pdlya’s 1921 paper
[196], in which he proved the following theorem. We say that a graph is recurrent if the random
walk on the graph returns to its starting location almost surely (i.e., with probability one — we will
henceforth abbreviate this to a.s.), and transient if it has a positive probability never to return. It
is easy to see that the graph is recurrent if and only if the random walk returns to its starting point
infinitely many times a.s., and transient if and only if it returns to its starting point only finitely
many times a.s. The hypercubic lattice Z? is the graph whose vertices are d-tuples of integers,
and where two vertices are connected by an edge if they differ by exactly one in one coordinate and

have the same value in all other coordinates.

Theorem (Pélya 1921). The d-dimensional hypercubic lattice Z2 is recurrent if d < 2, and transient
if d > 3.
This theorem can be summarised by the following famous aphorism, attributed to Shizuo Kaku-

tani.

A drunk man will find his way home,

but a drunk bird may get lost forever.

Pélya’s proof of his theorem was computational in nature. By computing the moment generating
function of the location of the random walk at time n, Pdlya showed that the random walk on Z¢
satisfies

p2n(0,0) = n~42, (1.2.1)

On the other hand, it is easy to see that, for parity reasons, p,(0,0) = 0 for every odd n. This

estimate easily yields the theorem, since it is not hard to prove that the random walk on a graph

an(v, v) = 00

n>1

is recurrent if and only if

for some (and hence every) vertex v of G — note that this sum is exactly the ezpected number of
times the walk returns to v.

A drawback to this approach is that it relies heavily upon the symmetries of the lattice, and is
not very robust. For example, the argument breaks down rather seriously if we take some arbitrary
set of edges of Z¢ and replace each of the edges in this set with two edges in parallel with the
same endpoints. Besides this, it does not give us much insight into the geometric reasons that Z?2

is recurrent but Z3 is transient.

1.2.1 The Nash-Williams Criterion and electrical networks

The first major step towards a geometric understanding of the recurrence/transience problem was
the Nash-Williams Criterion [186], which gives a sufficient condition for recurrence in terms of
the isoperimetry of the graph. For each set of vertices W C V in a graph G, we write |W| =
> vew deg(v). We say that a set W is a cutset for v if every path from v to infinity must pass
through W.



1.2. Random walks on graphs

Theorem (Nash-Williams 1959). Let G be an infinite graph, let v be a vertex of G, and suppose

that there exists a disjoint sequence of finite cutsets W; for v such that

> Wit = oo

i>1

Then G is recurrent.

This theorem easily recovers Pdélya’s result in dimensions 1 and 2 by, for example, using the
cutsets W; = {—i,4} in Z and the cutsets W; = {(z,y) : |z| + |y| = i} in Z2.

Nash-Williams’s proof was based on the correspondence between random walks and electrical
networks, a tool which will be of great importance throughout this thesis. A detailed introduction,
covering everything we discuss in this subsection, can be found in [173, Chapters 2 and 3|. We can
think of a graph as an electrical network in which each edge contains a unit resistorﬂ Suppose
that we have such a network arising from a finite graph, and we attach the two ends of a battery
to two disjoint sets of vertices, A and B. Doing this will cause a current to flow through the
network. Mathematically, the current flow is a function 6 from the set of oriented edges of
the graph (that is, edges e together with a choice of one of the endpoints as the tail of the edge,
denoted e, and the other as the head of the edge, denoted e™) that is antisymmetric in the sense
that 0(e) = —60(—e) for every oriented edge e of G, where —e denotes the reversal of e. Given an

antisymmetric edge function 6 and a vertex v, we write V*0(v) for the sum ), _ 6(e).

Kirchoff’s laws of electrical networks [154] are as follows:

1. (The node law) For every vertex v of G, the sum V*6(v) of the currents along the oriented

edges emanating from v is positive if v € A, negative if v € B, and zero if v is not in A or B.

2. (The cycle law) If e, e9,..., e, form a cycle, a path from A to itself, or a path from B to
itself, then Y ", 6(e;) = 0.

In general, we call an antisymmetric edge function satisfying the node law a flow from A to
B. It is not hard to prove that, in a finite network, the antisymmetry condition and Kirchoff’s
laws determine the current flow up to a positive multiplicative constant. The strength of a flow is
defined to be the sum ) _, V*0(v), and we say that a flow is a unit flow if it has strength one.
We define the unit current flow from A to B to be the unique current flow from A to B that has

strength 1.
Given a function f : V — R, we define the gradient V f to be the antisymmetric edge function

Vie) = fle) = fle).

!We can also consider networks with arbitrary resistances, for which there is a corresponding random walk that
chooses which edge to travel along weighted by its conductance, that is, the inverse of its resistance.
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The basic connection between electrical network theory and random walks is that voltages (i.e.,
antiderivatives of currents) are hitting probabilities. Given a graph G, we write P, for the law of
the random walk started at v. For each set of vertices A, we write 74 for the first time that the

random walk hits A.

Proposition. Let f(v) = Py(15 < 74). Then the gradient V f is a current flow from A to B.

This is all well and good, but so far the electrical theory has not given us a useful way of
calculating anything. However, the theory becomes very useful once we introduce effective resis-
tances. The energy of an antisymmetric edge function 6, and the Dirichlet energy of a function
f:V =R, are defined by

1

§0)=5 3 0 amd (=5 3 (fle) - i) =&
eceE— ecE—

The effective resistance between two disjoint sets A and B in a finite graph is defined to be the
energy of the unit current flow from A to B, and is denoted Zeg(A <> B) (or Zen(A < B;G) if
the graph we are considering is not clear). Effective resistances are related to hitting probabilities

as follows. Write TX for the first time that the random walk hits A after time zero.
Proposition. Z(A <> B)™' =3 4 deg(v)Py(18 < 71).

In particular, the reciprocal of the effective resistance (a.k.a. the effective conductance)
between a single vertex a and a set B is exactly the multiple of deg(a) with the probability that

the random walk started at a hits B before it returns to a.

The reason this is so useful is that we have the following two variational principles for the

effective resistance.

Theorem (Thomson’s Principle).
Kot (A <> B) =inf{E(0) : 0 is a flow from A to B with strength at least one}.

Theorem (Dirichlet’s Principle).

Het(A > B)™' =
inf{E(f): f:V — R such that f(v) <0 for allv € A and f(v) > 1 for all v € B}.

These allow us to get an upper bound on the effective resistance by constructing a low energy
flow, or to get lower bounds by exhibiting low energy functions. (There are also several other closely
related variational formulas for the effective resistance - the key words are extremal length and

the method of random paths.)

Exercise. Prove both Thomson’s and Dirichlet’s principles. Hint: Differentiate the energy with

respect to # or f as appropriate and find the critical points.
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Now suppose that G is an infinite graph and A is a finite set of vertices in G, and let (V;,)n>0
be an exhaustion of G, that is, an increasing sequence of finite sets of vertices such that (J,,~, V.
We define dy'V,, to be the set of vertices of V;, that have a neighbour not in V,,, and let G, k:e the
subgraph of G induced by V,,, that is, the graph that has vertex set V,, and has all the edges of G
that have both endpoints in V,,. We define

Kot (A — 00) = ILm Reot(A — OV Gr),
so that

Rt (A — 00) nh_}rglo E;‘deg o(Tov, < TA gdeg(v)Pv(TX = 00).
ve ve

Thus, we have that a graph is recurrent if and only if the effective resistance from some (and
hence every) vertex to infinity is infinite. Both Thomson’s and Dirichlet’s principles extend to
yield variational formulas for the effective conductance to infinity, with appropriate modifications:
a flow from A to infinity is required to have V*#(v) positive if v € A and zero otherwise, while in
the Dirichlet principle we can take the infima over functions that are finitely supported (i.e. have
f(w) =0 for all but finitely many vertices v) and have f(v) > 1 for all v € A.

An important consequence of Thomson’s principle is that the effective resistance is a monotone
function of the edge set, a fact known as Rayleigh’s monotonicity principle. In particular, this
implies that every subgraph of a recurrent graph is recurrent. This is not obvious at all by direct

consideration of the random walk.

We are now ready to see how the Nash-Williams Criterion is proven. For each of the cutsets
W;, let V; be the set of vertices u such that W; is a cutset for u, and, for each n > 1, define a
finitely supported function f, with f,(v) =1 by

D e (Wil (u € V)
Z?:l Wi =1 '

Since the gradients V1 (u € V;) have disjoint support, we can compute that

fnlu) =

-1

T 0EVi] - Wy 2 = _
£(f,) = 2=V (5 gy
(Zi:1|Wi’ ) i=1

Thus, we have

Aesr(v — 00) = E(fu) 7 = S |Wil 7,
=1

and the claim follows since n was arbitrary.

Exercise. Prove that Z? is transient for d > 3 by exhibiting a flow from the origin to infinity that

has finite energy.
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Figure 1.1: Z?2, left, is amenable, while the 3-regular tree, right, is nonamenable.

1.2.2 The isoperimetric approach

The next milestone result in the theory was proven by Kesten, also in 1959. Nash-Williams gives us
a good geometric criterion for recurrence, but what about transience? One rather extreme way for
a graph to be transient, which turns out to have a simple geometric description, is for the return
probabilities p,(v,v) to decay exponentially in n, meaning that there exists a constant o < 1 and
constants (', < oo such that

pn(v,v) < Cpa™

for every v € V and n > 0.

Kesten’s theorem [151, 152] relates exponential decay of the return probabilities to the isoperime-
try of the graph, that is, to the relationship between the sizes of sets in the graph to the sizes of
their boundaries. We write |[0W| for the number of edges that have one endpoint in W and the
other outside of W. A graph is said to be nonamenable if there exists a positive constant ¢ > 0
such that |OW|/|W| > ¢ for every finite set W C V, and amenable otherwise. For example, Z is

amenable for every d > 1 because
‘[O,n}d‘ =n?  but ‘8[0,7}]”{’ ~nd 1t

so that [9[0,7]%/|[0,n]¢| — 0 as n — oo. On the other hand, the d-regular tre¢?| is nonamenable
for every d > 3: The average degree of a vertex in a finite tree with n vertices is easily seen to be
2—2/n < 2, and it follows by an elementary calculation that for any finite subset W of a d-regular

tree, we have

oW | > (d = 2)|W|.

Theorem (Kesten 1959). Let G be a graph, and let v be a vertex of G. Then p,(v,v) decays

exponentially if and only if G is nonamenable.

2A forest is a graph that does not contain any simple cycles. A tree is a connected forest. The d-regular tree is
the unique tree in which every vertex has degree d.
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Kesten proved his theorem only for random walks on groups. The generalisation to arbitrary
graphs, as well as quantitative forms of the theorem, are due to many authors working in various
contexts [11, 53, 65, 68, 80, 81, 101, 143, 224]. See [173, Chapter 6.10] for a detailed history. The
fact that the exponential decay of the return probabilities implies nonamenability is rather easy,
the difficult part is the other direction.

Nonamenability has many guises, and the amenability /nonamenability dichotomy is fundamen-
tal not only to the study of random walks, but also of percolation, uniform spanning forests, and
many other topics that we will not touch on here, such as the ergodic theory of group actions.
Indeed, the Wikipedia page on amenable groups lists nine different properties of groups that are

equivalent to amenability.

We might hope for a nice isoperimetric criterion for transience, along the lines of Kesten’s
Theorem and the Nash-Williams Criterion, which also has an isoperimetric character. Note that
attaching an infinite path to a graph will not affect whether or not the graph is transient, but will
cause the graph to have very bad isoperimetry, suggesting that the best we can hope for in general

is a sufficient condition for transience in terms of isoperimetry.

We say that a graph G satisfies an ¢(¢)-isoperimetric inequality if there exists a positive
constant ¢ > 0 such that |OW|/¢(|W|) > c for every finite set W C V. In particular, G is
nonamenable if and only if it satisfies a ¢t-isoperimetric inequality. Similarly, we say that G satisfies
an anchored ¢(t)-isoperimetric inequality if there exists a positive constant ¢ > 0 such that
|OW|/p(|W]) > c for every finite connected set W C V' containing some fixed vertex v (the choice
of which does not matter). The following theorem was proven by Thomassen [220]. The version
we state here appears in the textbook of Lyons and Peres [173], and is adapted from a theorem of
Lyons, Morris, and Schramm [170]. Similar theorems have also been obtained by He and Schramm

[121], and Benjamini and Kozma [42].

Theorem (Thomassen’s Criterion). Suppose that G satisfies an anchored ¢(t)-isoperimetric in-

equality for some increasing function ¢ such that

Z p(n) 2 < oo.
n=1

Then G is transient.

What if we are interested in the rate of decay of p,(u,u) (known in the jargon of the field as the
on-diagonal heat kernel), rather than just the transience/recurrence question? In particular,
is there a geometric proof of Pélya’s estimate ? For d > 2 an answer is provided by the
following results. We say that a graph satisfies a d-dimensional isoperimetric inequality if it satisfies
a t(@=1/d_jsoperimetric inequality. Z¢ satisfies a d-dimensional isoperimetric inequality, so that we
can recover Pdlya’s estimate from the following two theorems: See the textbooks [229] and [159]

for history, proofs, and related theorems.



1.2. Random walks on graphs

Theorem. Let G be an infinite, bounded degree graph and let d > 2. Then G satisfies a d-

dimensional isoperimetric inequality if and only if there exists a constant C' < oo such that
pr(u,u) < Cn~9?

for every vertex uw and n > 1.

Theorem. Let G be an infinite, bounded degree graph that satisfies a d-dimensional isoperimetric

inequality for some d > 2, and suppose that there exists a constant C' < oo such that
|B(u,r)| < Crd

for every vertex u and every r > 1. Then there exists a constant ¢ > 0 such that

Pr(u,u) > en~ Y2

for every vertex u and every n > 1.

It is possible to say much more. In particular, it is possible to recover the entire (off-diagonal)
behaviour of the heat kernel p,(z,y) on Z¢ from geometric considerations. This understanding
has proven very important for developing a similar understanding for random walk on fractal-like

graphs such as the (pre-)Sierpinski gasket.

1.2.3 Bounded harmonic functions

Recall that a function h on a graph is said to be harmonic if for each vertex u, the value of h
at u is equal to the average value of h on the neighbours of u. The existence or nonexistence of
various types of non-constant harmonic functions (e.g. bounded, finite energy, positive, polynomial

growth) on a graph is closely connected to the behaviour of the random walk on the graph.

Perhaps the most important class of harmonic functions are the bounded harmonic functions.
In probabilistic terms, bounded harmonic functions encode all possible ‘behaviours at infinity’ of
the random walk that occur with positive probability. The correspondence, which goes back to the
work of Blackwell [55], can be stated (more or less) precisely as follows: First, suppose we have a
(measurable) set o/ of paths in G that is shift invariant in the sense that if we delete an initial
segment of any path in &7, then the truncated path is also in «/. We can define a function h on G
by setting h(v) to be the probability that if we start a random walk at v, then the resulting path
will be in the set /. It is not hard to verify that, since 7 is shift invariant, the function h(v) is

harmonic.

More generally, we can obtain a bounded harmonic function on G from any (measurable)
bounded shift invariant function on the set of paths in GG, by taking the expectation of the function
applied to the random walk. In fact, the function needs only be defined on some set that the ran-

dom walk path is a.s. in, and two shift invariant functions will yield the same harmonic function if

8
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and only if they yield the same value on a.e. random walk path. It can be shown that in fact every
bounded harmonic function on G arises this way. In particular, G admits non-constant bounded
harmonic functions if and only if there is some shift-invariant set of paths &/ and a vertex v such
that the probability that the random walk started at v is in the set o/ is strictly between 0 and 1
(that is, if the invariant o-algebra is nontrivial). We say that a graph is Liouville if it does not
admit any non-constant bounded harmonic functions, and non-Liouville otherwise. See [173] for

a detailed treatment of the theory of bounded harmonic functions and the Liouville property.

For example, it can be shown that Z? is Liouville for every d > 1 (see below). On the other
hand, if we attach together two copies of Z3 (with vertex sets {1} x Z3 and {2} x Z3) by a single
edge connecting their origins, then the resulting graph is non-Liouville, and in fact the vector space
of bounded harmonic functions on this graph is equal to the linear span of the constant 1 function

and the function
h(z) = P(a random walk (X,,),>0 started at v visits the set {1} x Z* infinitely often).
In other words, which of the two copies of Z? the random walk is eventually absorbed into is the

only non-trivial information there is about the random walk on this graph.

How can we tell if a graph is Liouville or not? For transitive graphs, there is a nice char-
acterisation, which follows in the special case of Cayley graphs from the work of Avez [26, 27],
Derriennic [77], and Kaimanovich and Vershik [149, 226], and was generalised to transitive graphs
by Kaimanovich and Woess [148]. Here, an automorphism of a (simple) graph G is a bijection
¢ : V. — V such that ¢(u) is adjacent to ¢(v) if and only if u is adjacent to v, and a graph G is
transitive if for every two vertices u and v of G, there is an automorphism of G sending u to v.

Intuitively, a graph is transitive if it ‘looks the same from every vertex’.
Theorem. Let G be a transitive graph. Then the following are equivalent.

1. The random walk on G has positive speed, meaning that

1
liminf —d(Xo, X;,) > 0

n—oo n

almost surely when (Xy)n>0 i a random walk on G.

2. The asymptotic entropy

1
lim inf — Z —pn(u,v) log pp(u, v) = liminf —E,, [— log pn(Xo, X»)]

n—oo N

is positive for every vertex u of G.

3. G is non-Liouville.



1.2. Random walks on graphs

(In fact the limits infimum here can be replaced with limits: This follows from Kingman’s sub-
additive ergodic theorem for the speed, and Fekete’s Lemma for the asymptotic entropy.) This the-
orem allows us to immediately conclude that every transitive nonamenable graph is non-Liouville,
since Kesten’s theorem easily implies that both the speed and asymptotic entropy are positive for
any bounded degree nonamenable graph. On the other hand, the theorem also implies that every

transitive graph that has subexponential growth, meaning that

1
lim inf — log | B(u,n)| =0

n—,oo N
is Liouville, since an easy computation implies that
S — 1, 0) 10g p (1, v) < log | B(u,n)
veV
for every vertex u and n > 0. Both of these conclusions fail for general bounded degree graphs.

Unfortunately, there is still no good geometric understanding of the Liouville property, partic-
ularly for the interesting case of amenable transitive graphs of exponential growth, some of which
are Liouville and some of which are not. In particular, it is a long-standing open problem to prove
the widely believed claim that two Cayley graphs of the same group are either both Liouville or

both non-Liouville.

The fact that item (1) implies item (2) in the previous theorem is a corollary of the Varopoulos-
Carne inequality [66, 225], which is a beautiful theorem in its own right. (Its proof, due to Carne,
is an extremely elegant piece of linear algebra involving an expansion of the n-step transition matrix

P"™ in terms of Chebyshev polynomials of P).

Theorem (Varopoulos-Carne). Let G be a graph. Then

pn(u,v) < 2y/deg(v)/ deg(u) exp <—d(u,v)2/(2n)> )

Exercise. Use the Varopoulos-Carne Inequality to prove that the positivity of the speed and of

the asymptotic entropy are equivalent for any bounded degree graph.

A further nice consequence of the Varopoulos-Carne bound is that for any graph G which has

polynomial growth, meaning that there exist constants C,d < oo such that
|B(u,n)| < Cn?

for every vertex u and every n > 0, we have that

. d(XOa Xn)
lim sup ——=
n—00 n log(n)

almost surely, so that graphs with polynomial growth are quite far away from having positive speed.

10
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Exercise. Prove this claim.

1.2.4 The Poisson boundary

If we have a graph that we know to be non-Liouville, it is interesting to classify the space of all
bounded harmonic functions in some geometric way. See [173, Chapter 14] for a detailed treatment

of the material covered in this subsection.

The model situation is the classical Poisson integral formula, which states that for every bounded
harmonic function v on the unit disc D, there exists a bounded measurable function f on 9D (unique

up to almost-everywhere equivalence) such that

(s 127 1|z o0
(2) /0 ————f(e") d6, (1.2.2)

T om |Z_ei9‘2

and moreover that any function u on D defined in this way is bounded and harmonic. The equation
therefore yields an isomorphism between the Banach spaces of bounded harmonic functions
on the unit disc and bounded measurable functions on the unit circle, both with the uniform norm.
Moreover, the right hand side of the expression is equal to the expectation of f(Br), where B is

Brownian motion started at z, and T is the first time B hits 0.

This example led Furstenberg, in his pioneering works [91-93], to define the notion of a Poisson
boundary of a graph in the discrete setting. A compactification G of a graph G is a compact,
metrisable topological space containing the vertex set of G as a dense, discrete subset. Given a
compactification G, we write 3G = G \ V. We say that the (boundary of the) compactification is
a Poisson boundary of a transient graph G if the random walk on G converges in the compacti-
fication a.s., and, for every bounded harmonic function i on G, there exists a bounded measurable

function (unique up to almost everywhere equivalence) f : 9G — R such that

n—oo

h(v) = E, f < lim Xn>

for every vertex v. (Note that the limit point of the walk is a shift invariant function of the walk,
so that if we start with a bounded function f on the boundary then the function A defined as above
is certainly bounded and harmonic.) For example, the one-point compactification is a Poisson
boundary of a transient graph G if and only if GG is Liouville. Probabilistically, a compactification
G of G is a Poisson boundary of G if the limit of a random walk in the compactification encapsulates

all of the walk’s limiting behaviour.

Although we have defined it topologically, the Poisson boundary is really a measure-theoretic
notion, and two compactification Poisson boundaries of the same graph need not be homeomorphic
(this is in contrast to the Martin boundary, defined in terms of positive harmonic functions, which

is truly a topological object, see e.g. [201]).

11
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For example, suppose that we have a transient tree. An end of the tree is an equivalence
class of rays (i.e. infinite simple paths) in the tree, where two rays are equivalent if they have finite
symmetric difference. The ends compactification of the tree is a compact topological space whose
points are the vertices and ends of the tree, and where a sequence of vertices (v;);>0 converges to
an end ¢ if, fixing some root vertex p of the tree arbitrarily, the geodesics in the tree connecting
p to v; converge to a ray in the equivalence class of the end &. In particular, a path converges to
an end in the ends compactification of a tree if and only if the path is transient, i.e. visits each
vertex of the tree at most finitely often, and so the random walk on a tree converges a.s. in the
ends compactification if and only if the tree is transient. Now, if a function converges along a
transient path, in a tree, it must also converge along any ray corresponding to the end that that
path converges to. If h is a bounded harmonic function on a transient tree and X is a random
walk started at p, then, by the Martingale convergence theorem, the limit of A along X exists a.s.,
and it follows that h converges a.s. along the ray starting at p that corresponds to the end that X
converges to. This allows us to define a bounded function f on the boundary by

f(&) = lim h(v;)

n—oo

where (v;);>0 is a ray corresponding to the end . We clearly have that
h(v) =E, f ( lim Xn> ,
n—oo

so that the ends compactification is a Poisson boundary of any transient tree.

In general, it is not hard to show that a compactification Poisson boundary exists for any
transient graph. For example, the Martin boundary is also a Poisson boundary (but easier con-
structions also exist). However, giving a geometric construction of the Poisson boundary, or showing
that some particular compactification is indeed a Poisson boundary, can be highly non-trivial. In
the next section, we shall see that for bounded degree triangulations, there is a beautiful geometric

construction of the Poisson boundary using circle packing.

1.2.5 Infinite electrical networks and harmonic Dirichlet functions

In Section we saw how to define the effective resistance between two sets in a finite graph,
and also the effective resistance from a finite set to infinity in an infinite graph. What about the
effective resistance between two finite sets in an infinite graph? It turns out that there is more than
one reasonable way to define this, leading to different quantities that have different significance,
since unit currents in the graph might no longer be unique. See [173, Chapter 9] for a detailed

treatment of the material covered in this subsection.

Perhaps the most obvious way to define effective resistances in an infinite graph is to use an
exhaustion by induced subgraphs as we did before. This yields the free effective resistance. Let

G be an infinite graph, let (V},),>1 be an exhaustion of G, and let Gy, be the subgraph of G induced

12
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Figure 1.2: Free (left) and wired (right) boundary conditions on a 6 x 6 square in Z2.

by V,, for each n > 1. The free effective resistance between two finite sets A and B in G is defined
to be
Z(A & B;G) = lim Zeir(A ¢ B; Gh).

Exercise. Prove that this limit exists and does not depend on the choice of exhaustion.

We call an antisymmetric edge function on an infinite graph G a current if it satisfies Kirchhoff’s
node and cycle laws, and has finite energy. It turns out that the unit current flows from A to B in
the graphs G, also converge to a current in G, called the free unit current flow from A to B,

whose energy is exactly the free effective resistance.

Free effective resistances also obey a version of the Thomson and Dirichlet principles:

Hz(A < B) =
inf{€(0) : 0 is a finitely supported flow from A to B with strength at least one}

and

Hg(A < B)' =
inf{E(f): f:V — R is a function with f(v) > 1 for all v € A and f(v) <0 for all v € B}.

What if we instead take the infimal energy over all flows, not just those that are finitely

supported? This leads to the wired effective resistance, defined by
R (A <+ B) = inf{£(0) : § is a flow from A to B with strength at least one}.

In fact, it can be shown that this infimum is a minimum, that there is a unique flow obtaining this
minimum, and that this flow is a unit current flow from A to B, called the wired unit current
flow from A to B.

Wired effective resistances and currents can also be obtained from an exhaustion as follows. Let

(Vi)n>0 be an exhaustion of an infinite graph G. For each n, we also construct a graph G, from

13



1.3. Circle packing

G by gluing (wiring) every vertex of G \ V,, into a single vertex, denoted 0, and deleting all the
self-loops that are created. We identify the set of edges of G}, with the set of edges of G that have

at least one endpoint in V,,. Then we have
RAW(A < B) = lim Zeg(A ¢ B G),

and the unit current flow from A to B in G, converges to the wired unit current flow from A to B.

When are the free and wired effective resistances between any two sets the same? We say that
a graph has unique currents if for any two finite sets A and B, there is a unique unit current
flow from A to B.

Proposition. Let G be an infinite graph. Then the wired and free effective resistances between any
two sets are equal if and only if G has unique currents, if and only if G does not admit non-constant

harmonic functions of finite Dirichlet energy.

This proposition tells us to expect non-constant harmonic functions of finite Dirichlet energy

to play an important role in the electrical theory of infinite graphs. When do such functions exist?

Proposition. Let G be an infinite graph. If G admits non-constant harmonic functions of finite
Dirichlet energy, then G admits non-constant bounded harmonic functions of finite Dirichlet energy.

In particular, G is non-Liouville.

Proposition. Let G be an amenable transitive graph. Then G does not admit harmonic functions

of finite Dirichlet energy.

It is more subtle to determine whether or not a nonamenable transitive graph admits non-
constant harmonic functions of finite Dirichlet energy. (For Cayley graphs of groups, it is equivalent
to the positivity of the first £2-Betti number of the group, see [173, Chapter 8.10].) Surprisingly, it
is not monotone in how ‘large’ or ‘expansive’ the graph is. For example, if G is a bounded degree
graph rough isometric to d-dimensional hyperbolic space, then G admits non-constant harmonic
Dirichlet functions if and only if d = 2. Moreover, if G; and G2 are any two infinite graphs, then

the direct product of (G; and G5 does not admit any non-constant harmonic Dirichlet functions.

1.3 Circle packing

1.3.1 Planar graphs and maps

A planar graph is a graph that can be drawn in the plane so that no two edges intersect. Given a
graph, a proper embedding of the graph into an oriented surface S is a drawing of the graph in
the surface such that each compact set in the domain intersects at most finitely many edges of the
graph, and each face of the drawing (i.e. connected component of the complement of the drawing)
is homeomorphic to a disc. (For embeddings with infinite faces in multiply-connected surfaces

there is an additional technical condition required of proper embeddings which will not concern
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Figure 1.3: Different maps with the same underlying graph. A map is determined by a graph
together with a cyclic ordering of the oriented edges emanating from each vertex.

us here.) A map is a graph together with an equivalence class of proper embeddings, where two
proper embeddings are considered equivalent if there is an orientation preserving homeomorphism
mapping one surface to the other that sends one embedding to the other. The map is planar if
the surface can be taken to be a domain D C C U {oo}, and is simply connected if the surface
can be taken to be the plane (or, equivalently, the open disc). Thus, a graph is planar if and only

if it is the underlying graph of some planar map.

It turns out (see [184]) that maps can be described combinatorially as graphs together with
cyclic permutations {0, : v € V'} of the oriented edges emanating from each vertex, which specify
the clockwise order of these edges in an embedding, so one does not need to be a topologist to

study them.

The dual of a map is the map MT that has the faces of M as vertices, the vertices of M as
faces, and for each edge e of M has an edge e connecting the faces of M that are on either side of
e. We say that a map has bounded codegrees if its faces have a bounded number of sides, or,

equivalently, if its dual has bounded degrees.

Figure 1.4: A finite planar map (black, solid) and its dual (red, dashed).

1.3.2 Circle packing

There are many ways to draw a planar map, which may or may not be useful for analyzing the
behaviour of random walk and other processes on the graph. One of the best ways is given by
the circle packing theorem. This theorem yields a canonical method of drawing planar graphs,

closely connected to conformal mapping, and endows the graph with a geometry that, for many
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1.3. Circle packing

purposes, is better than the usual graph metric. Indeed, for bounded degree triangulations, a
comprehensive theory has been developed by Angel, Barlow, Gurel-Gurevich, and Nachmias [17],
and Chelkak [69], showing that the random walk on the circle packing behaves very similarly to a
quasiconformal image of standard planar Brownian motion: Effective resistances, heat kernels, and
harmonic measures on the graph can each be estimated in terms of the corresponding Brownian
quantities. See [202] and [215] for introductions to the theory of circle packing. The interested
reader may also enjoy making their own circle packings using Ken Stephenson’s CirclePack software
[214].

In this section, we will review the main theorems of circle packing as they relate to random
walks and potential theory. Later, we will apply this theory to study uniform spanning forests of
planar graphs, and will also study circle packings of unimodular random triangulations, two of the
major topics of original research in this thesis. Moreover, we will develop the dichotomy between
parabolic and hyperbolic bounded degree planar maps, which will motivate the development of a
similar dichotomy for unimodular random planar maps, a further major topic of original work in
this thesis.

A circle packing of a planar map G is a set of discs P = {P(v) : v € V'} with disjoint interiors
in the Riemann sphere C U {oco}, one for each vertex of G, such that two discs are tangent if and
only if their corresponding vertices are adjacent in GG. The existence and uniqueness theorem for
circle packings, or simply the Circle Packing Theorem, is in our opinion one of the most beautiful
results in all of mathematics. It was first discovered by Koebe in 1936 [156] as a corollary to his
work on the Riemann mapping theorem for multiply connected domains, but went largely forgotten
until Thurston [221] (who was unaware of Koebe’s proof) rediscovered it as a corollary to the work
of Andreev [14] on convex polyehdra. Due to this storied history, the Circle Packing Theorem is
often called the Koebe-Andreev-Thurston Theorem. Like graphs, maps are said to be simple if

they do not have any loops or multiple edges.

Theorem. FEvery finite, simple planar map has a circle packing in the Riemann sphere. If the map

is a triangulation, then its circle packing is unique up to Mdbius transformations.

The circle packing theorem was extended to infinite, simple, simply connected triangulations
by He and Schramm [121, 122]. Their theorem can be thought of as a discrete analogue of the
Uniformization Theorem for Riemann Surfaces. (Indeed, a celebrated theorem of Rodin and Sulli-
van [200] states that circle packings can be used to approximate conformal maps.) The carrier of
the circle packing of a triangulation is the union of the discs in the triangulation together with the
curved triangular regions surrounded by three circles that correspond to the triangles of the map.

A circle packing is said to be in a domain D C CU {oo} if its carrier is D.

Theorem (Schramm 1991, He and Schramm 1993). Let T be an infinite, simple, simply connected
triangulation. Then T admits a circle packing either in the plane or in the disc, but not both, and

this circle packing is unique up to Mobius transformations of the plane or the disc as appropriate.
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Figure 1.5: Circle packings of the 6-regular and 7-regular triangulations.

In light of this theorem, we call a simply connected triangulation CP parabolic if it can be
circle packed in the plane, and CP hyperbolic otherwise. A rather trivial compactness argument
(using the Ring Lemma, below) shows that every simple triangulation can be circle packed in some
domain D C CU {oo}. It is much harder to show that we can circle pack inside a domain that is
geometrically nice. (In fact, He and Schramm proved that, in the CP hyperbolic case, we can circle

pack in any simply connected domain D strictly contained in the plane.)

Recall that the unit disc can be identified with the hyperbolic plane through the Poincaré disc
model, and that, under this identification, circles in the unit disc and circles in the hyperbolic
plane are the same, but have different centres and radii. Moreover, the Mobius transformations
of the disc are exactly the orientation-preserving isometries of the hyperbolic plane. Thus, the
above theorem tells us to expect a strong connection between CP hyperbolic triangulations and

hyperbolic geometry.

He and Schramm [121] also pioneered the application of circle packing to probabilistic problems,

proving the following remarkable theorem.

Theorem (He and Schramm 1995). Let T be an infinite, simple, bounded degree, proper plane

triangulation. Then T is CP parabolic if and only if it is recurrent.

The He-Schramm Type Theorem follows as an immediate consequence of the following estimate,
which also gives a good flavour of the kind of analysis we can do with circle packings. Let us first
introduce some notation. Given a triangulation 7" and a circle packing P of T', we write z(v)
and r(v) for the (Euclidean) centre and radius, respectively, of the disc P(v). Given z € C and
R > r > 0, we write B,(r) for the ball {w € C : |w — z| < r}, and A,(r, R) for the annulus
{weC:r<|w-z| <R}
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1.3. Circle packing

Lemma (Resistances across annuli). Let T' be a plane triangulation, and let P be a circle packing
of T in some domain D C CU {oo}.

1. (Upper bound.) There exists a universal constant C such that the following holds. For every
closed annulus A, (r,ar) C D with a > 2 such that {v : z(v) € B,,(r)} # 0, we have

Reft ({v :2(v) € By (1)} > {v:2(v) € D\ BZO((XT’)}> < Clog a.

2. (Lower bound.) Suppose that T has bounded degrees. Then there exists a constant C' depending
on the mazimal degree of T such that the following holds. For every closed annulus A, (r,ar)
with o > 2 (not necessarily contained in D) such that {v: P(v) C B,,(r)} # 0, we have

#E ({U . P(v) C Buy(r)} > {v: 2(v) € D\ By (a r)}) > ' log a.

The idea is that we can use the geometry of the circle packing to define a flow of sufficiently
low energy (to obtain the upper bound via Thomson’s principle), and functions of sufficiently low

energy (to obtain the lower bound via the Dirichlet principle).

For the upper bound, we can define a flow that dissipates radially outwards in a roughly sym-
metric fashion. (This is best done with the method of random paths, defining a random path by
taking the path in the graph that interpolates a radial line segment at a uniformly random angle

from the centre of the annulus.)

For the lower bound, the Ring Lemma of Rodin and Sullivan [200] is a crucial ingredient, which
gives us geometric control of the circle packing if we can control the degrees of vertices in the

triangulation (for instance, in the bounded degree case).

Theorem (The Ring Lemma; Rodin and Sullivan 1987). There exists a sequence of constants
(kn, 1 n > 3) such that the following holds. If P is a circle packing of a planar triangulation in some

domain D C CU {oo}, and v is a vertex of G such that P(v) does not contain oo, then

T(U)/T(U) < kdeg(v)
for every vertex u adjacent to v.

In the setting of item 2. of the resistances across annuli lemma, the Ring Lemma implies that
there exists some constant 5 > 2 depending on the maximal degree such that if B,,(r) contains a
circle then the set of circles intersected by each of the annuli A, (8"r,28"r) and A, (8" 1r, 28"+ 1r)
are disjoint for every m. This allows us to reduce to the case @ = 2, since we can then add up
the resistances across each of the logz(a) many annuli A,,(8"r,28"r) by the series law. The case
a = 2 can then be handled by normalizing so that z = 0 and » = 1/2, and then using the function

|z| in Dirichlet’s principle to obtain a lower bound on the free effective resistance.

18



1.3. Circle packing

This resistance estimate has many further uses. For example, it can be used to prove our next

milestone theorem about circle packing, the Benjamini-Schramm Convergence Theorem [47].

Theorem (Benjamini and Schramm 1996). Let T be a CP hyperbolic, simply connected, bounded
degree triangulation, and let P be a circle packing of T in the disc. Then the random walk on T
converges to a point in the boundary of the disc almost surely, and the law of the limit point has

full support and no atoms.

Here, ‘the law of the limit point has full support’ means that every interval in the boundary of
positive length has a positive probability to contain the limit point of the random walk, while ‘the
law of the limit point has no atoms’ means that for any particular point in the boundary, the limit

of the walk does not equal that point a.s.

In fact, there is an easy proof of the convergence and nonatomicity parts of this theorem using
the resistances across annuli lemma above, first observed in the author’s work with Yuval Peres
[132], which we now sketch. If v is a vertex and A is a set of vertices in a transient graph G, then
we have the estimate

Rett (v — 00)
P, < ZefflU 77 %)
(T4 <o0) < K (v A).

Suppose we have a bounded degree triangulation circle packed in the disc, and that v is a fixed

vertex of the triangulation. Then we have that there is some constant C' < oo such that
P, (the random walk started at v ever hits {v: P(v) C Be(¢)}) < Clog(1/e)™*
for all £ € 9D and all ¢ sufficiently small. In particular, for each point & € 0D, we have
P, (¢ is in the closure of the set {z(X,) :n > 0}) = 0. (1.3.1)

We can now deduce convergence and nonatomicity: Observe that, for topological reasons, the
intersection of OD with the closure of the set {z(X,) : n > 0} is an interval a.s. (The key point
powering this is that |2(X,)| — 1 and r(X,) — 0 a.s. as n — oo by transience.) The estimate
implies that the expected length of this interval is zero, and so the interval must be a point
a.s., establishing convergence. The fact that the law of the limit point does not have any atoms is

obvious from (|1.3.1)).

An immediate consequence of the Benjamini-Schramm convergence theorem is that every tran-
sient, bounded degree, simple, proper plane triangulation is non-Liouville: For any bounded, mea-

surable function f : 0D — V, we can define a harmonic function on 71" by

h(v) = B, f ( lim z(Xn>) |

n—o0

and this function will be non-constant provided that f is not (almost everywhere) constant. In

fact, it is not too hard to reduce the case of a general bounded degree planar graph to this case,
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1.3. Circle packing

yielding the following corollary.

Corollary (Benjamini and Schramm 1996). Every transient, bounded degree planar graph is non-

Liouwville.

We remark that Benjamini and Schramm also gave a different proof of this theorem using a

different embedding, the square tiling, for which they also proved a convergence theorem [48].

More recently, Angel, Barlow, Gurel-Gurevich, and Nachmias [17] showed that every harmonic
function on a bounded degree, simple, simply connected triangulation can be represented by a

function on the unit circle in this way.

Theorem (Angel, Barlow, Gurel-Gurevich, and Nachmias 2013). Let T be a bounded degree, CP
hyperbolic, simple, simply connected triangulation, and let P be a circle packing of T in the unit

disc . Then the circle packing compactification is a Poisson boundary of T.

Recall from earlier that the probabilistic interpretation of this theorem is that the limit point
of the random walk on the unit circle encapsulates all the information about the limiting be-
haviour of the random walk. The analogous theorem for square tiling was proven slightly earlier

by Georgakopoulos [100].

The original proof of this theorem was highly analytic. In order to prove it, the authors employed
sophisticated machinery to prove various estimates for random walks on bounded degree circle
packings. Roughly speaking, these estimates allow one to compare the random walk on a bounded
degree circle packing in a domain to a (quasiconformal image of) standard planar Brownian motion
in that domain. In particular, the authors proved heat kernel estimates, diffusivity-type estimates,
and harmonic measure estimates. These estimates were further developed by Chelkak [69], whose
work implies, among other things, that the harmonic measure on the unit disc of a bounded
degree CP hyperbolic triangulation is Holder continuous. (He considered finite triangulations with
boundary; the theorem below follows from his work by taking limits.) Here, given a bounded degree
simple triangulation circle packed in the unit disc, the harmonic measure from v, denoted w,, is

the law of the limit point in the unit circle of the random walk started at v.

Theorem (Chelkak 2013). Let T be a bounded degree, CP hyperbolic, simple, simply connected
triangulation, let P be a circle packing of T in the unit disc, and let v be such that z(v) = 0. Then

there exist positive constants a < 8 and C' (depending only on the mazimal degree of T') such that
CYI1® < w, (D) < C|IP
for every interval I C OD.

These estimates are interesting in their own right, and have several further applications. In-
deed, they also allowed those authors to prove that the unit circle is the Martin boundary of the

triangulation, a much stronger result that gives a representation formula for all positive harmonic
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functions on the triangulation. Later, they also will play an important role in our calculation,
carried out in joint work with Nachmias [130] (Chapter |10| of this thesis), of the critical exponents

for uniform spanning forests of planar graphs.

Theorem (Angel, Barlow, Gurel-Gurevich, and Nachmias 2013). Let T be a bounded degree, CP
hyperbolic, simple, simply connected triangulation, and let P be a circle packing of T in the unit
disc . Then the unit circle is a Martin boundary of T. That is, the following hold.

1. For every two vertices u and v of T, the Radon-Nikodym derivative of the harmonic measures

dov  op L R

dwy,

1s continuous.

2. For every positive harmonic function h onT' and every vertex w of T, there exists a unique

probability measure p on 0D such that

for every v e V.

It turns out, however, that the heavy machinery developed by Angel, Barlow, Gurel-Gurevich,
and Nachmias is not in fact required for the Poisson boundary result. In joint work with Yuval
Peres in 2015 [132] (Chapter |8 of this thesis), we proved the following theorem by a much more
elementary argument, which implies the Poisson boundary results for both circle packing and square

tiling.

Theorem (H. and Peres 2015). Let G be a planar map, and let z be an embedding of G into a
domain D C D such that (z(X;))n>0 converges to a point in 0D almost surely, and the law of the
limit point is non-atomic. Then the compactification of G given by taking the closure of z(V') in D

18 a Poisson boundary of G.

Thus, once one has established a.s. convergence of the random walk to a boundary point in
an embedding of a planar graph in the disc, the identification of the Poisson boundary follows
for free: No further geometric control on the embedding is needed whatsoever. The proof of this
theorem was adapted from our work with Angel, Nachmias, and Ray [21] on unimodular random

triangulations of unbounded degree, for which the analytic approach was not available.

1.3.3 Harmonic Dirichlet functions on planar graphs

Besides proving that every transient, bounded degree planar graph is non-Liouville, the Benjamini-
Schramm convergence theorem also implies the even stronger result that every transient, bounded

degree planar graph admits non-constant harmonic functions of finite Dirichlet energy.
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1.3. Circle packing

If f:V — Ris a function and X; is the continuous time random Walkﬁ on G, and we define f;
by
fi(v) =E, [f(X4)]

then it turns out that £(f;) is a decreasing function of ¢. It follows that if f is a function of finite

energy such that the limit
lim f(X,)

n—oo

exists a.s. and is not concentrated on a point (the existence of this limit, and its law if it exists,

does not depend on whether we use the continuous or discrete time random walk), then
o) == B, | i f(X,)] = Jim B, £

is a non-constant harmonic function with £(fsx) < £(f) < oo. (In fact, Ancona, Lyons, and
Peres [12] proved that the limit of f(X,) as n — oo always exists a.s. whenever f is a Dirichlet
function on a transient graph, from which it is possible to deduce the convergence part of the

Benjamini-Schramm convergence theorem.)

Now, if P is a circle packing of a bounded degree CP hyperbolic triangulation in the unit disc,

then the function z assigning each vertex to its center has finite energy, since

<Y deg(v)r(v)? < maxdeg(v) Y r(v)” < max deg(v).

veV
veV veV

Thus, it follows from the Benjamini-Schramm convergence theorem and the above discussion that
every transient, bounded degree, simply connected, simple plane triangulation admits non-constant
harmonic functions of finite Dirichlet energy, namely 2z (v) = E,[lim, 00 2(Xy)]. With a little

extra work to remove some of these hypotheses, we arrive at the following dichotomy.

Corollary (Benjamini and Schramm 1996). Let G be a bounded degree planar graph. Then the

following are equivalent.
1. G is transient.
2. G admits non-constant positive harmonic functions.
3. G is non-Liouville, i.e., admits non-constant bounded harmonic functions.
4. G admits non-constant harmonic functions of finite Dirichlet energy.

The implications (4) = (3) = (2) = (1) hold on any graph. We shall later see that an even
more far reaching dichotomy holds for unimodular random planar maps, without the assumption

of bounded degree.

3This is the walk that has a semigroup of transition operators given by P, = e *®, where A = V*V is the
Laplacian of G
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Let us take a moment to mention a relevant work in progress. Now that we know that non-
constant harmonic Dirichlet functions exist on any bounded degree, CP hyperbolic, simple, proper
plane triangulation, it is natural to wonder whether there is a geometric representation for the space

of all such functions, as we had for the spaces of bounded harmonic functions and positive harmonic

functions. In upcoming work, we give such a representation. For each function f : 0D — R, we
) 2
06 =90 [ 4eac < oo
2sin (3]

define
1
D) ._W/BD/E?D xq)

where the integrals are taken with respect to arc length, and say f is Douglas-integrable if

D(f) < co. The space of Douglas-integrable functions is a Hilbert space with the inner product

— f(0)(g(§) —g(()))
2sin (3|¢ — ()

1 f(€
£0)9(0) +DU1.9) = f0)g(o) + 15 [ [ L dedc.
T JoD JoD
where o € V is an arbitrary root vertex. In fact, D(f) is exactly the Dirichlet energy of the

harmonic extension of f to the unit disc.

Theorem (H. 2017+). Let T be a transient, bounded degree, proper plane triangulation, and let P

be a circle packing of T in the unit disc. Then the function
fr+—h, where h(v) =E, f < lim Xn>
n—oo

is a bounded linear isomorphism from the space of Douglas-integrable functions on 0D to the space

of harmonic Dirichlet functions on T.

By a bounded linear isomorphism we mean a bounded linear map with a bounded linear inverse,
and not necessarily an isometry.

A potentially surprising thing here is that the space of Douglas-integrable functions on the
boundary is always the same; the expression for the Douglas energy does not involve the harmonic

measure, or otherwise involve the triangulation in any way.

1.3.4 Double circle packing

Before moving on, let us mention a generalisation of the circle packing theorem which, in our

opinion, is even more beautiful.

Let M be a planar map with vertex set V' and face set F'. A double circle packing of M is

a pair of circle packings P = {P(v) : v € V} and PT = {PT(f) : f € F} satisfying the following
conditions (see Figure [1.6):

1. (M is the tangency map of P.) For each pair of vertices v and v of M, the discs P(u)

and P(v) are tangent if and only if u and v are adjacent in M. Moreover, for each vertex wu,

the discs corresponding to the vertices adjacent u appear around P(u) in the clockwise order

specified by the map structure o,.

23



1.3. Circle packing

Figure 1.6: A polyhedral planar map and its double circle packing.

2. (M is the tangency map of P'.) For each pair of faces f and g of G, the discs PT(f) and
Pt(g) are tangent if and only if f and g are adjacent in GT. Moreover, for each face f, the
discs corresponding to the vertices adjacent f appear around PT(f) in the clockwise order

specified by the map structure a}.

3. (Primal and dual circles are perpendicular.) For each vertex v and face f of M, the
discs PT(f) and P(v) have non-empty intersection if and only if f is incident to v, and in this

case the boundary circles of PT(f) and P(v) intersect at right angles.

Recall that a graph is 3-connected if the removal of any two vertices from the graph does not cause
the graph to become disconnected. We call a map that is both simple and 3-connected polyhedral.
Any embedding of a planar map that is not polyhedral must contain faces that are not convex,
and it follows that any finite planar map admitting a double circle packing must be polyhedral.
Conversely, Thurston’s interpretation of Andreev’s Theorem [179, 221] implies that every finite,
polyhedral, planar map admits a double circle packing (see also [58]). The corresponding infinite
theory was developed by He [120], who proved that every infinite, polyhedral, simply connected
map M with locally finite dual admits a double circle packing in either the Euclidean plane or the
hyperbolic plane (but not both) and that this packing is unique up to Mébius transformations. As
before, we say that M is CP parabolic or CP hyperbolic as appropriate.

In our work with Nachmias [130], we proved a form of the Ring Lemma for double circle packings.

We write v L f to mean that the vertex v is incident to the face f.

Theorem (H. and Nachmias 2016). There exists a family of positive constants (ky m : n > 3,m > 3)
such that if (P, P1) is a double circle packing of a polyhedral planar map M in a domain D C CU{oo}

and v is a vertex of M such that P(v) does not contain oo, then

T(U)/T(f) < kdeg(v),mangv deg(g)

for all f € F incident to v.
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Once the existence and uniqueness theorems and the Ring Lemma are in place, everything else
that we have said about circle packings of simple triangulations extends more or less immediately to
double circle packings of polyhedral maps of bounded codegree. In particular, as in the He-Schramm
Theorem [121], CP hyperbolicity is equivalent to transience for simply connected polyhedral maps

with bounded degrees and codegrees [120].

1.3.5 Circle packing and the degree

An interesting aspect of circle packing is that, in certain situations, we can deduce the CP type of
a triangulation from the degrees of its vertices. This was first observed by Beardon and Stephenson

[34], who proved the following.

Theorem (Beardon and Stephenson 1991). Let T' be an infinite, simple, simply connected trian-
gulation. If deg(v) < 6 for every vertex v of T, then T is CP parabolic. If deg(v) > 7 for every
vertex v of T, then T is CP hyperbolic.

Exercise. Show that there exists a constant C' > 1 such that the following holds. Suppose T is a

simple triangulation circle packed in a domain D C C. Then
1. for every vertex v of T with deg(v) <5, there is a neighbour u of v such that r(u)/r(v) > C.

2. for every vertex v of T' with deg(v) = 6, there is a neighbour u of v such that r(u)/r(v) > 1
and a neighbour w of v such that r(w)/r(v) < 1.

3. for every vertex v of T with deg(v) > 7, there is a neighbour u of v such that r(u)/r(v) < C~L.
Let rg(v) denote the hyperbolic radius of a disc P(v) C D.

Exercise. Show that there exists a constant C' > 1 such that the following holds. Suppose T
is a simple triangulation circle packed in a domain D C ID. Then for every vertex v of T" with
deg(v) < 6, there is a neighbour u of v such that rg(u)/rg(v) > C.

Exercise. Deduce the above theorem of Beardon and Stephenson from the previous two exercises.

We shall later see that for unimodular random simply connected triangulations, the circle pack-

ing type is determined by the average degree.
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1.4. Percolation

1.4 Percolation

In Bernoulli bond percolation, each edge of a (usually infinite) graph G is chosen randomly to
be either deleted with probability 1 — p, or else retained with probability p. The random graph

obtained in this way is denoted G[p]. Connected components of G[p] are referred to as clusters.

Although we will have relatively little new to say about percolation in this thesis, the theory
of percolation provides important motivation for our work on uniform spanning forests, and also
leads naturally to the theory of unimodular random rooted graphs, another central topic of this
thesis. Percolation has become a topic of central importance to modern probability theory, and
has a huge literature surrounding it. The reader is referred to the beautiful, if slightly outdated,
monograph of Grimmett [106] for a thorough treatment of the Euclidean (Z¢) theory, and to [173]

for the theory of percolation on more general graphs.

The first basic result about percolation, without which the model would not be nearly as
interesting, is that for most graphs, percolation undergoes a non-trivial phase transition, meaning

that the critical probability,
pe(G) = inf{p € [0,1] : G[p] has an infinite cluster almost surely},

is strictly between zero and one. Conjecturally, p. € (0,1) for every transitive graph that is not
rough isometric to Z: This has been resolved in most cases, and remains open only for transitive
graphs of intermediate volume growth (i.e., subexponential but superpolynomial). For example, a
simple first moment argument shows that p. > 0 for any bounded degree graph, since the expected

number of open simple paths of length n starting at a vertex v is at most

7 (i)

ueV

L. For Z?, a similar first moment argument with

which yields the bound p. > (maxy,ey deg(u))™
simple curves surrounding the origin (known as a Peierls argument [189]) shows that p.(Z?) < 1,

while for d > 2 we clearly have that p.(Z¢) < p.(Z?).

The study of percolation can naturally be decomposed into the study of the subcritical (p < pe),
critical (p = p.), and supercritical (p > p.) regimes. Here, we shall be interested mostly in the

critical and supercritical regimes.

At criticality, the central question concerns the existence or nonexistence of an infinite cluster.
Indeed, perhaps the best known open problem in modern probability theory is to prove that there
is no infinite cluster at criticality on 7% for all d > 2. This problem was solved in two dimensions
by Russo in 1981 [203], and for all d > 19 by Hara and Slade in 1994 [117]. More recently, Fitzner
and van der Hoftstad [89] sharpened the methods of Hara and Slade to solve the problem for all
d > 11. (It is expected that this method can in principle, and with great effort, be pushed to handle

all d > 7. Dimensions 3,4,5, and 6 are expected to require new approaches.)
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In 1996, Benjamini and Schramm [51] proposed a systematic study of percolation on general
transitive (and quasi-transitive) graphs. They made several conjectures and posed many questions.

Here is one of them.

Conjecture (Benjamini and Schramm 1996). Let G be a transitive graph. If p.(G) < 1, then G[p,]

does not have any infinite clusters almost surely.

It quickly emerged that it is often substantially easier to study percolation on unimodular
transitive graphs than on general transitive graphs. A transitive graph G = (V, E) is said to be
unimodular if for every function F : V2 — [0, cc] that is automorphism equivariant in the sense
that F'(yu,yv) = F(u,v) for every u,v € V and every automorphism ~ of G, then, letting p be a
fixed root vertex of G,

> F(p,v) =Y F(u,p). (1.4.1)
veV ueV
The equality is referred to as the Mass-Transport Principle (MTP)ﬁ. We think of F as
a rule for sending a non-negative amount of mass from each vertex to each other vertex, so that

the mass-transport principle says that
mass out of the root = mass into the root.

It turns out that most transitive graphs one encounters ‘in the wild’ are unimodular. In particular,
every amenable transitive graph, every Cayley graph of a finitely generated group, and every

transitive, simply connected, planar map with locally finite dual has the property of unimodularity.

An example of a transitive graph that is not unimodular is the
grandparent graph, defined as follows. Take a 3-regular tree, and
draw it in the plane so that every vertex has one ‘parent’ above it and
two ‘children’ below it. The grandparent graph is formed by adding
to the 3-regular tree an edge connecting each vertex to its grandpar-
ent, that is, the parent of its parent. We can define an automorphism

equivariant function on the grandparent graph by
F(u,v) = 1(v is u’s grandparent).

Since every vertex has one grandparent but four grandchildren, we have

Figure 1.7: The grand-

parent graph. Z F(p,v) =1 but Z F(u,p) =4,
veV ueV

so that the Mass-Transport Principle does not hold for the grandparent graph.

4The history of this definition is as follows: A locally compact group is said to be unimodular if its left and right
Haar measures coincide. A transitive graph is unimodular in our sense if and only if its group of automorphisms has
a transitive unimodular subgroup.
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1.4. Percolation

A major achievement in the theory of critical percolation outside of the Euclidean setting was
made in 1999 by Benjamini, Lyons, Peres, and Schramm [43]. This theorem came out of work [45]
by a subset of the same authors on arbitrary (non-Bernoulli) automorphism invariant percolation

processes, which we shall have more to say about later.

Theorem (Benjamini, Lyons, Peres, and Schramm 1999). Let G be a nonamenable, unimodular,

transitive graph. Then G[p.] has no infinite clusters almost surely.

Partial progress was made in the nonunimodular case by Peres, Pete, and Scolnicov [192], who
proved there are no infinite clusters at criticality a.s. on certain well-known examples of nonuni-
modular transitive graphs, including decorated trees (like the grandparent graph) and nonamenable
Diestel-Leader graphs, and by Timér [222], who proved that there is at most one infinite cluster at

criticality on any nonunimodular transitive graph a.s.

In 2016 [129] (Chapter [2of this thesis), we found an elementary proof that the following estimate
holds in any transitive graph:

T—00

inf {]P’ (z is connected to y in G[p.]) : z,y € V, d(z,y) < n} < (liminf |B(x,r)]1/7"> .

This estimate readily implies that there cannot be a unique infinite cluster at p. in any transitive
graph of exponential growth. However, the existence of multiple infinite clusters at criticality had
already been ruled out by previous work (the amenable and unimodular nonamenable cases are
discussed in the following subsection, while the nonunimodular case is handled by the work of

Timar mentioned above). Thus, we obtained the following theorem.

Theorem (H. 2016). Let G be a transitive graph with exponential growth. Then G[p.] has no

infinite clusters almost surely.

1.4.1 The number of infinite clusters

Let us now turn to the supercritical regime. In this regime, we are particularly interested in
understanding the geometry of the infinite clusters of G[p]. The most basic question concerns the
number of infinite clusters. For this question, the foundational result was proven by Newman and
Schulman in 1981 [187].

Theorem (Newman and Schulman 1981). Let G be a transitive graph. Then G[p] has either no
infinite clusters, a unique infinite cluster, or infinitely many infinite clusters almost surely for every
pel0,1].

The key to this theorem is the insertion tolerance of Bernoulli percolation, which says that
for any set of edges A and p > 0, the law of the subgraph G[p] U A is absolutely continuousﬂ with
respect to the law of G[p].

SRecall that the law of a random variable X is said to be absolutely continuous with respect to the law of a
random variable Y if whenever &/ is a set such that Y is a.s. not in &/, then X is also a.s. not in /.
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The proof is as follows: Given a configuration w € {0,1}¥* and an automorphism v of G, define

yw(e) = w(r™(e)

for every edge e. It is an easy fact that Bernoulli bond percolation on any transitive graph is
ergodic, meaning that if o7 C {0,1}¥ is a set of configurations that is automorphism invariant in
the sense that

wed =ywed

for every configuration w and automorphism <, then we must have that P(G[p] € &) is either
zero or one. In particular, the number of infinite components is automorphism invariant, and we
deduce that the number of infinite components is not random. That is, for every p, there exists
N, € NU {00} such that G[p] has N, infinite clusters a.s.

Suppose for contradiction that N, ¢ {0,1,00}. If we take a large connected set of edges A,
then with high probability A is incident to more than one of the infinite clusters of G[p]. Thus,
the configuration G[p] U A has positive probability to have strictly fewer infinite clusters than G|[p].
But G[p] U A is absolutely continuous with respect to G[p] by insertion-tolerance, hence it must

have N, infinite clusters a.s., yielding a contradiction.

The Newman-Schulman Theorem can in fact be extended to any insertion-tolerant automor-
phism invariant percolation on a transitive graph. Here, an automorphism-invariant percolation
is a random subgraph w of G such that yw has the same distribution as w for every automorphism -
of G. (In the case that w is also ergodic the Newman-Schulman Theorem follows exactly as above.
In general, it is possible to reduce to the ergodic case by taking an ergodic decomposition, which

preserves insertion tolerance.)

The next major result on the number of clusters was due to Aizenmann, Kesten, and Newman
in 1987 [3], who proved that percolation on Z? has at most one infinite cluster a.s. for every d > 1.
A much simpler proof of this theorem was found by Burton and Keane in 1989 [64], which was
then generalised to all transitive amenable graphs by Gandolfi, Keane, and Newman in 1992 [97].
Like the Newman-Schulman Theorem, this theorem also extends to arbitrary insertion-tolerant,

automorphism invariant percolations.

Theorem. Let G be an amenable transitive graph, and let p € [0,1]. Then G[p| has at most one

infinite cluster almost surely.

It is a major open problem, first stated by Benjamini and Schramm [51], to prove that the

converse holds. The uniqueness threshold is defined to be
pu(G) = inf{p € [0,1] : G[p|] has a unique infinite cluster almost surely}.

Conjecture (Benjamini and Schramm 1996). Let G be a transitive graph. Then p. < p, if and

only if G is nonamenable.
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Not much progress has been made on this question; see [112] and [173, Chapter 9] for an account

of what is known.

Since the existence of a unique infinite cluster is not monotone with respect to the configuration,
the following theorem, due to Schonmann [205], and Haggstrom, Peres, and Schonmann [114], is

far from obvious.

Theorem (Héggstrom, Peres, and Schonmann 1999). Let G be a transitive graph, and let ps > p;.

If Glp1] has a unique infinite cluster almost surely, then Glps] has a unique infinite almost surely.

In the unimodular case, this theorem can also be deduced from the following beautiful theorem of
Lyons and Schramm [176], which, informally, says that infinite clusters of Bernoulli bond percolation
on a unimodular transitive graph all ‘look the same’. The theorem extends to insertion-tolerant

automorphism invariant percolations.

Theorem (Lyons and Schramm 1999). Let G be a unimodular transitive graph, let p € [0,1], and
let o7 C {0,1}F be a measurable, shift invariant set. Then either every infinite cluster of G[p] is

in &/ or no infinite clusters of Glp| are in < almost surely.

For example, the theorem implies that either every infinite cluster of G[p] is transient or every

infinite cluster of G[p| is recurrent a.s.

The main idea of the proof of the Lyons-Schramm Indistinguishability Theorem can be sum-
marised as follows. The coexistence of infinite clusters of different types (i.e., of infinite clusters in
</ and not in &7) can be shown to imply that for some infinite cluster, there exist infinitely many
pivotal edges, that is, closed edges that change the type of the cluster if they are inserted. Heuristi-
cally, this should contradicts the measurability of the property: The existence of pivotal edges far
away from the origin — which by insertion tolerance are in some sense indifferent to being inserted
and hence changing the type of an infinite cluster — should imply that we cannot approximate the
event that the cluster at the origin is in & by an event depending only on finitely many edges of
the configuration. (The ability to approximate a set in this way is the definition of the set being

measurable.)

To see that the Lyons-Schramm Indistinguishability Theorem implies the Héaggstrom-Peres-
Schramm Uniqueness Monotonicty Theorem in the unimodular case, first observe that we can
sample G[p1] by first sampling G|[p2], and then performing Bernoulli p;/ps bond percolation on
G|p2]. Consider the set

/ € {0,1}" w spans a connected subgraph H of G such that Bernoulli
- w s :
p1/p2 percolation on H has no infinite clusters almost surely

If G[po] has infinitely many infinite clusters a.s., then, by the Lyons-Schramm Indistinguishability

Theorem, either all these clusters are in 7, in which case G[p1] has infinitely many infinite clusters
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a.s. also, or else none of the clusters are in <7, in which case G[p1] does not have any infinite clusters

a.s., concluding the proof.

Indistinguishability of infinite clusters can fail for nonunimodular transitive graphs. However,
Héaggstrom, Peres, and Schonmann [114] proved that indistinguishability still holds in this context
provided that we restrict attention to what they called robust properties, of which the set &7 above

is an example.

1.4.2 The geometry of infinite clusters

What can we say about the geometry of individual clusters? In general, we expect that if G[p] has
a unique infinite cluster, then this cluster will be similar to the original graph G in many ways.
For example, it is conjectured that if G is a transient transitive graph, then every infinite cluster of
G|p] is transient a.s. for every p > p.. The first result of this form was due to Grimmett, Kesten,
and Zhang [104].

Theorem (Grimmett, Kesten, and Zhang 1993). Let p > p.(Z%). Then the unique infinite cluster

of Z[p] is transient almost surely.

The original proof of this theorem was rather difficult. A much simpler proof was found by
Gabor Pete in 2008 [194], using isoperimetric techniques. An obstacle to applying isoperimetric
methods to percolation is that the infinite percolation cluster will necessarily contain ‘bad regions’.
In particular, if G is a transitive graph and p < 1, it is easily seen that every infinite cluster of G[p]
must contain arbitrarily large sets of vertices with only one edge in their boundary. This is because
such sets have positive probabilities to occur at the origin, and therefore must occur somewhere by

ergodicity.

This difficulty led Benjamini, Lyons, and Schramm [45] to introduce the notion of the anchored
isoperimetric inequalities, whose definition we already saw in Section These are less sensitive
to perturbations of the graph, and we can hope that if G is a sufficiently nice (e.g. transitive) graph
that satisfies an anchored ¢(t)-isoperimetric inequality, then the infinite clusters of G[p] will also
satisfy an anchored ¢(t)-isoperimetric inequality for p > p.. Chen and Peres [70] proved that this
is indeed the case for graphs with anchored expansion, at least for sufficiently large p. A second

proof, due to Pete, appeared as an appendix to the same paper.

Theorem (Chen, Peres, and Pete 2004). Let G be a graph with anchored expansion. Then there

exists po < 1 such that every infinite cluster of G[p| has anchored expansion almost surely for every

D Z Po-

A much more general form of this result was later proven by Pete [194], a special case of which

is as follows.

Theorem (Pete 2008). Let G be a Cayley graph of a finitely presented group (e.g. Z%) that is

not rough isometric to Z, and suppose that G satisfies a ¢(t)-isoperimetric inequality for some
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increasing ¢. Then there exists po < 1 such that every infinite cluster of G|pg] satisfies an anchored

o(t)-isoperimetric inequality almost surely.

By the Thomassen Criterion, these results imply that infinite clusters of G[p| are transient for
sufficiently large p for a large class of transient graphs G. In the case of Z¢, it is possible to recover

the full Grimmett-Kesten-Zhang Theorem by a renormalization argument.

Now suppose that G is non-Liouville. Does it follow that every infinite cluster of G[p| is non-
Liouville for every p > p.. Conversely, if G is Liouville, does it follow that every infinite cluster of
G[p] is Liouville for every p > p.? In general, this question is very poorly understood. (In contrast,
the existence of harmonic Dirichlet functions on percolation clusters of unimodular transitive graphs
is very well understood since the work of Gaboriau [94].) Similarly to the case of transitive graphs,
the non-Liouville property for percolation clusters on unimodular transitive graphs is equivalent
to the random walk on the cluster having positive speed. Thus, we can answer the question in
the nonamenable unimodular case for large p by invoking the following beautiful theorem of Virdg
[227]. We shall see that much easier proofs, avoiding anchored expansion altogether, are possible

once we introduce the notion of invariant nonamenability.

Theorem (Virdg 2000). Let G be a bounded degree graph with anchored expansion. Then the
random walk on G has positive speed almost surely, and for each vertex v there exist positive
constants ¢ and C' such that

pr(v,v) < C'e_‘ml/3

for all n > 1.

1.5 Uniform spanning forests

The Free Uniform Spanning Forest (FUSF) and the Wired Uniform Spanning Forest
(WUSF) of an infinite graph G are defined as weak limits of the uniform spanning trees on large
finite subgraphs of G, taken with either free or wired boundary conditions respectively. First
studied by Pemantle [190], the USFs are closely related many other areas of probability, including
electrical networks [62, 154], Lawler’s loop-erased random walk [44, 161, 228], sampling algorithms
[197, 228], domino tiling [150], the Abelian sandpile model [137, 138, 178], the rotor-router model
[126], and the Fortuin-Kasteleyn random cluster model [105, 109]. The USFs are also of interest
in group theory, where the FUSFs of Cayley graphs are related to the £2-Betti numbers [94, 169]
and to the fixed price problem of Gaboriau [95], and have also been used to approach the Dixmier
problem [87].

Uniform spanning forests are also the major topic of this thesis, being the subject of four of
the included papers and being of central importance in one other. One of our main goals will be
to address the same questions for the uniform spanning forests that we asked about percolation in

the previous section.
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1.5. Uniform spanning forests

1.5.1 Uniform spanning trees

Let us start at the beginning. A uniform spanning tree of a finite graph G is simply a uniform
random element from the set of spanning trees of GG, that is, connected subgraphs of G that contain
every vertex and no cycles. The connection between uniform spanning trees and electrical networks
goes back as far as it could, all the way to the 1847 work of Kirchhoff [154] in which the laws of

electrical networks were introduced.

Theorem (Kirchhoff’s effective resistance formula). Let G be a finite graph. Then for every edge
e of G,
P(e is in a uniform spanning tree of G) = Reg(e™ <> e™)

(Kirchhoff did not state this theorem probabilistically, but rather as a statement about the ratio

of the number of spanning trees that include the edge to the total number of spanning trees.)

Kirchhoff’s interest in this theorem was computational: He also invented a method to compute

the number of spanning trees of a graph, the famous Matriz-Tree Theorem.

Theorem (Kirchhoff’s Matrix-Tree Theorem). Let G be a finite connected graph with n vertices,
and let Aq,..., \p—1 be the non-zero eigenvalues of the Laplacian of G. Then

1 n—1
[{ spanning trees of G}| = - H i
i=1

Since the number of spanning trees that do not contain a given edge is equal to the number
of spanning trees of the graph in which that edge has been deleted, Kirchhoff’s effective resistance
formula together with the Matrix-Tree theorem give a method for computing effective resistances
in finite graphs. From our perspective, we will be more interested in using the formula the other
way around, using the variational principles for the effective resistance to estimate the probability

that an edge is in a uniform spanning tree (or forest).

How can we sample the uniform spanning tree of a finite graph? One very simple method is
as follows. Pick some edge of the graph. We can compute the probability that the edge is in the
uniform spanning tree (e.g. using the Matrix-Tree Theorem), and flip an appropriately biased coin
to decide whether or not to include it. If we decide to include the edge, then we next contract
it, i.e., identify the two endpoints of the edge. Otherwise, if we decided not to include the edge,
we delete it from the graph. We then continue as in the first step, choosing another edge from
the graph, choosing whether or not to include it by performing a Matrix-Tree calculation (in the
modified graph) and flipping an appropriately biased coin, and then contracting or deleting the
edge as appropriate. If we continue doing this until we have decided what to do with every edge,

then the set of edges we chose to include will form a uniformly random spanning tree of G.

Exercise. Prove that this algorithm works.
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A far-reaching extension of Kirchhoff’s effective resistance formula, known as the Transfer-
Current Theorem of Burton and Pemantle [62], allows one to calculate the probability that any
set of edges is included in the forest in terms of electrical quantities. (The case of two edges
had previously been studied by Brooks, Smith, Stone, and Tutte [60], who were interested by the
connection to square tiling, which they invented.) Given two oriented edges e; and ey, we define
Y (e1, e2) to be the current flowing through e, when a unit potential is placed on the endpoints of

e1. In other words,
_ + + + -
Y(ei,e2) = Pej (7’61+ <T > — Pe; (7’61+ <T > .

€1 €1

We fix arbitrarily an orientation of each edge e, and think of Y as a matrix indexed by E x F,

which we call the transfer-current matrix.
Theorem (Burton and Pemantle 1993). Let G be an infinite graph. Then for any collection of
edges e1,...,e, of G, we have

UST({el, ceey €n} g T) = det(Y(ei, ej)>1§m-§n.

Note that the probabilities of all other events can be computed from the probabilities of the

events of the form {{e1,...,e,} C T} using inclusion-exclusion.
1.5.2 Sampling using random walks

The Aldous-Broder Algorithm

Let G be a finite graph, and let (X,,),>0 be a random walk on G. For each vertex v of G, let
e(v, X) be the oriented edge pointing into v that is crossed by the walk X as it enters v for the
first time, and define

AB(X) = {—e(v, X) : v # Xo}

to be the collection of (reversed) first entry edges. It is not hard to see that AB(X) is a spanning
tree, where the edges of the tree are oriented so that every vertex other than Xy has exactly one

oriented edge in the tree emanating from it. The following theorem, however, is surprising at first.
Theorem (Broder 1989, Aldous 1990). AB(X) is a uniform spanning tree of G.

Note in particular that we can start the walk wherever we want, and this does not change the
distribution of the tree. This theorem gives another method of sampling the uniform spanning tree

of a finite graph, named the Aldous-Broder algorithm after its inventors [8, 59].

Exercise. Use the Aldous-Broder algorithm to prove Kirchhoff’s effective resistance formula.

Wilson’s algorithm

The loop-erasure of a path in a graph is formed by erasing cycles from the path chronologically

as they are created. (The loop-erasure is only defined for paths that are either finite or transient
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in the sense that they visit each vertex of the graph at most finitely often.) The loop-erasure of
simple random walk is called loop-erased random walk, and was first studied by Lawler [161].
Let {vg,v1,...,v,} be an enumeration of the vertices of a finite graph G and define a sequence of

trees T; in G as follows:
1. Let Ty have vertex set vg and no edges.

2. Given T;, start an independent random walk from v; 1 stopped when it hits the set of vertices

already included in the tree T;.

3. Form the loop-erasure of this random walk path and let 7311 be the union of T; with this
loop-erased path.

4. Let T =T, =", T

Again, this algorithm clearly produces a spanning tree of G. Once again, however, the following
theorem is very surprising. It is even surprising that the distribution of the tree T" does not depend

on the enumeration we chose.
Theorem (Wilson 1996). The random tree T is a uniform spanning tree of G.

Wilson’s proof [228] uses an ingenious notion of ‘cycle popping’, of which the above algorithm is
merely one implementation. A major advantage of Wilson’s algorithm over the Aldous-Broder al-
gorithm is that it readily extends to generate the wired uniform spanning forest of an infinite graph.
This led to a surge of progress on the wired uniform spanning forest following its introduction, in

particular the landmark work of Benjamini, Lyons, Peres, and Schramm [44].

1.5.3 Uniform spanning forests

We now define the free and wired uniform spanning forests of an infinite graph. These will be
defined as weak limits over exhaustions. These weak limits were both implicitly proven to exist by
Pemantle [190] in 1991, although the wired uniform spanning forest was not considered explicitly
until the work of Haggstrém [109] in 1995.

We write UST g for the law of the uniform spanning forest of finite graph G. The free uniform
spanning forest measure FUSFs is defined to be the weak limit of the sequence (UST¢,,)n>1, so
that

FUSF&(S C §) = 7}1_)1“{)10 USTq, (S CT).

for each finite set S C F, where § is a sample of the FUSF of G and T is a sample of the UST of
G,,. The wired uniform spanning forest measure WUSF is defined to be the weak limit of the

sequence (USTg: )n>1, so that

WUSFg(S C §) = li_}m USTeq: (S CT)
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for each finite set S C F, where § is a sample of the WUSF of G and T is a sample of the UST of
Gr.

The existence of these limits follow immediately from the Transfer-Current Theorem, together
with what we know about infinite electrical networks, since, for example, we know that currents
on G, converge to free currents on G and hence that the transfer-current matrix on G,, converges
to the free transfer current matrix on G (defined in the obvious way). The wired case is similar.
In particular, Kirchhoff’s effective resistance formula and the transfer-current theorem extend to
both the wired and free uniform spanning forests in the natural way. This point of view was not
available to Pemantle at the time of his original work, but was available to Benjamini, Lyons, Peres,

and Schramm [44], who reproved convergence in this way and deduced the following theorem.

Theorem (Benjamini, Lyons, Peres, and Schramm 2001). Let G be an infinite graph. Then the free
and wired uniform spanning forests of G coincide if and only if G does not admit any non-constant

harmonic functions of finite Dirichlet energy.

In particular, we have that the free and wired forests coincide in any amenable transitive graph
and that, by the theorems of Benjamini and Schramm [47, 48] stated in Section we have that
the free and wired uniform spanning forests of a bounded degree planar graph are different if and

only if the graph is transient.

1.5.4 The number of trees in the wired forest

Although they are defined as limits of trees, the uniform spanning forests of a graph need not be

connected. Indeed, we have the following theorem of Pemantle [190].
Theorem (Pemantle 1991). The uniform spanning forest of Z% is connected if and only if d < 4.

Why is dimension four important? A much clearer picture emerged following the introduction
of Wilson’s algorithm. In their seminal paper [44], Benjamini, Lyons, Peres, and Schramm showed
how to extend Wilson’s algorithm to generate the wired uniform spanning forest of any transient
graph. (It is obvious how to extend both the Aldous-Broder algorithm and Wilson’s algorithm
to infinite recurrent graphs.) This allowed them to prove many things. Their extension, called
Wilson’s algorithm rooted at infinity, can be described as follows. Let G be a transient graph

and let (v;);>1 be an enumeration of its vertices. Define a sequence of trees §; in G as follows:
1. Let §p be the empty forest, that has no vertices or edges.

2. Given §j;, start an independent random walk from wv; 1 stopped when it hits the set of vertices

already included in the tree §;. If the walk never hits this set, then it runs forever.

3. Form the loop-erasure of this random walk path and let §;+1 be the union of §; with this
loop-erased path.

4. Let § = U, 8-
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Given the correctness of Wilson’s algorithm, the following is fairly easy to verify from the definitions.
(Simply consider running Wilson’s algorithm on each G}, with vg = 9, and the other vertices

appearing in the order specified, and take the limit as n — 00.)

Theorem (Benjamini, Lyons, Peres, and Schramm 2001). Let G be a transient graph. Then the
random forest § generated by Wilson’s algorithm rooted at infinity is a wired uniform spanning

forest of G.

Using this algorithm, Benjamini, Lyons, Peres, and Schramm were able to prove the following
theorem. We say that a graph G has the intersection property if whenever X and Y are
independent random walks on G, their traces {X,, : n > 0} and {Y,, : n > 0} have non-empty
intersection a.s. (or, equivalently, if the traces have infinite intersection a.s.). We say that G has

the non-intersection property if the traces instead have only finite intersection a.s.

Theorem (Benjamini, Lyons, Peres, and Schramm 2001). Let G be an infinite graph. Then the
wired uniform spanning forest of G is connected a.s. if and only if G has the intersection property.
If G has the non-intersection property, then the wired uniform spanning forest of G has infinitely

many components almost surely.

Perhaps this seems that it should be obvious from Wilson’s algorithm, but it is not. What
is obvious is that the WUSF is connected if and only if a random walk almost surely intersects
an independent loop-erased random walk. The fact that these two properties are equivalent was
proved in a companion paper by Lyons, Peres, and Schramm [174], using a clever second moment

argument adapted from the work of Fitzsimmons and Salisbury [90, 204].

It can be shown that every transitive graph either has the intersection property or the non-
intersection property, yielding the following theorem, which is an analogue of the Newman-Schulman

theorem from percolation.

Corollary (Benjamini, Lyons, Peres, and Schramm 2001). Let G be a transitive graph. Then the
wired uniform spanning forest of G is either connected or has infinitely many connected components

almost surely.

Moreover, it can be shown that a transitive graph has the intersection property if and only if

ann(v,v) =0

n>1

for some (and hence every) vertex v. Once all this is in place, Pemantle’s theorem follows from
Pélya’s estimate . (The fact that Z¢ has the intersection property if and only if d < 4 was
originally proved by Erdés and Taylor in 1960 [88].) More generally, we deduce that the wired
uniform spanning forest is disconnected a.s. in any transitive graph satisfying a 5-dimensional

isoperimetric inequality.
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Greatly extending Pemantle’s theorem, Benjamini, Kesten, Peres and Schramm [41] discovered
that the transition between connectivity and disconnectivity in dimension four is merely the first of
an infinite family of related transitions occurring every four dimensions. In joint work with Yuval
Peres [134] (not included in this thesis), we extended this theorem, and developed a detailed picture
of how the adjacency structure of the trees in the USF of Z? varies as a function of d. In particular,
we showed that the adjacency structure of the forest undergoes a qualitative change every time the

dimension increases and is above four, rather than just every four dimensions.

1.5.5 Geometry of trees in the wired forest

After connectivity, the most basic property of a forest is the number of ends its components have.
Recall that we defined the space of ends of a tree in Section Components of the WUSF are
one-ended a.s. in many large classes of graphs. Generally speaking, we expect that components of
the WUSF will be one-ended a.s. in any transient graph that we have not constructed to serve as a
counterexample. The first generally applicable one-endedness theorem was proven using Wilson’s

algorithm by Benjamini, Lyons, Peres, and Schramm [44].

Theorem (Benjamini, Lyons, Peres, and Schramm 2001). Let G be a unimodular transitive graph
that is not rough isometric to Z. Then every component of the wired uniform spanning forest of G

1s one-ended almost surely.

Their proof analysed the recurrent and transient cases separately. The proof in the transient
case involved an innovative use of the mass-transport principle, the discovery of which was recounted

in the following memorable anecdote of Russ Lyons [1].

To me, Oded’s most distinctive mathematical talent was his extraordinary clarity of
thought, which led to dazzling proofs and results. Technical difficulties did not obscure
his vision. Indeed, they often melted away under his gaze. At one point when the four
of us [Oded Schramm, Russ Lyons, Itai Benjamini, and Yuval Peres| were working on
uniform spanning forests, Oded came up with a brilliant new application of the Mass-
Transport Principle. We were not sure it was kosher, and I still recall Yuval asking me
if I believed it, saying that it seemed to be “smoke and mirrors.” However, when Oded

explained it again, the smoke vanished.

Let us now briefly explain their proof. They begin with a relatively straightforward application
of the mass transport principle to deduce that every component has at most two ends. For this
part of the proof, they observe that there is a natural (in particular, automorphism invariant)
oriented version of the WUSF of a transient graph, in which every vertex has exactly one oriented
edge emanating from it in the forest. This can be defined by orienting towards the boundary
vertex when taking the weak limit, or equivalently by orienting edges of the forest according to
the direction they are traversed by the loop-erased random walks used to generate the forest when

running Wilson’s algorithm. Define the core of a forest to be the set of vertices that lie on some
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simple bi-infinite path in the forest (which is empty if and only if every tree in the forest is finite
or one-ended). The core of a two-ended tree is a bi-infinite path which we call the trunk. Let §
be the OWUSF of a transient unimodular transitive graph. Observe that the unique oriented edge
in § emanating from a vertex in the core of § must have its other endpoint in the core also. Define

a mass transport

f(u,v)
=P

(u is in the core, v is the endpoint of the unique oriented edge emanating from u in §).

Then we have that
Z flo,v) =P(o is in the core)
v

and

Z f(v,0) = E[{v in the core : the oriented edge emanating from v points into o}|

v

=E [(|{v in the core : v is adjacent to o}| — 1) 1(o is in the core)}
Thus, the mass-transport principle implies that
E [[{v in the core : v is adjacent to o}| | o is in the core] = 2.

If § has a multiply-ended component with positive probability, then on this event its core is
nonempty, and every vertex in the core has at least two other vertices in the core adjacent to
it. If § has a component with more than two ends with positive probability, then on this event
there exists a vertex in the core with at least three vertices in the core adjacent to it, and it fol-
lows from automorphism invariance that the origin is such a vertex with positive probability. The
statement about the expectation above implies that this cannot be the case, and so we deduce that
every component of the WUSF has at most two ends as claimed.

The authors then rule out the existence of a two ended component, considering separately
the cases that the WUSF is connected or disconnected. The case that the WUSF is connected
is handled by a reasonably straightforward but still very elegant argument, a generalised version
of which appears in [127] (Chapter {4] of this thesis). For the disconnected case, the authors first
show that if § contains two-ended components, then it is possible to sample § conditioned on the
origin being contained in the trunk of its component by first sampling the trunk, and then running
Wilson’s algorithm ‘rooted at the trunk’ to sample the rest of §, i.e., beginning the recursion in
Wilson’s algorithm by setting ° to be the trunk. The fact that this works, which the authors call
the trunk lemma, is intuitively plausible but unfortunately rather technical to prove.

Once the trunk lemma is in place, we come to Schramm’s “smoke and mirrors” mass-transport

argument. Suppose for contradiction that § contains a two-ended component with positive proba-

39



1.5. Uniform spanning forests

bility. Since § is disconnected, the trunk lemma implies that, conditional on both the trunk of the
tree containing the origin, denoted 7', and the event that this trunk contains the origin, there is
some vertex w of G such that the random walk started at w does not hit 1" with positive probability.
Let W be the set of such vertices. Then it is not hard to see that W must be adjacent to some
vertex of T, and automorphsim-invariance implies that the origin is such a vertex with positive
probability. it follows that, with positive probability, a random walk started at the origin does not

return to 7T after time zero. In notation,
E [7’7‘1' 1(o is in the trunk of a two-ended component)| = co

Now, for each vertex v in the trunk of a two-ended component of §, let B, be the set of vertices
u, including v itself, such that any simple infinite path starting at « in § must pass through v,
called the bush at v. The trunk lemma implies that the probability that w is in B, conditional on
T and the event o € T is equal to the probability that a random walk started at « hits 7', and does
so for the first time at o. By time reversal, this is equal to the expected number of times a random

walk started at o hits u before returning to 1" for the first time, and so, summing over u,

E [|B,|1(0 in the trunk of a two-ended component)]
=E [T; 1(o in the trunk of a two-ended component)| = co

On the other hand, if we transport mass from each vertex of v of G in a two-ended component of

§ to the unique vertex v such that v € B,, we obtain from the mass-transport principle that
E|B,|1(0 is in the trunk of a two-ended component) = P(o is in a two-ended component) < oo,

giving us the desired contradiction.

A more geometric understanding of one-endedness in the transient case was developed by
Lyons, Morris, and Schramm [170] in 2008. These authors gave an isoperimetric criterion for
one-endedness, very similar to the Thomassen criterion for transience. Their proof was based on

electrical techniques; see [173] for an updated exposition.

Theorem (Lyons, Morris, and Schramm 2008). Let G be a graph that satisfies an f(t)-isoperimetric
inequality for some increasing function f : (0,00) — (0,00) for which there exists a constant a such

that f(t) <t and f(2t) < af(t) for all t € (0,00). If

>~ 1
/1 Wdt<0®,

then every component of the wired uniform spanning forest of G is one-ended almost surely.

Corollary (Lyons, Morris, and Schramm 2008). Let G be a transitive transient graph. Then every

component of the wired uniform spanning forest of G is one-ended almost surely.
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Trees with one end (or finitely many ends) are clearly recurrent by the Nash-Williams Criterion.
Recurrence of components in the WUSF holds even more generally than one-endedness, however,

as was proven by Morris in 2003 [185] using electrical methods.

Theorem (Morris 2003). Let G be an infinite graph. Then every component of the wired uniform

spanning forest of G is recurrent almost surely.

1.5.6 The interlacement Aldous-Broder algorithm

Unlike Wilson’s algorithm, it was for a long time not apparent how to extend the Aldous-Broder
algorithm to generate the wired uniform spanning forest of an infinite transient graph. In our
paper [128] (Chapter |5 of this thesis), we showed that such an extension can be done by replacing
the random walk in the classical algorithm with the random interlacement process. The
interlacement Aldous-Broder algorithm turns out, generally speaking, to be better suited than
Wilson’s algorithm for studying ends in the WUSF, and allowed us to prove several new results. It
is also of central importance in upcoming work in which we compute the critical exponents for the

USF in high dimensions.

The interlacement process was originally introduced by Sznitman [216] to study the disconnec-
tion of cylinders and tori by a random walk trajectory, and was generalised to arbitrary transient
graphs by Teixeira [218]. See the monographs [67, 82] for detailed introductions. Roughly speaking,
the interlacement process .# on a transient graph G is a ‘Poissonian soup’ of bi-infinite random
walk trajectories in G. As we increase a real time parameter ¢, more and more of these trajectories
appear. Formally, .# is a random subset of W/ ~ xR, where W is the space of doubly infinite
paths in G that visit each vertex at most finitely often, and ~ holds two such paths to be equivalent

if and only if they are reparameterizations of each other.

Theorem (H. 2015). Let G be a transient graph, let .# be the interlacement process on G, and let
t € R. For each vertex v of G, let 7(v) be the smallest time greater than t such that there exists
a trajectory (Wi, 7e(v)) € F passing through v, and let e;(v) be the oriented edge of G that is
traversed by the trajectory W, as it enters v for the first time. Then

ABy(S) :={—ei(v) :v €V}
has the law of the oriented wired uniform spanning forest of G.

We used this algorithm to prove an anchored isoperimetric condition for one-endedness, an-

swering positively a question of Lyons, Morris, and Schramm [170].

Theorem (H. 2015). Let G be a graph that satisfies an anchored f(t)-isoperimetric inequality for
some increasing function f : (0,00) — (0,00) for which there exists a constant a such that f(t) <t
and f(2t) < af(t) for allt € (0,00). Suppose that f also satisfies each of the following conditions:
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1

and

[ ( (] f(ltpdt)‘j ds < oo

Then every component of the wired uniform spanning forest of G is one-ended almost surely.

for every € > 0.

On the other hand, we also proved the following, which implies that it is not possible to tell
whether or not the components of the WUSF of a graph are one-ended a.s. from the coarse geometry

of the graph alone. This answered negatively a question of Lyons, Morris, and Schramm [170)].

Theorem (H. 2015). There exist two bounded degree, rough isometric graphs G and G’ such that
every component of the wired uniform spanning forest of G is one-ended almost surely, but the wired

uniform spanning forest of G' contains a component with uncountably many ends almost surely.

What can we say about graphs that do have multiply ended components in their WUSFEF? One
example of a transient graph in which the WUSF has multiply-ended components is obtained from
75 by attaching an infinite path to each of the vertices u = (0,0,0,0,0) and v = (2,0,0,0,0). The
WUSF of this graph has the same distribution as the union of the WUSF of Z5 with each of the two
added paths. If the vertices u and v are in the same component of the forest, then this component
has exactly three ends, while all other components have one end. If not, then the component
containing v and the component containing v both have two ends, while all other components have
one end. In particular, the event that the WUSF contains a two-ended component has probability
strictly between 0 and 1. Nevertheless, the number of excessive ends of §, that is, the sum over

all components of § of the number of ends minus 1, is equal to two a.s.

In [128], we used the interlacement Aldous-Broder algorithm to prove that this is a general

phenomenon, answering positively a further question of Lyons, Morris, and Schramm [170].

Theorem (H. 2015). Let G be an infinite graph. Then there exists a constant ¢ € NU {oo} such

that the wired uniform spanning forest of G has ¢ excessive ends almost surely.

The key to all our results proved using interlacement Aldous-Broder is that it lets us view the

WUSF as the stationary measure of the continuous time Markov process (AB;(.¥));cr.

In upcoming work, we use the interlacement Aldous-Broder algorithm to compute the critical
exponents for the WUSF of Z¢, d > 4, or more generally of any bounded degree graph satisfying a
4-dimensional isoperimetric inequality. An example of one of the exponent theorems we obtain is

the following. The result is new even in the case of Z¢, although related results have been obtained
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by Barlow and Jérai [30] and Bhupatiraju, Hanson, and Jarai [52] (who computed the exponent for
the extrinsic diameter up to a logarithmic correction). Here, the past of a vertex v in a sample of

the wired uniform spanning forest § is defined to be the union of the finite connected components
of §\ {v}.
Theorem (H. 2017). Let G be a bounded degree graph satisfying a d-dimensional isoperimetric

inequality for some d > 4, and let § be the wired uniform spanning forest of G. Then there exists

a positive constant C' such that
C'R™! < P(the intrinsic diameter of pastg(v) is at least R) < CR™!

and

C~'R™Y? < P(|pastz(v)| > R) < CR™'/?
for every vertex v of G and every R > 1.

Using these exponents, we also show that every tree of the WUSF has spectral dimension 4/3
almost surely under the same conditions, meaning that the n-step return probability of a random

walk on each of the trees decays like n=2/3t°(1) almost surely.

1.5.7 Indistinguishability of trees and the geometry of trees in the free forest

As we have seen, most of the basic properties of the WUSF are quite well understood. In com-
parison, our understanding of the FUSF is relatively poor, and several very basic questions remain
open. For example, the following very basic property of the FUSF was proven only recently in joint
work with Asaf Nachmias [131] (Chapter [6] of this thesis), and independently by Timdr [223]. (The
corresponding result for the WUSF is an easy consequence of the work of Benjamini, Lyons, Peres,
and Schramm [44]: see Lemma of this thesis.)

Theorem (H. and Nachmias 2015, Timér 2015). Let G be a unimodular random rooted graph with
E[deg(p)] < oo and let § be a sample of the free uniform spanning forest of G. Then § is either

connected or has infinitely many components almost surely.

The result remains open in the nonunimodular transitive case, where it is also expected to
hold. Our proof was based on update-tolerance, a property of the USFs that we introduced in
the earlier work [127]. This property allows us to insert an edge of our choice into the uniform
spanning forest, so long as we also delete some edge that depends on the forest and the edge that
we chose to insert, in such a way that the resulting forest is absolutely continuous with respect
to the uniform spanning forest that we started with. This property plays the role for USFs that
insertion tolerance played for percolation. However, because we are forced to insert and delete
edges at the same time, update-tolerance is a much weaker property than insertion-tolerance. In
particular, we cannot simply add an edge to merge two trees into one, so that we cannot simply
adapt the Newman-Schulman proof from percolation to show that there is either one or infinitely

many components.
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Instead, we first showed that every component has a well-defined frequency, meaning that if
X is a random walk on GG independent of the forest §, then for each tree T" of § the limit

exists and is almost surely equal to some constant depending on 7" but not on the walk X. If there
are finitely many components, their frequencies must add to 1, and ergodicity implies that the set
of frequencies appearing in the forest is non-random. We then argue that, by performing updates
in an appropriate way, we can change the set of frequencies that appear, giving us a contradiction.
(It is here that unimodularity is used in a crucial way to show that a tree with positive frequency
cannot have a zero frequency branch.)

The update-tolerance method allowed us to solve a conjecture of Benjamini, Lyons, Peres,
and Schramm [44], which stated that both the WUSF and FUSF satisfy a Lyons-Schramm type

indistinguishability theorem.

Theorem (H. and Nachmias 2015). Let G' be a unimodular random rooted graph with E[deg(p)] <
oo and let § be a sample of either the free uniform spanning forest or the wired uniform spanning
forest of G. Then for each automorphism-invariant Borel-measurable set o/ of subgraphs of G,
either every connected component of § is in &/ or every connected component of § is not in o

almost surely.

Partial progress on the conjecture was also made in the independent work of Timar [223], who
proved that components of the FUSF are indistinguishable from each other when G is a unimodular
transitive graph such that the FUSF and WUSF are different. Our proof in that case was handled
by a similar approach to his, whereas the other case (of the WUSF or the FUSF when it is equal
to the WUSF) was handled by a completely different method.

Along the way, we also answered a further question of Benjamini, Lyons, Peres, and Schramm
in the unimodular case. Those authors had proved that if the WUSF and FUSF of a transitive
graph are different, then, in contrast to the WUSF, the FUSF has at least one component that is
transient and infinitely ended. We proved that in fact, if this occurs in the unimodular case, then

every component of the FUSF is transient and infinitely-ended.

Theorem (H. and Nachmias 2015, Timér 2015). Let G be a unimodular random rooted graph with
E[deg(p)] < oo and let § be a sample of FUSFq. If the measures FUSFo and WUSF¢ are distinct,

then every component of § is transient and has infinitely many ends almost surely.

Although this would follow as a special case of the indistinguishability theorem above, we in fact
had to prove it separately as part of the proof of the general theorem. The result is also expected

to hold in the nonunimodular case.
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1.5.8 Uniform spanning forests of planar graphs

Unlike for the WUSF, there is no simple criterion for the connectivity of the FUSF. Indeed, it is
not even known whether the number of components of the FUSF is nonrandom for any given fixed

graph. For planar graphs, the situation is much better due to the following duality between the
FUSF and WUSF.

Proposition (Benjamini, Lyons, Peres, and Schramm 2001). Let M be a simply connected planar
map with locally finite dual, and let § be the free uniform spanning forest of M. Then F' is
distributed as the wired uniform spanning forest of M. In particular, § is connected almost surely

if and only if every component of F' is one-ended almost surely.

Using this duality, it follows easily from the theorems we have discussed previously that, for
example, the FUSF of any transitive, simply-connected planar map with locally finite dual is
connected almost surely. Benjamini, Lyons, Peres, and Schramm [44] asked whether the FUSF
of any bounded degree, simply connected map is connected. In joint work with Nachmias [130]
(Chapter |10 of this thesis), we answered this question positively.

Theorem. The free uniform spanning forest is almost surely connected in any bounded degree,

stmply-connected planar map.

In light of the above duality, this theorem is equivalent in the case of a locally finite dual to the
following dual theorem. The general case is then easily deduced from the locally finite dual case

via an approximation argument.

Theorem. Fvery component of the wired uniform spanning forest is one-ended almost surely in

any bounded codegree, simply-connected planar map.

Our proof uses circle packing in an essential way. Suppose T is a simple, simply-connected
triangulation, circle packed in either the plane or the disc, and let e be a fixed edge of T'. Let § be
the wired uniform spanning forest of 7. We show that if the components of e~ and e™ in § \ {e}
both have large diameter as measured in either the Euclidean or hyperbolic metric as appropriate
on the circle packing, then with high probability e is not in §. This is done by exploring § in a
Markovian way, analyzing the circle packing to show that certain effective resistances are small,
and then using Kirchoff’s effective resistance formula.

In the bounded degree case, the proof can be made quantitative, and led us to a computation
of the critical exponents of the uniform spanning forest for transient, simply-connected, polyhedral
planar maps with bounded degrees and codegrees. Surprisingly, we found that, if one measures
distances and areas using the hyperbolic geometry of the circle packings rather than the usual
combinatorial geometry, the exponents are universal over the entire class of graphs. For example,
the probability that the past of a vertex has diameter at least r in the hyperbolic metric always
scales like 1/r, even for triangulations with rather unusual circle packings such as those in the figure

above.
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Figure 1.8: Two bounded degree, simple, proper plane triangulations for which the graph distance
is not comparable to the hyperbolic distance. Similar examples are given in [215, Figure 17.7]. Left:
In this example, rings of degree seven vertices (grey) are separated by growing bands of degree six
vertices (white), causing the hyperbolic radii of circles to decay. The bands of degree six vertices
can grow surprisingly quickly without the triangulation becoming recurrent [211]. Right: In this
example, half-spaces of the 8-regular (grey) and 6-regular (white) triangulations have been glued
together along their boundaries; the circles corresponding to the 6-regular half-space are contained
inside a horodisc and have decaying hyperbolic radii.

1.5.9 USFs of multiply-connected planar maps

It is natural to ask whether our result concerning the connectivity of the FUSF extends to all
bounded degree planar maps, without the assumption that they are simply connected. Indeed, if
such an extension were true, it would have interesting consequences for finite planar graphs. In
[130] (Chapter we present an example, which was analyzed in collaboration with Gady Kozma,

to show that the theorem does not admit such an extension.

Theorem. There exists a bounded degree planar graph G such that the free uniform spanning forest

of G is disconnected with positive probability.

In light of this example, it is an interesting problem to determine for which bounded degree planar
graphs the FUSF is connected. As the final result of [130], we initiated progress on this question
by showing that the FUSF is connected almost surely on any bounded degree, countably-connected
planar map. Here, countably connected means that the surface associated to the map is home-
omorphic to a domain in C U {occ} whose complement has at most countably many connected

components.

Theorem. Let M be a countably-connected, bounded degree planar map. Then the free uniform

spanning forest of M is connected almost surely.

The proof of this theorem requires two additional ingredients besides those appearing in the

simply-connected case. The first is the introduction of the transboundary uniform spanning forest
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Figure 1.9: Left: A circle packing in the multiply-connected circle domain D\ {0}. Right: A circle
packing in a circle domain domain with several boundary components.

(TUSF), which is dual to the FUSF of a (not necessarily proper) plane graph in the same way that
the WUSF is dual to the FUSF of a proper plane graph. The second additional ingredient, which
we use to prove this dual statement, is a transfinite induction inspired by He and Schramm’s work
on the Koebe Conjecture [122, 207].
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1.6 Unimodular random graphs

A rooted graph (G, p) is a connected, locally finite graph G = (V, E) together with a distinguished
vertex p, called the root. A graph isomorphism ¢ : G — G’ is an isomorphism of rooted graphs
if it maps the root to the root. The local topology (see [50]) is the topology on the set G, of
isomorphism classes of rooted graphs is defined so that two rooted graphs are close if they have

large isomorphic balls around their roots. Formally, it is the topology induced by the metric

dioc ((Ga P), (G/a p,)) = e—R’

where

R=R((G,p),(G,p)) =sup{R >0: Bg(G,p) = Br(G, )},

i.e., the maximal radius such that the balls Br(G,p) and Br(G',p’) are isomorphic as rooted
graphs. A random rooted graph is a random variable taking values in the space G, endowed
with the local topology. Similarly, a doubly-rooted graph is a graph together with an ordered
pair of distinguished (not necessarily distinct) vertices. Denote the space of isomorphism classes of
doubly-rooted graphs equipped with this topology by Gee-

A mass-transport is a Borel function f : Gee — [0, 00]. A random rooted graph (G, p) is said

to be unimodular if it satisfies the Mass Transport Principle: for every mass transport f,

B| 3 1G] =B 3 f(Gun]. (MTP)

veV ueV

Unimodularity of random rooted graphs was first defined by Benjamini and Schramm in their
seminal work [50], and was developed thoroughly by Aldous and Lyons [7], who showed that much
of what was known about, for example, percolation and uniform spanning forests on unimodular
transitive graphs generalised to the unimodular random rooted graph setting, often under the
additional assumption of bounded degree or of finite expected degree. Moreover, restricting oneself
to use only unimodularity rather than more delicate properties of a specific example often leads
to proofs that are not only more general, but also much more simple and elegant. Our work with
Yuval Peres on the collision property [133] (Chapter 3) is a good example of this.

It is also possible to define, with similar definitions, the spaces of rooted and doubly-rooted
maps M, and M,,, and the corresponding notions of unimodularity and the Mass-Transport
Principle. Similarly, we have unimodular random rooted marked graphs and maps, in which every
vertex and/or edge has a random mark taking values in some Polish space. For example, given
a unimodular transitive graph G and some automorphism-invariant percolation w on G (such as
Bernoulli bond percolation, the FUSF, or the WUSF), we have that (G, p,w) is a unimodular
random rooted marked graph, with edge marks in {0, 1}.

Every unimodular transitive graph can be made into a unimodular random rooted graph by

choosing a root vertex arbitrarily. Furthermore, if G is a (possibly random) finite graph and p
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is chosen uniformly from the vertex set of G, then the random rooted graph (G, p) is unimodu-
lar. This leads to many further examples: It can be shown that the set of distributions of the
unimodular random rooted graphs is closed under the topology of weak convergence, and hence
that if (Gn, pn) are a sequence of finite random graphs with uniform random roots converging to
some infinite random rooted graph (G, p) in distribution, then the limit (G, p) is itself unimodular.
This procedure is known as a Benjamini-Schramm limit. A unimodular random rooted graph
that can be obtained as a Benjamini-Schramm limit of finite graphs is said to be sofic. It is a
major open problem, with important ramifications in group theory, to determine whether every

unimodular random rooted graph is sofic.
Conjecture (Aldous and Lyons 2007). Every unimodular random rooted graph is sofic.

It is the widespread belief, certainly among group theorists, that the conjecture is false. We

choose to withhold judgment.

1.6.1 Reversibility

Unimodularity is closely related to reversibility. A random rooted graph (G, p) with at least two
vertices is said to be stationary if, when (X, ),>¢ is a simple random walk on G started at the
root,

(G.p) £ (G X)

for all n and is said to be reversible if
d
(Gv p7 XTL) = (Ga XTLv p)

for all n. Note that this is not the same as the reversibility of the random walk on G, which holds
for any grap}ﬁ. Every reversible random rooted graph is clearly stationary, but the converse need
not hold in general: transitive graphs that are not unimodular are an important example.

Aldous and Lyons proved the following correspondence between reversible random rooted graphs
and unimodular random rooted graphs of finite expected degree: If (G, p) is a unimodular random
rooted network with E[deg p] < co (that is almost surely not equal to a single degree zero vertex),
then biasing the law of (G, p) by deg p (that is, re-weighting the law of (G, p) by the Radon-Nikodym
derivative deg p/E[deg p]) yields the law of a reversible random rooted network. Conversely, if (G, p)
is a reversible random rooted network, then biasing the law of (G, p) by deg™! p yields the law of

a unimodular random rooted network. This is summarized by the following bijection:

bias by deg p
_—

{(G, p) unimodular with E[deg p] < oo, deg(p) > 1 a.s.} {(G, p) reversible} .
(__——

bias by deg™! p

SRather, a random rooted graph (G,p) is reversible if and only if the Gee-valued Markov process
((G, X, Xnt1))n>o0 is reversible.

49



1.6. Unimodular random graphs

1.6.2 Invariant amenability and nonamenability

Given a unimodular random rooted graph (G, p) and a random subgraph w of G, we say that w is a
percolation on (G, p) if (G, p,w) is unimodular when considered as a random rooted marked graph,
with edge marks in {0,1}. A primary example is given by (G, p) a unimodular transitive graph
and w an automorphism-invariant random subgraph of G. The following property of nonamenable
unimodular transitive graphs was discovered for regular trees by Héggstrom [111], and was extended

to all unimodular transitive graphs by Benjamini, Lyons, Peres, and Schramm [36].

Theorem. Let G be a nonamenable unimodular transitive graph. Then there exists a > 0 such
that every automorphism-invariant percolation w on G with Edeg, (p) > degp — a has an infinite

connected component almost surely.

This theorem gives a great deal of insight about percolation on nonamenable proofs, and is
proven very easily. We call an automorphism-invariant percolation w on G finitary if all its
clusters are finite almost surely. We write K, (v) for the connected component of w containing v.

Suppose that w is a finitary percolation on G, and define a mass-transport

degu — deg,, u
F(Gu,v,w) = ———-1 (v e K,(u)
Kol )
Then
EZF(Ga p,’l),W) = E[degp_ degw p]
. 0. (0)
w\p
E F(G,u,p,w):E[E],
Zu: |Ku(p)|
so that the Mass-Transport Principle yields that
108 K.u(p)|
E|degp —deg,p| =E [ .
| =2

Since G is nonamenable, the right hand side is bounded by a positive constant, and the result
follows.

Aldous and Lyons [7] observed that Haggstrom’s theorem can be used as a definition for a
notion of nonamenability for unimodular random graphs, which we call invariant nonamenability.
If (G, p) is a unimodular random rooted graph and w is a random subgraph of G, we say that w
is a percolation on G if (G, p,w) is a unimodular random rooted marked graph. We say that a

unimodular random rooted graph (G, p) is invariantly nonamenable if there exists a positive

[ |

for every finitary percolation w. By the mass-transport argument above, if Edegp < oo this is

constant € such that
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equivalent to there existing a positive constant « such that
Edeg,p <Edegp—a

for every finitary percolation w. In other words, (G, p) is invariantly nonamenable if the conclusion
of Haggstrom’s theorem holds for it. If (G, p) is not invariantly nonamenable we say that it is
invariantly amenable.

Invariant nonamenability turns out to be the right notion of nonamenability for unimodular
random graphs in many ways. For example, it is much easier to prove that supercritical percolation
clusters on a transitive unimodular random graph are invariantly nonamenable than to prove they
have anchored expansion. Moreover, it is often easier to use invariant nonamenability to deduce
properties of the graph than it is to use anchored expansion. The following theorem, originally
stated for percolations on unimodular random graphs by Benjamini, Lyons, and Schramm [45] and
observed to generalize to unimodular random rooted graphs by Aldous and Lyons [7], allows us
to easily deduce many of the properties of invariantly nonamenable graphs from their classically
nonamenable analogues. It plays for invariant nonamenability a role analogous to that Virag’s

‘ocean and islands’ construction [227] plays in the context of anchored expansion.

Theorem (Benjamini, Lyons, and Schramm 1999). Let (G, p) be an invariantly nonamenable uni-
modular random rooted graph. Then there exists a percolation w on (G,p) such that deg(v) is

bounded on w, w is (classically) nonamenable, and w is almost surely a forest.

This theorem easily implies, for example, that the random walk on a bounded degree, invariantly

nonamenable random graph has positive speed.

1.6.3 Unimodular random planar maps

Benjamini and Schramm were motivated to introduce the notion of unimodular random graphs by

their work on random planar maps. They proved the following remarkable theorem.

Theorem (Benjamini and Schramm 2001). Let (T, p) be an infinite unimodular random rooted
simple triangulation that is a Benjamini-Schramm limit of finite simple triangulations of the plane.

Then T can be circle packed in either the plane C or the punctured plane C\ {0} almost surely.

In light of the work of He and Schramm [121] (who also prove that bounded degree circle
packings in C \ {0} are recurrent), the following is an immediate corollary of this theorem for

simple triangulations. The general case follows by a straightforward reduction.

Corollary (Benjamini and Schramm 2001). Let (M, p) be a bounded degree unimodular random
rooted planar map that is a Benjamini-Schramm limit of finite planar maps. Then M is recurrent

almost surely.

In joint work with Angel, Nachmias, and Ray [21] (Chapter, we established a stronger version

of this theorem via a much simpler proof, based on a simple mass-transport argument. Our theorem
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1.6. Unimodular random graphs

should be compared with the results of Beardon and Stephenson [35] and He and Schramm that
we mentioned earlier, which also pertained to the connection between the circle packing type and

the average degree in some sense.

Theorem. Let (G,p) be an infinite, simply-connected, ergodic unimodular random rooted planar

triangulation. Then either

E[deg(p)] = 6, in which case (G,p) is invariantly amenable and almost surely CP

parabolic,
or else

E[deg(p)] > 6, in which case (G, p) is invariantly nonamenable and almost surely CP
hyperbolic.

Benjamini-Schramm limits of finite planar maps are easily seen to have average degree at most
six by Euler’s formula. The case of the Benjamini-Schramm theorem in which the limit is not
simply-connected can be reduced to the simply-connected case by taking universal covers.

The hypothesis that (M, p) is ergodic means that its law is an extreme point of the set of
laws of unimodular random rooted maps. Equivalently, it means that for any event &/ C M, such
that does not depend on the choice of root, (M, p) has probability either zero or one to be in <.
Ergodicity rules out, for example, taking the unimodular random rooted triangulation that is the
6-regular triangular lattice with probability 1/2 and the 7-regular hyperbolic triangulation with
probability 1/2.

Random maps play an important role in the theory of Liouville quantum gravity, which is far too
big a subject to go into on seriously here. The reader is referred to the survey [98] for a summary of
the state of that field as it stood in 2013, although they should note that substantial progress has
been made since then. A central player in this theory is the uniform infinite planar triangulation
of Angel and Schramm [24].

Theorem (Angel and Schramm 2003). Let T), be chosen uniformly from the set of triangulations
of the sphere with n vertices, and let p, be a uniformly chosen random vertex of T,,. Then there
exists a simply-connected random rooted triangulation (T, p) such that

(Tn. pr) —— (T p).

n—oo

The random rooted triangulation (7', p) is known as the uniform infinite planar triangula-
tion (UIPT). A similar result for quadrangulations (i.e., maps in which every face has degree four)
is due to Krikun [157].

Since the UIPT does not have bounded degrees, its recurrence does not follow from the He-
Schramm theorem. Indeed, it remained an open problem to prove that it was recurrent for some
time until it was finally solved by Gurel-Gurevich and Nachmias in 2013 [107], using a strengthened,

quantitative version of the original Benjamini-Schramm proof from the bounded degree case.
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1.6. Unimodular random graphs

Theorem (Gurel-Gurevich and Nachmias 2013). Let (M, p) be a unimodular random rooted planar
map that is a Benjamini-Schramm limit of finite planar maps, and suppose that there exists a
positive constant ¢ such that

P(degp > n) < exp(—cn)

for alln > 1. Then M is recurrent almost surely.
Corollary (Gurel-Gurevich and Nachmias 2013). The UIPT and UIPQ are recurrent almost surely.

A completely different new proof of this theorem, not using circle packing, has appeared in a
recent work of Lee [164].

A distinguishing feature of the UIPT is that it enjoys a certain form of spatial Markov property.
In [75], following similar work on half-planar models by Angel and Ray [23], Curien showed that
set of all random rooted triangulations with this property form a one parameter family (7, p),
with x € (0,2/27]. Each of these random triangulations is unimodular, and the UIPT is given by
the extremal value x = 2/27. Curien also showed that the other (x < 2/27) triangulations in the
family are hyperbolic in various senses. These triangulations were a major motivation for our work

on unimodular random planar maps.

1.6.4 The dichotomy theorem

What about maps that are not triangulations? There, the appropriate quantity to look at is not
the average degree but the average curvature. Recall that the internal angles of a regular k-gon

are given by (k — 2)m/k. We define the angle sum at a vertex v of a map M to be
deg
6

where we write f | v if the vertex v is incident to the face f, and interpret the sum with multi-
plicities if v is multiply incident to f. This definition extends to maps with infinite faces, with the
convention that (co—2)/oco = 1. In the case that every face of M has degree at least 3, we interpret
f(v) as the total angle of the corners at v if we form M by gluing together regular polygons, where
we consider the upper half-space {z + iy € C : y > 0} with edges {[n,n + 1] : n € Z} to be a
regular oo-gon. Of course, M cannot necessarily be drawn in the plane with regular polygons, and
the angle sum at a vertex of M need not be 2w. We define the curvature of M at the vertex v to
be the angle sum deficit
k(v) = kp(v) = 2m — 0(v)
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1.6. Unimodular random graphs

and define the average curvature of a unimodular random rooted map (M, p), denoted K(M, p),

to be the expected curvature at the root

K(M, p) = E[x(p)] = 27 — E Zde(ig

Note that if E[deg(p)] is finite then K(M, p) is also finite.
In joint work with Angel, Nachmias, and Ray [20] (Chapter [9), we used this notion to greatly

expand and generalise the dichotomy from the previous subsection, showing that many diverse

properties of a unimodular random planar map are determined by the average curvature. The

theorem complements, but does not exactly parallel, the dichotomy for deterministic bounded

degree planar maps that we saw earlier.

Theorem (Angel, H., Nachmias, and Ray 2016: The Dichotomy Theorem). Let (M,p) be an

infinite, ergodic, unimodular random rooted planar map and suppose that Eldeg(p)] < co. Then the

average curvature of (M, p) is non-positive and the following are equivalent:

1.

T e N R RS

10.
11.

12.
13.
1.
15.
16.

17.

(M, p) has average curvature zero.

(M, p) is invariantly amenable.

FEvery bounded degree subgraph of M is amenable almost surely.
Every subtree of M is amenable almost surely.

FEvery bounded degree subgraph of M is recurrent almost surely.
Every subtree of M is recurrent almost surely.

(M, p) is a Benjamini-Schramm limit of finite planar maps.

(M, p) is a Benjamini-Schramm limit of a sequence (M, )n>0 of finite maps such that

genus(My,)
#{vertices of M} n—oo

The Riemann surface associated to M is conformally equivalent to either the plane C or the
cylinder C/Z almost surely.

M does not admit any non-constant bounded harmonic functions almost surely.

M does not admit any non-constant harmonic functions of finite Dirichlet energy almost
surely.

The laws of the free and wired uniform spanning forests of M coincide almost surely.

The wired uniform spanning forest of M is connected almost surely.

Two independent random walks on M intersect infinitely often almost surely.

The laws of the free and wired minimal spanning forests of M coincide almost surely.
Bernoulli(p) bond percolation on M has at most one infinite connected component for every
p € [0,1] almost surely (in particular, p. = py).

M is vertex extremal length parabolic almost surely.

In light of this theorem, we call a unimodular random rooted map (M, p) with E[deg(p)] < oo
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Figure 1.10: The logical structure for the proof of Theorem in the simply connected case.
Implications new to this paper are in red. Blue implications hold for arbitrary graphs; the orange
implication holds for arbitrary planar graphs, and green implications hold for unimodular random
rooted graphs even without planarity. A few implications between items that are known but not

used in the proof are omitted.

parabolic if its average curvature is zero (and, in the planar case, clauses (1)—(17) all hold), and
hyperbolic if its average curvature is negative (and, in the planar case, the clauses all fail).

A central connection between the average curvature and the behaviour of random processes on
the map is given by the following formula for the expected degree of the FUSF. It is known that
the expected degree at the root of the WUSF of a unimodular random rooted graph is always equal
to 2, and since the FUSF stochastically dominates the WUSF it follows that they are equal if and
only the expected degree of the FUSF at the root is 2 also.

Theorem (Angel, H., Nachmias, and Ray 2016). Let (M, p) be an infinite, simply connected uni-
modular random map, and suppose that Eldeg(p)] < oo, and let § be the free uniform spanning

forest of M. Then . .
Eldess (p)] = ~E[#(p)] =2 ~ ~K(M, p) (1.6.1)

In particular, the FUSF and WUSF of M coincide if and only if (M, p) has average curvature zero.

Secondly, we have the following theorem, which is also a major piece of the Dichotomy Theorem

above, and complements our results with Nachmias that held for deterministic bounded degree
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1.6. Unimodular random graphs

planar graphs [130].

Theorem (Angel, H., Nachmias, and Ray 2016). Let (M, p) be a simply connected unimodular
random rooted map with E[deg(p)] < oo. Then the free uniform spanning forest of M is connected

almost surely.

The case in which the dual of M is recurrent and locally finite followed easily from previous
results. In the case that the dual of M is transient and locally finite, this theorem follows from our
earlier work [127, 128], the main purpose of which was to remove the bounded degree hypothesis

which was required by the earlier result of Aldous and Lyons [7].

Theorem (H. 2015). Let (G, p) be a transient unimodular random rooted graph, and let § be the

wired uniform spanning forest of G. Then every component of § is one-ended almost surely.

The case that the dual of M is not locally finite was handled by a separate argument based

on a variation of Wilson’s algorithm.

Using the fact that the FUSF is connected almost surely, we were able to deduce the following

theorem, which verifies the Aldous-Lyons conjecture in the case of simply-connected planar maps.

Theorem (Angel, H., Nachmias, and Ray 2016). Every simply-connected unimodular random

rooted map is sofic, that is, a Benjamini-Schramm limit of finite maps.

Note that, by the Dichotomy Theorem, the sequence of approximating maps are necessarily
non-planar in the hyperbolic case.
1.6.5 Boundary theory of unimodular random triangulations

In our joint work with Angel, Nachmias, and Ray [21], we also developed the boundary theory of
circle packings of unimodular random triangulations. When P is a circle packing of a graph G =
(V, E) in the unit disc, we define zj,(v) to be the hyperbolic centre of the circle of P corresponding

to the vertex v.

Theorem. Let (G,p) be a simple, one-ended, CP hyperbolic unimodular random planar triangu-
lation with E[deg?(p)] < oc. Let P be a circle packing of G in the unit disc, and let (X,)n>0 be a

simple random walk on G. The following hold conditional on (G, p) almost surely:
1. 2(Xy) and zp(X,) both converge to a (random) point denoted = € 9D,
2. The law of Z has full support OD and no atoms.

3. OD is a realisation of the Poisson boundary of G. That is, for every bounded harmonic

function h on G there exists a bounded measurable function g : 0D — R such that

h(v) = Ey[g(E)].

o6



1.7. Open problems

Although the results are similar to those proved in the bounded degree case by Benjamini
and Schramm [47] and by Angel, Barlow, Gurel-Gurevich, and Nachmias [17], the proofs are very
different. Indeed, the analytic methods of [17, 47] fail badly in the absence of the bounded degree
assumption, and were unavailable to us. This required us to develop an entirely different, more
probabilistic, approach to the boundary theory of planar graphs. (Georgakopoulos’s square tiling
analysis [100] is less reliant on bounded degrees, but the assumption is still crucial to Benjamini
and Schramm’s proof that the random walk converges to a point in the boundary of the square
tiling.) In joint work with Peres [132], we later adapted these methods to give simpler proofs in
the bounded degree case, as we mentioned earlier. It is worth noting, however, that the analytic
methods give stronger results when applicable: for instance, we do not know that the boundary
of the unit disc is a realization of the Martin boundary for circle packings of unimodular random
hyperbolic triangulations.

Finally, our methods also yielded results concerning the speed of the random walk as measured

in the hyperbolic metric.

Theorem. Let (G,p) be a simple, one-ended, CP hyperbolic unimodular random rooted planar
triangulation with E[deg?(p)] < oo and let P be a circle packing of G in the unit disc. Then almost

surely
iy Gww(en(p), 2n(Xn)) ) —logr(Xa)

n—00 n n—oo n

> 0.

In particular, both limits exist. Moreover, the limits do not depend on the choice of packing, and if

(G, p) is ergodic then this limit is an almost sure constant.

Unlike the previous theorem, this result does not have an analogue in the deterministic bounded

degree case.

1.7 Open problems

We conclude the introduction with a collection of our favourite open problems that appear in the
rest of the thesis. Many other interesting open problems on similar topics, several of which we have

already mentioned, appear in [173].
Question. Let G be a bounded degree proper plane graph.

1. Let H be a finite graph. Is the free uniform spanning forest of the product graph G x H

connected almost surely?

2. Let G’ be a bounded degree graph that is rough isometric to G. Is the the free uniform spanning

forest of G connected almost surely?

Conjecture. Let D be a domain. Then either every simple, bounded degree triangulation admitting
a circle packing in D has an almost surely connected free uniform spanning forest, or every simple,
bounded degree triangulation admitting a circle packing in D has an almost surely disconnected free

uniform spanning forest.
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Question. Let G be a unimodular transitive graph, and let § be the transboundary uniform spanning

forest of G. Is § almost surely a topological spanning tree of G 7

Question. Let T be a bounded degree triangulation that admits a circle packing in the complement
of a domain D which is quasi-homogeneous in the sense that the group of conformal automorphisms

of D acts cocompactly on D. Is the free uniform spanning forest of T' connected almost surely?

Question. Let T be a bounded degree triangulation that admits a circle packing in the complement

of a positive-length Cantor set. Is the free uniform spanning forest of T' disconnected almost surely?

Question. Let G be a uniformly transient network with infe c(e) > 0. Does it follow that every

component of the wired uniform spanning forest of G is one-ended almost surely?

Question. Let d > 3, let & be the interlacement process on 72, and let (Fi)ier = (ABi(F))icr.
If d = 3,4, do there exist times at which §y is disconnected? If d > 5, do there exist times at which

$+ is connected?

Conjecture. Let (T,p) be a simple, CP hyperbolic, unimodular random rooted triangulation with
E[deg2 p] < oco. Then the boundary of the circle packing of T in D is a realization of the Martin

boundary of T almost surely.
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Chapter 2

Critical percolation on any
quasi-transitive graph of exponential

growth has no infinite clusters

Summary. We prove that critical percolation on any quasi-transitive graph of exponential volume
growth does not have a unique infinite cluster. This allows us to deduce from earlier results that
critical percolation on any graph in this class does not have any infinite clusters. The result is new

when the graph in question is either amenable or nonunimodular.

2.1 Introduction

In Bernoulli bond percolation, each edge of a graph G = (V| E) (which we will always assume
to be connected and locally finite) is either deleted or retained at random with retention probability
p € [0,1], independently of all other edges. We denote the random graph obtained this way by
G[p]. Connected components of G[p] are referred to as clusters. Given a graph G, the critical

probability, denoted p.(G) or simply p., is defined to be
pe(G) = sup {p € [0,1] : G[p] has no infinite clusters almost surely} .

A central question concerns the existence or non-existence of infinite clusters at the critical proba-
bility p = p.. Indeed, proving that critical percolation on the hypercubic lattice Z¢ has no infinite
clusters for every d > 2 is perhaps the best known open problem in modern probability theory.
Russo [203] proved that critical percolation on the square lattice Z? has no infinite clusters, while
Hara and Slade [117] proved that critical percolation on Z¢ has no infinite clusters for all d > 19.
More recently, Fitzner and van der Hofstad [89] improved upon the Hara-Slade method, proving
that critical percolation on Z? has no infinite clusters for every d > 11. See e.g. [106] for further
background.

In their highly influential paper [51], Benjamini and Schramm proposed a systematic study of
percolation on general quasi-transitive graphs; that is, graphs G = (V| F) such that the action of
the automorphism group Aut(G) on V has only finitely many orbits (see e.g. [173] for more detail).

They made the following conjecture.
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Conjecture 2.1.1 (Benjamini and Schramm). Let G be a quasi-transitive graph. If p.(G) < 1,

then G[p.] has no infinite clusters almost surely.

Benjamini, Lyons, Peres, and Schramm [43, 45] verified the conjecture for nonamenable, uni-
modular, quasi-transitive graphs, while partial progress has been made for nonunimodular, quasi-
transitive graphs (which are always nonamenable [173, Exercise 8.30]) by Timér [222] and by Peres,
Pete, and Scolnicov [192]. In this note, we verify the conjecture for all quasi-transitive graphs of

exponential growth.

Theorem 2.1.2. Let G be a quasi-transitive graph with exponential growth. Then G[p.| has no

infinite clusters almost surely.

A corollary of Theorem [2.1.2)is that p. < 1 for all quasi-transitive graphs of exponential growth,
a result originally due to Lyons [168].

We prove Theorem by combining the works of Benjamini, Lyons, Peres, and Schramm [43]
and Timdr [222] with the following simple connectivity decay estimate. Given a graph G, we write
B(z,r) to denote the graph distance ball of radius r around a vertex x of G. Recall that a graph

G is said to have exponential growth if
gr(G) := liminf | B(z, r)|}/"
T—00

is strictly greater than 1 whenever x is a vertex of G. It is easily seen that gr(G) does not depend
on the choice of x. Let 7,(x,y) be the probability that x and y are connected in G[p|, and let
kp(n) := inf {Tp(:v,y) cx,y € V,od(x,y) < n}

Theorem 2.1.3. Let G be a quasi-transitive graph with exponential growth. Then
fip.(n) := inf {7 (2, 9) : x,y € V, d(z,y) <n} <er(G)™"

for alln > 1.

Remark 2.1.4. The upper bound on &, (n) in Theorem is attained when G is a regular tree.

There are many amenable groups of exponential growth, and, to our knowledge, the conclusion
of Theorem was not previously known for any of their Cayley graphs. Among probabilists,
the best known examples are the lamplighter groups [173, 192]. See e.g. [33, 72, 140, 172, 183] for

further interesting examples.

Following the work of Lyons, Peres, and Schramm [175, Theorem 1.1], Theorem has the
following immediate corollary, which is new in the amenable case. The reader is referred to [175]

and [173] for background on minimal spanning forests.

Corollary 2.1.5. Let G be a unimodular quasi-transitive graph of exponential growth. Then every

component of the wired minimal spanning forest of G is one-ended almost surely.
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2.2. Proof

2.2 Proof

Proof of Theorem giwen Theorem [2.1.3. Let us recall the following results:

Theorem (Newman and Schulman [187]). Let G be a quasi-transitive graph. Then G[p| has either
no infinite clusters, a unique infinite cluster, or infinitely many infinite clusters almost surely for

every p € [0, 1].

Theorem (Burton and Keane [64]; Gandolfi, Keane, and Newman [97]). Let G be an amenable

quasi-transitive graph. Then G[p] has at most one infinite cluster almost surely for every p € [0, 1].

Theorem (Benjamini, Lyons, Peres, and Schramm [36, 43]). Let G be a nonamenable, unimodular,

quasi-transitive graph. Then G[p.] has no infinite clusters almost surely.

Theorem (Timér [222]). Let G be a nonunimodular, quasi-transitive graph. Then G[p.] has at

most one infinite cluster almost surely.

The statements given for the first two theorems above are not those given in the original papers;
the reader is referred to [173] for a modern account of these theorems and for the definitions of
unimodularity and amenability. Similarly, Timar’s result is stated for transitive graphs, but his
proof easily extends to the quasi-transitive case. For our purposes, the significance of the above
theorems is that, to prove Theorem [2.1.2} it suffices to prove that if G is a quasi-transitive graph of
exponential growth, then G[p.] does not have a unique infinite cluster almost surely. This follows
immediately from Theorem [2.1.3] since if G[p.] contains a unique infinite cluster then

Tp.(z,y) > Pp. (x and y are both in the unique infinite cluster)

Pe
> P, (2 is in the unique infinite cluster)P,, (y is in the unique infinite cluster)

for all z,y € V by Harris’s inequality [118]. Quasi-transitivity implies that the right hand side is
bounded away from zero if G[p.| contains a unique infinite cluster almost surely, and it follows that

limy, 00 Kp, (1) > 0 in this case. O

Lemma 2.2.1. Let G be any graph. Then k,(n) is a supermultiplicative function of n. That is,

for every p,n and m, we have that k,(m +n) > kp(m)kp(n).

Proof. Let u and v be two vertices with d(u,v) < m + n. Then there exists a vertex w such
that d(u,w) < m and d(w,v) < n. Since the events {u <> w} and {w <> v} are increasing and

{u <= v} D {u+ w}N{w « v}, Harris’s inequality [118] implies that
7p(u, 0) = (U, w)Tp(w, v) = Kp(M)kp(n).

The claim follows by taking the infimum. O
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Lemma 2.2.2. Let G be a quasi-transitive graph. Then supn21(f£p(n))1/" is left continuous in p.
That s,

lim sup (/ip_g(n))l/n = sup (Iip(n))l/n for every p € (0,1]. (2.2.1)
e—0+ n>1 n>1

Proof. Recall that an increasing function is left continuous if and only if it is lower semi-continuous,
and that lower semi-continuity is preserved by taking minima (of finitely many functions) and
suprema (of arbitrary collections of functions). Now, observe that 7,(z,y) is lower semi-continuous
in p for each pair of fixed vertices « and y: This follows from the fact that 7,(z,y) can be written
as the supremum of the continuous functions 7, (x,y), which give the probabilities that = and y are
connected in G[p] by a path of length at most r. (See [106, Section 8.3].) Since G is quasi-transitive,
there are only finitely many isomorphism classes of pairs of vertices at distance at most n in G, and
we deduce that kp,(n) is also lower semi-continuous in p for each fixed n. Thus, supnzl(/ip(n))l/ n

is a supremum of lower semi-continuous functions and is therefore lower semi-continuous itself. []
We will require the following well known theorem.
Theorem 2.2.3. Let G be a quasi-transitive graph, and let p be a fixed vertex of G. Then the

expected cluster size is finite for every p < p.. That is,

ZTp(p, x) < oo  for every p < pe.

x

This theorem was proven in the transitive case by Aizenmann and Barsky [4], and in the quasi-
transitive case by Antunovié¢ and Veseli¢ [25]; see also the recent work of Duminil-Copin and Tassion

[83] for a beautiful new proof in the transitive case.

Proof of Theorem[2.1.3. Let p be a fixed root vertex of G. For every p € [0,1] and every n > 1, we

have

Hp(n) ’ }B(p,n)‘ < Z Tp(p,l‘) < ZTP(/}’ x)

z€B(p,n)

Thus, it follows from Theorem Lemma |2.2.1, and Fekete’s Lemma that
( ( ))1/n li ( ( ))1/n <1 (Eaz Tp(p, x))l/n (G)fl
sup(rp(n = lim (kp(n imsup | = —~ =gr
= woe P = R T ) i

for every p < p.. We conclude by applying Lemma [2.2.2] O
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Chapter 3

Collisions of random walks in

reversible random graphs

3.1 Introduction

Let G be an infinite, connected, locally finite graph. G is said to have the infinite collision
property if for every vertex v of G, two independent random walks (X,,)n>0 and (Y,)n>0 started
from v collide (i.e. occupy the same vertex at the same time) infinitely often almost surely (a.s.).
Although transitive recurrent graphs such as Z and Z? are easily seen to have the infinite collision
property, Krishnapur and Peres [158] showed that the infinite collision property does not hold for
the comb graph, a subgraph of Z2.

Chen and Chen [71] proved that the infinite cluster of supercritical Bernoulli bond percolation
in Z2 a.s. has the infinite collision property. Barlow, Peres and Sousi [32] gave a sufficient condition
for the infinite collision property in terms of the Green function. They deduced that several
classical random recurrent graphs have the infinite collision property, including the incipient infinite
percolation cluster in dimensions d > 19.

However, the methods of [71] and [32] both require precise estimates on the graphs under
consideration, and the infinite collision property was still not known to hold for several important
random recurrent graphs — see Corollary |3.1.2.

In this note we prove that the infinite collision property holds a.s. for a large class of random
recurrent graphs. Recall that a rooted graph (G, p) is a graph G together with a distinguished
root vertex p, and that a random rooted graph (G, p) is said to be reversible if (G, p, X;) and
(G, X1, p) have the same distribution, where X; is the first step of a simple random walk on G

started at p (see Section 3.1.1| for more details).

Theorem 3.1.1. Let (G, p) be a recurrent reversible random rooted graph. Then G has the infinite

collision property almost surely.

The assumption of reversibility can be replaced either by the assumption that (G, p) is stationary
or by the assumption that (G,p) is unimodular and the root p has finite expected degree (see

Section [3.1.1] for definitions of these terms).

Corollary 3.1.2. Each of the following graphs has the infinite collision property almost surely.

(This is by no means an exhaustive list.)
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1. The Uniform Infinite Planar Triangulation (UIPT) and Quadrangulation (UIPQ).
2. The Incipient Infinite Cluster (IIC) of Bernoulli bond percolation in 7.

3. Every component of each of the Wired Uniform and Minimal Spanning Forests (WUSF and
WMSF) of any Cayley graph.

The UIPT was introduced by Angel and Schramm [24] and the UIPQ was introduced by
Krikun [157]. They are unimodular by construction and were shown to be recurrent by Gurel-
Gurevich and Nachmias [107]. The IIC is an infinite random subgraph of Z? introduced by Kesten
[153]. For each n, let C), be the largest cluster of a critical Bernoulli bond percolation on the box
[0,n)? and let p, be a uniformly random vertex of C,. Jérai [136] showed that the IIC can be
defined as the weak limit of the random rooted graphs (C,, p), and is therefore unimodular [7,
§2]. For background on the Wired Uniform and Minimal Spanning Forests, see Chapters 10 and 11
of [173] and Section 7 of [7].

In Section we provide extensions of Theorem to networks and to the continuous-time

random walk.

Remark 3.1.3. If G is a non-bipartite graph with the infinite collision property, it is easy to see
that two independent random walks started from any two vertices of G will collide infinitely often
a.s. On the other hand, if G is a bipartite graph with the infinite collision property, then two
independent random walks on G will collide infinitely often if and only if their starting points are

at an even distance from each other.

3.1.1 Definitions

In this section we give concise definitions of stationary, reversible and unimodular random rooted
graphs. We refer the reader to Aldous and Lyons [7] for more details.

A rooted graph (G, p) is a connected, locally finite (multi)graph G = (V, E) together with
a distinguished vertex p, the root. An isomorphism of graphs ¢ : G — G’ is an isomorphism of
rooted graphs ¢ : (G, p) = (G, p') if ¢(p) = p’. The set of isomorphism classes of rooted graphs is
endowed with the local topology [50], in which, roughly speaking, two (isomorphism classes of)
rooted graphs are close to each other if and only if they have large isomorphic balls around the
root. A random rooted graph is a random variable taking values in the space of isomorphism
classes of rooted graphs endowed with the local topology. Similarly, a doubly-rooted graph is
a graph together with an ordered pair of distinguished (not necessarily distinct) vertices. Denote
the space of isomorphism classes of doubly-rooted graphs equipped with this topology by Gee.

Recall that the simple random walk on a locally finite (multi)graph G = (V, E) is the Markov
process (X;)n>0 on the state space V' with transition probabilities p(u, v) defined to be the fraction

of edges emanating from u that end in v. A random rooted graph (G, p) is said to be stationary
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if, when (X)n>0 is a simple random walk on G started at the root,
d
(G7 p) = (Gv Xn)
for all n and is said to be reversible if
d
(Ga P, XTL) = (Ga X'rLa p)

for all n. Note that this is not the same as the reversibility of the random walk on G, which holds
for any grap}ﬂ Every reversible random rooted graph is clearly stationary, but the converse need
not hold in general [36, Examples 3.1 and 3.2]. However, Benjamini and Curien [38, Theorem
4.3] showed that every recurrent stationary random rooted graph is necessarily reversible, so that
Theorem also applies under the apparently weaker assumption of stationarity.

Reversibility is closely related to the property of unimodularity. A mass transport is a function
f 1 Gee — [0,00]. A random rooted graph (G, p) is said to be unimodular if it satisfies the Mass-
Transport Principle: for every mass transport f,

E[Zf(G,p,v)

=E| > f(G up)|. (MTP)

That is,

Ezxpected mass out equals expected mass in.

The Mass-Transport Principle was first introduced by Haggstrom [110] to study dependent perco-
lation on Cayley graphs. The current formulation of the Mass-Transport Principle was suggested
by Benjamini and Schramm [50] and developed systematically by Aldous and Lyons in [7].

As noted in [38], if (G, p) is a unimodular random rooted graph with E[deg(p)] < oo, then
biasing the law of (G, p) by deg(p) gives an equivalent law of a reversible random rooted graph.
Conversely, if (G, p) is a reversible random rooted graph, then biasing the law of (G, p) by deg(p)~*
gives an equivalent law of a reversible random rooted graph. For example, if (G,p) is a finite
random rooted graph then it is unimodular if and only if p is uniformly distributed on G, and is
reversible if and only if p is distributed according to the stationary measure of simple random walk
on G.

In light of the above correspondence, Theorem may be stated equivalently as follows.

Theorem 3.1.4. Let (G, p) be a recurrent unimodular random rooted graph with Eldeg(p)] < oo.

Then G has the infinite collision property almost surely.

We provide two variations on the proof of Theorem The first uses the Mass-Transport
Principle. The second, given in Section [3.3 uses reversibility, and applies in the network setting

also.

"Rather, a random rooted graph (G,p) is reversible if and only if the Gee-valued Markov process
((G, X, Xnt1))n>o0 is reversible.
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3.2 Proof of Theorem 3.1.1]

Proof. Let G be a graph and let p,(-,-) denote the n-step transition probabilities for simple
random walk on G. For each vertex u of G, let gg,(u) denote the probability that two independent
random walks started at u collide only finitely often, and let go(u) denote the probability that two
independent random walks started at u do not collide at all after time zero. Finally, for each pair
of vertices u and v let giast(u, v) be the probability that two independent random walks started at

u collide for the last time at v, so that

Qﬁn Z q1ast u, U

Decomposing according to the time of the last collision gives

q1ast u, U an u, 'U q0 (321)
n>0

and hence

Gfin(u) = Zan (u, v)*qo(v (3.2.2)

v n>0

Suppose that (G, p) is a recurrent unimodular random rooted graph with E[deg(p)] < oc.

Consider the mass transport
f(G,u,v) = deg(u)giast (u, v).

Each vertex u sends a total mass of deg(u)gan(u), while, by (3.2.1), each vertex v receives a total

mass of

Zquv D deg(u)pn(u, v)*qo(v)

n>0 u
=qo(v) Y Y deg(v)pn (v, u)pn(u, v)
n>0 u
v) deg(v Zan v,v)

n>0

Since G is recurrent, the sum ), -, p2n(v,v) is infinite a.s. for every vertex v of G. By the Mass-

Transport Principle,

E[deg(p)gan(p)] = E |qo(p) deg(p) Y pon(p; p)
n>0

Since the left-hand expectation is finite by assumption, we must have that ¢o(p) = 0 a.s., and

consequently that gg,(v) = 0 for every vertex v in G a.s. O
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3.3 Extensions

3.3.1 Networks

Recall that a network (G,c) is a connected locally finite graph G = (V| E) together with a
function ¢ : E — (0, 00) assigning to each edge e of G a positive conductance c(e). Graphs may
be considered to be networks by setting c(e) = 1. Write c¢(u) for the sum of the conductances of
the edges emanating from u and c¢(u,v) for the sum of the conductances of the edges joining u
and v. The random walk (X,,),>0 on a network (G, c) is the Markov chain on V' with transition
probabilities p(u,v) = ¢(u,v)/c(u). Unimodular and reversible random rooted networks are defined
similarly to the unweighted case [7]. In particular, a random rooted network (G, ¢, p) is defined to

be reversible if, letting (X, ),>0 be a random walk on (G, ¢) started from p,
(G,c,p, Xn) 4 (G, e, Xp,p) for all n > 1.
We now extend Theorem to the setting of reversible random rooted networks. The proof

given also yields an alternative proof of Theorem [3.1.1

Theorem 3.3.1. Let (G,c,p) be a recurrent reversible random rooted network. Then (G,c) has

the infinite collision property almost surely.

Proof. Let gsn, and gg be defined as in the proof of Theorem Taking expectations on both

sides of (3.2.2) with u = p,

E [gan(p)] =E| > an(p,v)zqo(v)] = Elpnlp, Xn)q0(Xn)].

v n>0 n>0

Applying reversibility,

Elgen(p)] = Y E[pn(Xn, p)ao(p)] = E
n>0

q0(p) Z p2n(p, P)] :

n>0

Since (G, ¢) is recurrent, ), - pan(v,v) = o0 a.s. for every vertex v of G. Thus, since the left-hand

expectation is finite, we must have that go(p) = 0 a.s. and hence also that gs,(p) = 0 a.s. O

3.3.2 Continuous-time random walk

Let (G, ¢, p) be a recurrent unimodular random rooted network, and let (X;);>¢ denote the continuous-
time random walk on (G, ¢) started from p, which jumps across each edge e with rate c(e) (see e.g.
[188]). Corollary 4.3 of 7] states that if (G, ¢, p) is a unimodular random rooted network such that
the continuous-time random walk on (G, ¢) a.s. does not explode (i.e. make infinitely many jumps
in a finite amount of time), then (G, ¢, p) is reversible for the continuous-time random walk in the
sense that

(G, e, p, Xy) 4 (G, e, X, p) (3.3.1)
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for all ¢ > 0. It is clear that the continuous-time walk on any graph can make at most finitely many
visits to any fixed vertex in a finite amount of time, and it follows that the continuous-time walk on
a recurrent network does not explode a.s. Thus, we deduce that eq. holds whenever (G, ¢, p)
is a recurrent reversible random rooted network (in particular, we do not require the assumption
that E[c(p)] < 00).

The natural analogue of the infinite collision property also holds a.s. for the continuous-time

random walk on recurrent unimodular random rooted networks.

Theorem 3.3.2. let (G, ¢, p) be a recurrent unimodular random rooted network and let (Xt)1>0 and
(Yi)t>0 be two independent continuous-time random walks on (G, c) started from any two vertices.

Then the set of times {t : X; = Y;} has infinite Lebesque measure almost surely.

Proof. Let (X¢)¢>0 and (Y:)+>0 be independent continuous-time random walks starting at the same
vertex u of G. By considering the walks only at integer times ¢t = n, the proof of Theorem [3.3.1]
readily shows that the set of integer collision times {n € N: X,, =Y}, } is infinite a.s.

For every s > 0 there is a positive probability that neither (X;);>¢ nor (¥;)¢>0 has made any
jumps by time s. Thus, the law of the sequence ((Xy4s, Ynts))n>1 is absolutely continuous with
respect to the law of ((Xy, Y5))n>1. It follows that for every s > 0, the walks (X;);>0 and (Y2)¢>0

collide at an infinite set of times of the form {n + s : n € N} a.s., and consequently that

1
Leb({t: X =Y}) = / {n: Xpps =Yy} ds =00 as.
0

For every other vertex v, there is a positive probability that X; = w and Y; = v, so that the law
of two independent continuous-time random walks started from w and v is absolutely continuous
with respect to the law of ((Xiy1,Y:41))t>0. Thus, the set of collision times of two independent

continuous-time random walks started from u and v has infinite Lebesgue measure a.s. O

Remark 3.3.3. Theorem [3.3.2/has consequences for the voter model on unimodular random recurrent
networks. For every network (G, ¢) in which two independent continuous-time random walks collide
a.s., duality between the voter model and continuous-time coalescing random walk ([166, §5] and
[6, §14]) implies that the only ergodic stationary measures for the voter model on (G, c) are the
constant (a.k.a. consensus) measures. Thus, a consequence of Theorem is that this holds for

the voter model on recurrent unimodular random rooted networks.
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Uniform Spanning Forests
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Chapter 4

Wired cycle-breaking dynamics for

uniform spanning forests

Summary. We prove that every component of the wired uniform spanning forest (WUSF) is one-
ended almost surely in every transient reversible random graph, removing the bounded degree
hypothesis required by earlier results. We deduce that every component of the WUSF is one-ended
almost surely in every supercritical Galton-Watson tree, answering a question of Benjamini, Lyons,
Peres and Schramm.

Our proof introduces and exploits a family of Markov chains under which the oriented WUSF

is stationary, which we call the wired cycle-breaking dynamics.

4.1 Introduction

The uniform spanning forests (USFs) of an infinite, locally finite, connected graph G are defined
as infinite-volume limits of uniformly chosen random spanning trees of large finite subgraphs of
G. These limits can be taken with respect to two extremal boundary conditions, free and wired,
giving the free uniform spanning forest (FUSF) and wired uniform spanning forest (WUSF)
respectively (see Section 4.2 for detailed definitions). The study of uniform spanning forests was
initiated by Pemantle [190], who, in addition to showing that both limits exist, proved that the
wired and free forests coincide in Z¢ for all d and that they are almost surely a single tree if and
only if d < 4. The question of connectivity of the WUSF was later given a complete answer by
Benjamini, Lyons, Peres and Schramm (henceforth referred to as BLPS) in their seminal work [44],
in which they proved that the WUSF of a graph is connected if and only if two independent random
walks on the graph intersect almost surely [44, Theorem 9.2].

After connectivity, the most basic topological property of a forest is the number of ends its
components have. An infinite connected graph G is said to be k-ended if, over all finite sets of
vertices W, the graph G \ W formed by deleting W from G has a maximum of k distinct infinite
connected components. In particular, an infinite tree is one-ended if and only if it does not contain
any simple bi-infinite paths and is two-ended if and only if it contains a unique simple bi-infinite
path.

Components of the WUSF are known to be one-ended for several large classes of graphs. Again,
this problem was first studied by Pemantle [190], who proved that the USF on Z? has one end for
2 < d < 4 and that every component has at most two ends for d > 5. (For d = 1 the forest
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4.1. Introduction

is all of Z and is therefore two-ended.) A decade later, BLPS [44, Theorem 10.1] completed and
extended Pemantle’s result, proving in particular that every component of the WUSF of a Cayley
graph is one-ended almost surely if and only if the graph is not itself two-ended. Their proof was
then adapted to random graphs by Aldous and Lyons [7, Theorem 7.2], who showed that all WUSF
components are one-ended almost surely in every transient reversible random rooted graph with
bounded vertex degrees. Taking a different approach, Lyons, Morris and Schramm [170] gave an
isoperimetric condition for one-endedness, from which they deduced that all WUSEF components
are one-ended almost surely in every transient transitive graph and every non-amenable graph.

In this paper, we remove the bounded degree assumption from the result of Aldous and Lyons [7].
We state our result in the natural generality of reversible random rooted networks. Recall that a
network is a locally finite, connected (multi)graph G = (V,E) together with a function ¢ : E —
(0, 00) assigning a positive conductance c(e) to each unoriented edge e of G. For each vertex v,
the conductance ¢(v) of v is defined to be the sum of the conductances of the edges adjacent to v,
where self-loops are counted twice. Locally finite, connected graphs without specified conductances
are considered to be networks by setting ¢ = 1. The WUSF of a network is defined in Section

and reversible random rooted networks are defined in Section [4.5l

Theorem 4.1.1. Let (G, p) be a transient reversible random rooted network and suppose that
Ele(p)~Y] < oo. Then every component of the wired uniform spanning forest of G is one-ended

almost surely.

The condition that the expected inverse conductance of the root is finite is always satisfied by
graphs, for which ¢(p) = deg(p) > 1. In Example we show that the theorem can fail in the
absence of this condition.

Theorem applies (indirectly) to supercritical Galton-Watson trees conditioned to survive,
answering positively Question 15.4 of BLPS [44].

Corollary 4.1.2. Let T be a supercritical Galton-Watson tree conditioned to survive. Then every

component of the wired uniform spanning forest of T is one-ended almost surely.

Previously, this was known only for supercritical Galton-Watson trees with offspring distribution
either bounded, in which case the result follows as a corollary to the theorem of Aldous and Lyons [7],
or supported on a subset of [2,00), in which case the tree is non-amenable and we may apply the
theorem of Lyons, Morris and Schramm [170].

Our proof introduces a new and simple method, outlined as follows. For every transient network,
we define a procedure to ‘update an oriented forest at an edge’, in which the edge is added to
the forest while another edge is deleted. Updating oriented forests at randomly chosen edges
defines a family of Markov chains on oriented spanning forests, which we call the wired cycle-
breaking dynamics, for which the oriented wired uniform spanning forest measure is stationary
(Proposition . This stationarity allows us to prove the following theorem, from which we
show Theorem to follow by known methods.
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4.2. The wired uniform spanning forest

Theorem 4.1.3. Let G be any network. If the wired uniform spanning forest of G contains more
than one two-ended component with positive probability, then it contains a component with three or

more ends with positive probability.

The case of recurrent reversible random rooted graphs remains open, even under the assumption
of bounded degree. In this case, it should be that the single tree of the WUSF has the same number
of ends as the graph (this prediction appears in [7]). BLPS proved this for transitive recurrent
graphs [44, Theorem 10.6].

4.1.1 Consequences

The one-endedness of WUSF components has consequences of fundamental importance for the
Abelian sandpile model. Jérai and Werning [138] proved that the infinite-volume limit of the sandpile
measures exists on every graph for which every component of the WUSF is one-ended almost surely.
Furthermore, Jérai and Redig [137] proved that, for any graph which is both transient and has one-
ended WUSF components, the sandpile configuration obtained by adding a single grain of sand
to the infinite-volume random sandpile can be stabilized by finitely many topplings (their proof
is given for Z? but extends to this setting, see [135]). Thus, a consequence of Theorem is
that these properties hold for the Abelian sandpile model on transient reversible random graphs of
unbounded degree.

Theorem also has several interesting consequences for random plane graphs, which we
address in upcoming work with Angel, Nachmias and Ray [20]. In particular, we deduce from
Theorem 4.1.1|that every Benjamini-Schramm limit of finite planar graphs is almost surely Liouville,

i.e. does not admit non-constant bounded harmonic functions.

4.2 The wired uniform spanning forest

In this section we briefly define the wired uniform spanning forest and introduce the properties
that we will need. For a comprehensive treatment of uniform spanning trees and forests, as well as
a detailed history of the subject, we refer the reader to Chapters 4 and 10 of [173].

Notation and orientation Throughout this paper, the graphs on which the USFs and USTs
are defined will be connected and locally finite unless stated otherwise. We do not distinguish
notationally between oriented and unoriented trees, forests or edges. Whether or not a tree, forest
or edge is oriented will be clear from context. Edges e are oriented from their tail e~ to their head
et, and have reversal —e. An oriented tree or forest is a tree or forest together with an orientation
of its edges. Given an oriented tree or forest in a graph, we define the past of each vertex v to be

the set of vertices u for which there is a directed path from w to v in the oriented tree or forest.

For a finite connected graph G, we write UST for the uniform measure on the set of spanning

trees (i.e. connected cycle-free subgraphs containing every vertex) of G, considered for measure-
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4.2. The wired uniform spanning forest

theoretic purposes to be functions from E to {0,1}. More generally, if G is a finite network, we
define UST4 to be the probability measure on spanning trees of G for which the measure of a tree
t is proportional to the product of the conductances of its edges.

There are two extremal (with respect to stochastic ordering) ways to define infinite volume limits
of the uniform spanning tree measures. Let G be an infinite network and let V;, be an increasing
sequence of finite connected subsets of V' such that | JV,, = V, which we call an exhaustion of G.
For each n, let the network G,, be the subgraph of G induced by V,, together with the conductances
inherited from G. The weak limit of the measures UST,, is known as the free uniform spanning
forest: for each finite subset S C E,

FUSFG(S C §) = lim USTg, (S C 1),

where § is a sample of the FUSF of G and T is a sample of the UST of GG,,. Alternatively, at each
step of the exhaustion we define a network G, by identifying (‘wiring’) V' \ V,, into a single vertex
O, and deleting all the self-loops that are created, and define the wired uniform spanning forest
to be the weak limit

WUSF¢(S € §) := lim USTe; (S € T),

where § is a sample of the WUSF of G and T is a sample of the UST of G7,.

Both limits were shown (implicitly) to exist for every network and every choice of exhaustion by
Pemantle [190], although the WUSF was not defined explicitly until the work of Haggstrom [109].
As a consequence, the limits do not depend on the choice of exhaustion. Both measures are
supported on spanning forests (i.e. cycle-free subgraphs containing every vertex) of G for which
every connected component is infinite. The WUSF is usually much more tractable, thanks in part
to Wilson’s algorithm rooted at infinity, which both connects the WUSF to loop-erased random
walk and allows us to sample the WUSF of an infinite network directly rather than by passing to

an exhaustion.

Wilson’s algorithm [228] is a remarkable method of generating the UST on a finite or recurrent
network by joining together loop-erased random walks. It was extended to generate the WUSF of
transient networks by BLPS [44]. Let G be a network, and let v be a path in G that is either finite
or transient, i.e. visits each vertex of G at most finitely many times. The loop-erasure LE(v) is
formed by erasing cycles from v chronologically as they are created. Formally, LE(vy); = ¢, where
the times ¢; are defined recursively by tp = 0 and ¢; = 1 + max{t > ¢;—1 : v+ = y,_,}- (In the
presence of multiple edges, a path is not determined by its vertex-trajectory. However, the definition
of the loop-erasure extends to this setting in the obvious way. Similarly, when performing Wilson’s
algorithm in the presence of multiple edges, we consider the random walks and their loop-erasures
to be random paths in the graph.) Let {v; : j € N} be an enumeration of the vertices of G and

define a sequence of forests in GG as follows:

1. If G is finite or recurrent, choose a root vertex vy and let §p include vy and no edges (in which

case we call the algorithm Wilson’s algorithm rooted at vg). If G is transient, let §o = ()
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4.3. Wired cycle-breaking dynamics

(in which case we call the algorithm Wilson’s algorithm rooted at infinity).

2. Given J;, start an independent random walk from v; 41 stopped if and when it hits the set of

vertices already included in §;.

3. Form the loop-erasure of this random walk path and let §;4+1 be the union of §; with this
loop-erased path.

4. Let F=JF;.

This is Wilson’s algorithm: the resulting forest § has law UST ¢ in the finite case [228] and WUSFg
in the infinite case [44], and is independent of the choice of enumeration.

We also consider oriented spanning trees and forests. Let OUST: denote the law of the uniform
spanning tree of G oriented towards the boundary vertex 0,, so that every vertex of GG, other than
Oy, has exactly one oriented edge emanating from it in the tree, while d,, does not have any oriented
edges emanating from it. Wilson’s algorithm on G}, rooted at 0, may be modified to produce an
oriented tree with law OUSTg: by considering the loop-erased paths in step (2) to be oriented
chronologically. If G is transient, making the same modification to Wilson’s algorithm rooted
at infinity yields a random oriented forest, known as the oriented wired uniform spanning
forest [44] of G and denoted OWUSF. The proof of the correctness of Wilson’s algorithm rooted
at infinity [44, Theorem 5.1] also shows that, when G, is an exhaustion of a transient network G,

the measures OUST ¢ converge weakly to OWUSF.

4.3 Wired cycle-breaking dynamics

Let G be an infinite transient network and let F(G) denote the set of oriented spanning forests f of
G such that every vertex has exactly one oriented edge emanating from it in f. For each f € F(G)
and oriented edge e of G, the update U(f,e) € F(G) of f is defined by the following procedure:

Definition 4.3.1 (Updating f at e). If e or its reversal —e is already included in f, or is a self-loop,
let U(f,e) = f. Otherwise,

e If eT is in the past of e~ in f, so that there is a directed path {e1,...,eg,d) from e to e~
in f, let
U(f,e)=fU{—e,—e1,...,—er} \{d,ex,...,e1}.

e Otherwise, if et is not in the past of e~ in f, let d be the unique oriented edge of f with
d-=e andlet U(f,e) = fU{e}\ {d}.

See Figure 1 for examples. Note that in either case, as unoriented forests, we have simply that
U(f,e) = fU{e} \ {d}; the change in orientation in the first case ensures that every vertex has
exactly one oriented edge emanating from it in U(f,e), so that U(f,e) € F(G).
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4.3. Wired cycle-breaking dynamics

(b) In this example, eV is in the past of e in the forest.

Figure 4.1: Updating an oriented spanning forest (left, solid black) of Z? (dashed black) at an
oriented edge e (left, blue) to obtain a new oriented spanning forest (right, solid black). Arrow
heads represent orientations of edges.

Let v be a vertex of G. We define the wired cycle-breaking dynamics rooted at v to be
the Markov chain on F(G) with transition probabilities

b
c(v)

That is, we perform a step of the dynamics by choosing an oriented edge randomly from the set

p"(fo, f1) = c({e:e” =vand U(fo,e) = f1}).

{e : e = v} with probability proportional to its conductance, and then updating at this edge.
Dynamics of this form for the UST on finite graphs are well-known, see [173, §4.4].
To explain our choice of name for these dynamics, as well as our choice to consider oriented

forests, let us give a second, equivalent, description of the update rule.
If e or its reversal —e is already included in f, or is a self-loop, let U(f,e) = f. Otherwise,

e If ¢t and e are in the same component of f, then f U e contains a (not necessarily

oriented) cycle. Break this cycle by deleting the unique edge d of f that is both
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contained in this cycle and adjacent to e~ letting U(f,e) = f U {e} \ {d}.
— If et was not in the past of e~ in f, let U(f,e) = U(f,e).
— Otherwise, if e™ was in the past of e~ in f, then there exists an oriented path from

e~ todt in U(f,e). Let U(f,e) be the oriented forest obtained by by reversing
each edge in this path.

e If ¢ and e~ are not in the same component of f, we consider e together with the
two infinite directed paths in f beginning at e~ and e™ to constitute a wired cycle,
or ‘cycle through infinity’. Break this wired cycle by deleting the unique edge d in f
such that d= = e, letting U(f,e) = f U {e} \ {d}.

The benefit of taking our forests to be oriented is that it allows us to define these wired cycles
unambiguously. If every component of the WUSF of G is one-ended almost surely, then there is
a unique infinite simple path from each of e~ and e™ to infinity, so that wired cycles are already

defined unambiguously and the update rule may be defined without reference to an orientation.

Proposition 4.3.2. Let G be an infinite transient network. Then for each vertex v of G, OWUSF¢

is a stationary measure for the wired cycle-breaking dynamics rooted at v, i.e. for p’(-,-).

Proof. Let (V,)p>1 be an exhaustion of G. We may assume that V,, contains v and all of its
neighbours for all n > 1.

Let T(G}) denote the set of spanning trees of G} oriented towards the boundary vertex 0,.
For each t € T(G})) and oriented edge e with e™ = v, we define the update U(¢,e) of ¢ at e by the
same procedure (Definition as for f € F(G).

Proposition 4.3.3. U(T,,, E) 4 T, for everyn > 1.

Proposition is a slight variation on the classical Markov Chain-Tree Theorem [10, 165, 173]:
Define a Markov chain on 7(G}), as we did on F(G), by

1
p“(to,t1) = —=c({e:e” =v and U(tg,e) =t1}).
c(v)
The claimed equality in distribution is equivalent to OUSTg: being a stationary measure for
p’(-,-), and so it suffices to verify that OUSTg: satisfies the detailed balance equations for p*(-, -).
This verification, which is both straightforward and similar to that of the classical Markov Chain-

Tree Theorem, is omitted.

To complete the proof, we show that U(T,, E) converges to U(F, E) in distribution. It might
at first seem that this convergence holds trivially, but in fact some work is required: Updating §
or T}, at E requires knowledge of whether or not E is in the past of E~, which cannot necessarily
be obtained by observing the tree or forest only within a finite set. A priori, it is therefore possible
that ET is in the past of E~ in T}, due to the existence of a very long oriented path from ET to
E~ in T, that disappears in the limit, obstructing the claimed convergence in distribution. This

behaviour will be ruled out by Lemma 4.3.4.
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4.3. Wired cycle-breaking dynamics

By the Skorokhod representation theorem, there exist random variables (7},)n>1 and §, defined
on some common probability space, such that T}, has law OUST¢: for each n, § has law OWUSF,
and T}, converges to § almost surely as n tends to infinity. Let E be an oriented edge chosen
randomly from the set {e : e~ = v} with probability proportional to its conductance, independently
of (T),)n>1 and §. We write P for the probability measure under which (75,),>1, F and E are sampled
as indicated. It suffices to prove that U(T,, E) converges to U(F, E) in probability with respect to
P.

Given §, let R be the length of the longest finite simple path in § connecting v to one of its
neighbours in G that is in the same component as v in §. Since 7T, converges to § almost surely,
there exists a random N such that 7}, and § coincide on the ball Br(v) of radius R about v in G
for all n > N.

We claim that, with probability tending to one, § and T}, agree about whether or not E* is in
the past of v.

Lemma 4.3.4. Consider the events
P = {E" is in the past of v in F} and P, = {E7 is in the past of v in Tp}.

The probability of the symmetric difference & NS, converges to zero as n — oo.

Proof of lemma. Given E, the probability that E is in the past of v in T}, is, by Wilson’s algorithm,
the probability that v is contained in the loop-erasure of a random walk from E* to , in G¥. Since
G is transient, this probability converges to the probability that v is contained in the loop-erased
random walk from E in G. This probability is exactly the probability that ET is in the past of v
in §, and so

P(2,) — P(P).

n—o0

If P(#) € {0,1}, we are done. Otherwise, on the event 2, there is by definition a finite directed
path from ET to v in §. This directed path is also contained in 7}, for all n > N and so

P(2,|?) — 1.

n—0o0

Combining these two above limits gives

B(2, | ~7) = D Pn) —B(Pn| ZIR(P)

and hence

P(PAP,) =P(P) —B(P N P,) + P(P, N ~P)
=P(Z) - P(Zn | 2)P(Z) + (P | 2 P)P(~2)
— 3 P(P) —P(P) +0 = 0. O

n—oo
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Let » > 1. Observe that on the event
{T}, and § coincide on the ball of radius max{R,r} about v} \ (ZAZ,),

U(F, E) and U(T),, E) coincide on the ball of radius r about v. By Lemma and the definition
of P, the probability of this event converges to 1 as n — oo, and consequently U(T,,, E') converges
to U(F, E) in probability with respect to P. ]

4.3.1 Update-tolerance

Let G be a transient network and let § be a sample of OWUSFs. An immediate consequence of
Proposition is that for each oriented edge e of G, the law of U(F, e) is absolutely continuous
with respect to the law of §.

Corollary 4.3.5. Let G be a transient network and let e be an oriented edge of G. Then for every
event of C F(G),

OWUSF¢ (3 € o) > cc(ff_))OWUSFG(U(g, e) € o).
Proof. By Proposition [4.3.2]

OWUSFeF e ) = 3 Y owuske(U(3.¢) € )

e~ =e~ C(e_)

> CC((:)) OWUSF(U(3,¢) € ). -

We refer to this property as update-tolerance by analogy to the well-established theories of

insertion- and deletion-tolerant invariant percolation processes [173, Chapters 7 and 8|.

4.4 Proof of Theorem [4.1.3

Proof. Let G be a network such that the WUSF of G contains at least two two-ended connected
components with positive probability. Since G’s WUSF is therefore disconnected with positive
probability, Wilson’s algorithm implies that G is necessarily transient. The trunk of a two-ended
tree is defined to be the unique bi-infinite simple path contained in the tree, or equivalently the
set of vertices and edges in the tree whose removal disconnects the tree into two infinite connected
components.

Let Fo be a sample of OWUSF¢. By assumption, there exists a (non-random) path (v;)i, in
G such that, with positive probability, 79 and =, are in distinct two-ended components of §g, v
is in the trunk of its component, and +; is not in the trunk of v,’s component for ¢ < n. Write 7,
for this event.

For each 1 <1i < n, let ¢; be an edge with e;” = ~; and e;r = v;—1, and let §; € F(G) be defined
recursively by

F,=U(Fi-1,¢;) for 1 <i<mn.
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|

Figure 4.2: When we update along a path (blue arcs) connecting a two-ended component to the
trunk of another two-ended component (with each edge oriented backwards), a three-ended com-
ponent is created. Edges whose removal disconnects their component into two infinite connected
components are bold.

We claim that on the event .27, the component containing <y, in the updated forest §, has at
least three ends. Applying update-tolerance (Corollary |4.3.5)) iteratively will then imply that the

probability of the WUSF' containing a component with three or more ends is at least

n

OWUSFa(«%) [| c(ei)

which is positive as claimed.

First, notice that +;’s component in §; has at least two ends for each 0 < ¢ < n. This may be
seen by induction on i. The component of 7y in §g is two-ended by assumption, while for each
0<r<n:

o If ;41 is in the same component as =; in §;, then the component containing ;41 in the
updated forest §;+1 has the same number of ends and the same vertex set as the component

of Yi in 8@

o If 7,41 is in a different component to ; in §;, then the component containing ;41 in §;41 is
equal to the union of the component of v; in §;, the edge e;, and the past of v;41 in §;. Thus,

the component of ;11 in §;41 has at least as many ends as the component of v; in §;.

This induction also shows that for every 0 < i < n, the component of F; containing ~; has vertex
set equal to the union of the vertices in the component of Fy containing g, and the pasts of the
vertices y; in Fj for 0 < j < 4. By definition of the event 47, the vertex ; is not in the trunk
of v,’s component in Fy for any 7 < n, and so in particular -, is not in the past of +; in §;_1 for
any ¢ < n, so that v,_1 and ~, are in different components of §,_;. Furthermore, since neither
endpoint of e; is contained in the trunk of +,,’s component in §g for any 0 < ¢ < n —1, the trunk of
vn’s component in Fj is still contained in §,—1. From this, we see that ~,’s component in §,, has

at least three ends as claimed. See Figure 1 for an illustration. O
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4.5 Reversible random networks and the proof of Theorem |4.1.1

A rooted network (G, p) is a network G together with a distinguished vertex p, the root. An
isomorphism of graphs is an isomorphism of rooted networks if it preserves the conductances and
the root. A random rooted network (G, p) is a random variable taking values in the space of
isomorphism classes of random rooted networks (see [7] for precise definitions, including that of the
topology on this space). Similarly, we define doubly-rooted networks to be networks together
with an ordered pair of distinguished vertices. Let (G, p) be a random rooted network and let
(Xn)n>0 be simple random walk on G started at p. We say that (G, p) is reversible if the random
doubly-rooted networks (G, p, X,,) and (G, X,,, p) have the same distribution

(G, p. Xn) £ (G, X, p)

for every n, or equivalently for n = 1. Be careful to note that this is not the same as the reversibility
of the random walk on GG, which holds for any network. Reversibility is essentialy equivalent to the
related property of unimodularity. We refer the reader to [7] for a systematic development and
overview of the beautiful theory of reversible and unimodular random rooted graphs and networks,

as well as many examples.

We now deduce Theorem from Theorem Our proof that the WUSF cannot have a

unique two-ended component is adapted closely from Theorem 10.3 of [44].

Proof of Theorem [{.1.1. Let (G, p) be a reversible random rooted network such that E[c(p) '] < oo.
Biasing the law of (G, p) by the inverse conductance c(p)~! (that is, reweighting the law of (G, p)
by the Radon-Nikodym derivative c¢(p)~!/E[c(p)!]) gives an equivalent unimodular random rooted
network, as can be seen by checking involution invariance of the biased measure [7, Proposition 2.2].
This allows us to apply Theorem 6.2 and Proposition 7.1 of [7] to deduce that every component of
the WUSF of G has at most two ends almost surely. Theorem then implies that the WUSF
of G contains at most one two-ended component almost surely.

Suppose for contradiction that the WUSF contains a single two-ended component with positive
probability. Recall that the trunk of this component is defined to be the unique bi-infinite path in
the component, which consists exactly of those edges and vertices whose removal disconnects the
component into two infinite connected components.

Let (X;)n>0 be a random walk on G started at p, and let § be an independent random spanning
forest of G with law WUSF, so that (since WUSF¢ does not depend on the choice of exhaustion of
G) the sequence ((G, Xy, F'))n>0 is stationary. If the trunk of F is at some distance r from p, then
X, is in the trunk with positive probability, and it follows by stationarity that p is in the trunk
of § with positive probability. We will show for contradiction that in fact the probability that the
root is in the trunk must be zero.

Recall that, for each n, the forest § may be sampled by running Wilson’s algorithm rooted at
infinity, starting with the vertices p and X,,. If we sample § in this way and find that both p and
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4.5. Reversible random networks and the proof of Theorem [4.1.1]

X, are contained in §’s unique trunk, we must have had either that the random walk started from

p hit X,,, or that the random walk started from X,, hit p. Taking a union bound,

P(random walk started at X, hits p)

P(p and X,, in trunk) <
+P(random walk started at p hits X,,).

By reversibility, the two terms on the right hand side are equal and hence
P(p and X, in trunk) < 2P(random walk started at X,, hits p).

The probability on the right hand side is now exactly the probability that simple random walk

started at p returns to p at time n or greater, and by transience this converges to zero. Thus,

P(p and X, in trunk) = E [1(p in trunk)1(X, in trunk)] —— 0

n—o0

and so
n

Z 1(X; in trunk) | —— 0. (%)
1

n—oo

E | 1(p in trunk)

S|

Let Z be the invariant o-algebra of the stationary sequence ((G, Xy, F'))n>0. The Ergodic Theorem
implies that

1 n
— Z 1(X; in trunk) —>— P(p in trunk | Z).
n - n—00
Finally, combining this with and the Dominated Convergence Theorem gives
E [1(p in trunk) - P(p in trunk |Z)] = E {P(p in trunk | Z)?| = 0.

It follows that P(p in trunk) = 0, contradicting our assumption that § had a unique two-ended

component with positive probability. O

Proof of Corollary[4.1.2. Given a probability distribution (pg; k& > 0) on N, the augmented
Galton-Watson tree T with offspring distribution (py) is defined by taking two independent
Galton-Watson trees T} and T5, both with offspring distribution (py), and then joining them by a
single edge between their roots. Lyons, Pemantle and Peres [171] proved that T is reversible when
rooted at the root of the first tree T7; See also [7, Example 1.1].

If the distribution (pg) is supercritical (i.e. has expectation greater than 1), then the asso-
ciated Galton-Watson tree is infinite with positive probability and on this event is almost surely
transient [173, Chapter 16]. Thus, Theorem implies that every component of T’s WUSF is
one-ended almost surely on the event that either 77 or 75 is infinite.

Recall that for every connected graph G and every edge e of G which has a positive probability
of not being included in G’s WUSF, the law of G’s WUSF conditioned not to contain e is equal to
WUSF ¢\ fe) [44, Proposition 4.2], where, if G'\ {e} is disconnected, WUSF ¢\ (¢ is defined to be the
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4.5. Reversible random networks and the proof of Theorem [4.1.1]

union of independent samples of WUSF's of the two connected components of G\ {e}. Let e be the
edge between the roots of 71 and 75 that was added to form the augmented tree T'. On the positive
probability event that 77 and 75 are both infinite, running Wilson’s algorithm on 7' started from
the roots of 17 and T, shows, by transience of 17 and 715, that e has positive probability not to
be included in T’s WUSF. On this event, T°s WUSF is distributed as the union of independent
samples of WUSFp, and WUSFr,. It follows that every component of 7T7’s WUSF is one-ended

almost surely on the event that T} is infinite. O

Example 4.5.1 (E[c(p) 7] < oo is necessary). Let (T, 0) be a 3-regular tree with unit conductances
rooted at an arbitrary vertex o. Form a network GG by adjoining to each vertex v of T an infinite
path, and setting the conductance of the nth edge in each of these paths to be 27771, Let o,
be the nth vertex in the added path at o. Define a random vertex p of G which is equal to o
with probability 4/7 and equal to the nth vertex in the path at o with probability 3/(7 - 2") for
each n > 1. The only possible isomorphism classes of (G, p, X1) are of the form (G, op,0n+1),
(G,0n11,0n), (G,0,01), (G,01,0), or (G,0,0"), where o’ is a neighbour of o in T. This allows us to

easily verify that (G, p) is a reversible random rooted network:

1
7.2n

]P)((va’ Xl) = (Gaon’on—i-l)) = P((Gv val) = (Gv On+170n)) =

for all n > 1 and

B(G.p, %) = (G.0.00)) = P((G, X1.9) = (Gr0.01)) = 3.

When we run Wilson’s algorithm on G started from a vertex of T', every excursion of the random
walk into one of the added paths is erased almost surely. It follows that the WUSF of G is simply
the union of the WUSF of T" with each of the added paths, and hence every component has infinitely

many ends almost surely.
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Chapter 5

Interlacements and the wired uniform

spanning forest

Summary. We extend the Aldous-Broder algorithm to generate the wired uniform spanning forests
(WUSFSs) of infinite, transient graphs. We do this by replacing the simple random walk in the
classical algorithm with Sznitman’s random interlacement process. We then apply this algorithm
to study the WUSF, showing that every component of the WUSF is one-ended almost surely in
any graph satisfying a certain weak anchored isoperimetric condition, that the number of ‘excessive
ends’ in the WUSF is non-random in any graph, and also that every component of the WUSF is
one-ended almost surely in any transient unimodular random rooted graph. The first two of these
results answer positively two questions of Lyons, Morris and Schramm, while the third extends a
recent result of the author.

Finally, we construct a counterexample showing that almost sure one-endedness of WUSF com-
ponents is not preserved by rough isometries of the underlying graph, answering negatively a further

question of Lyons, Morris and Schramm.

5.1 Introduction

The uniform spanning forests (USFs) of an infinite, locally finite, connected graph G are defined
as weak limits of uniform spanning trees (USTs) of large finite subgraphs of G. These weak limits
can be taken with either free or wired boundary conditions (see Section /5.3.1)), yielding the free
uniform spanning forest (FUSF) and wired uniform spanning forest (WUSF) respectively.
The USFs are closely related to several other topics in probability theory, including loop-erased
random walks [161, 228], potential theory [44, 62], conformally invariant scaling limits [163, 208],
domino tiling [150] and the Abelian sandpile model [78, 135]. In this paper, we develop a new
connection between the wired uniform spanning forest and Sznitman’s interlacement process
216, 218).

A key theoretical tool in the study of the UST and USFs is Wilson’s algorithm [228], which
allows us to sample the UST of a finite graph by joining together loop-erasures of random walk
paths. In their seminal work [44], Benjamini, Lyons, Peres, and Schramm (henceforth referred
to as BLPS) extended Wilson’s algorithm to infinite transient graphs and used this extension to
establish several fundamental properties of the WUSF. For example, they proved that the WUSF

of an infinite, locally finite, connected graph is connected almost surely (a.s.) if and only if the
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5.1. Introduction

sets of vertices visited by two independent random walks on the graph have infinite intersection
a.s. This recovered the earlier, pioneering work of Pemantle [190], who proved that the FUSF and
WUSF of Z? coincide for all d and are a.s. connected if and only if d < 4. Wilson’s algorithm
has also been instrumental in the study of scaling limits of uniform spanning trees and forests
[28, 163, 193, 208, 209].

Prior to the introduction of Wilson’s algorithm, the best known algorithm for sampling the UST
of a finite graph was the Aldous-Broder algorithm [8, 59], which generates a uniform spanning
tree of a finite connected graph G as the collection of first-entry edges of a random walk on G. We
now describe this algorithm in detail. Let p be a fixed vertex of G, and let (X,)n>0 be a simple
random walk on G started at p. For each vertex v of G, let e(v) be the edge of G incident to v that is
traversed by the random walk X, as it enters v for the first time, and let T' = {e(v) : v € V'\ {p}}
be set of first-entry edges. Aldous [8] and Broder [59] proved independently that the resulting
random spanning tree T is distributed uniformly on the set of spanning trees of G (see also [173,
§4.4]). If we orient the edge in the direction opposite to that in which it was traversed by the
random walk, then the spanning tree is oriented towards p, meaning that every vertex of G other
than p has exactly one oriented edge emanating from it in the tree.

While the algorithm extends without modification to generate USTs of recurrent infinite graphs,
the collection of first entry edges of a random walk on a transient graph might not span the
graph. Thus, naively running the Aldous-Broder on a transient graph will not necessarily produce
a spanning forest of the graph. Moreover, unlike in Wilson’s algorithm, we cannot simply continue
the algorithm by starting another random walk from a new location. As such, it has hitherto been
unclear how to extend the Aldous-Broder algorithm to infinite transient graphs and, as a result,
the Aldous-Broder algorithm has been of limited theoretical use in the study of USFs of infinite
graphs.

In this paper, we extend the Aldous-Broder algorithm to infinite, transient graphs by replacing
the random walk with the random interlacement process. The interlacement process was originally
introduced by Sznitman [216] to study the disconnection of cylinders and tori by a random walk
trajectory, and was generalised to arbitrary transient graphs by Teixeira [218]. The interlacement
process . on a transient graph G is a point process on the space W* x R, where W* is the space of
doubly-infinite paths in G modulo time-shift (see Section for precise definitions), and should
be thought of as a collection of random walk excursions from infinity. We refer the reader to the
monographs [82] and [67] for an introduction to the extensive literature on the random interlacement
process.

We state our results in the natural generality of networks. Recall that a network (G,c) is
a connected, locally finite graph G = (V, E), possibly containing self-loops and multiple edges,
together with a function ¢ : E — (0,00) assigning a positive conductance c(e) to each edge e of
G. The conductance ¢(v) of a vertex v is defined to be the sum of the conductances of the edges
emanating from v. Graphs without specified conductances are considered as networks by setting

c(e) = 1. We will usually suppress the notation of conductances, and write simply G for a network.
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See Section for detailed definitions of the USFs on general networks.
Oriented edges e are oriented from their tail e~ to their head e™. The reversal of an oriented

edge e is denoted —e.

Theorem 5.1.1 (Interlacement Aldous-Broder). Let G be a transient, connected, locally finite
network, let & be the interlacement process on G, and let t € R. For each vertez v of G, let 7,(v)
be the smallest time greater than t such that there exists a trajectory (Wp, (), Te(v)) € & passing
through v, and let e;(v) be the oriented edge of G that is traversed by the trajectory W, as it

enters v for the first time. Then
ABy(S) :={—ei(v) :v €V}

has the law of the oriented wired uniform spanning forest of G.

A useful feature of the interlacement Aldous-Broder algorithm is that it allows us to consider
the wired uniform spanning forest of an infinite transient graph as the stationary measure of the
ergodic Markov process (AB:(.#))ier. Indeed, it is with this stationarity in mind that we consider
the interlacement process to be a point process on W* x R rather than the more usual W* x R,..
For example, a key step in proving that the number of excessive ends of the WUSF is non-random
is to show that the number of indestructible excessive ends is a.s. monotone in the time evolution
of the process (AB¢(5))icr.

5.2 Applications

5.2.1 Ends

Other than connectivity, the most basic topological property of a forest is the number of ends its
components have. Here, an infinite, connected graph G = (V, E) is said to be k-ended if, over all
finite subsets W of V', the subgraph of G induced by V' \ W has a supremum of k infinite connected
components. In particular, an infinite tree is k-ended if and only if there exist exactly k distinct
infinite simple paths starting at each vertex of the tree. Components of the WUSF are known to
be one-ended a.s. in several large classes of graphs. The first result of this kind is due to Pemantle
[190], who proved that the WUSF of Z¢ is one-ended a.s. for 2 < d < 4, and that every component
of the WUSF of Z? has at most two ends a.s. for every d > 5 (the WUSF of Z is the whole of
Z and is therefore two-ended). BLPS [44] later completed this work, showing in particular that
every component of the WUSF is one-ended a.s. in any transient Cayley graph. We note that
one-endedness of WUSF components has important consequences for the Abelian sandpile model
[135, 137, 138].

Taking a different approach, Lyons, Morris and Schramm [170] gave an isoperimetric criterion
for one-endedness of WUSF components, from which they deduced that the every component of
the WUSF is one-ended in every transitive graph not rough isometric to Z, and also every non-

amenable graph. Unlike the earlier results of BLPS, the results of Lyons, Morris and Schramm are
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robust in the sense that their assumptions depend only upon the coarse geometry of the graph and
do not require any kind of homogeneity. They asked [170, Question 7.9] whether the isoperimetric
assumption in their theorem could be replaced by the anchored version of the same condition, and
in particular whether every WUSF component is one-ended a.s. in any graph with anchored expan-
sion (defined below). Unlike classical isoperimetric conditions, anchored isoperimetric conditions
are often preserved under random perturbations such as supercritical Bernoulli percolation [70, 194].

Given a network G and a set K of vertices of G, we write g K for the set of edges of G with
exactly one endpoint in K, and write |K| for the sum of the conductances of the vertices in K.
Similarly, if W is a set of edges in G, we write |WW| for the sum of the conductances of the edges
in W. Given an increasing function f : (0,00) — (0,00), we say that G satisfies an anchored

f(t)-isoperimetric inequality if

K
inf 0p K| : K C V connected, v € K, |[K| <ocoy >0
f (K1)

for every vertex v of G. (In contrast, the graph is said to satisfy a (non-anchored) f(t)-isoperimetric
inequality if the infimum inf |0 K|/ f(|K]) is positive when taken over all sets of vertices K with
|K| < 00.) In particular, G is said to have anchored expansion if and only if it satisfies an an-
chored t-isoperimetric inequality, and is said to satisfy a d-dimensional anchored isoperimetric

inequality if it satisfies an anchored ¢(@—1)/d

-isoperimetric inequality. Such anchored isoperimetric
inequalities are known to hold on, for example, supercritical percolation clusters on Z% and related

graphs, such as half-spaces and wedges [194].

Theorem 5.2.1. Let G be a network with ¢y := inf.c(e) > 0, and suppose that G satisfies an
anchored f(t)-isoperimetric inequality for some increasing function f : (0,00) — (0,00) for which
there exists a constant a such that f(t) <t and f(2t) < af(t) for all t € (0,00). Suppose that f

also satisfies each of the following conditions:

1.

o

1
——dt < oo
o f()?

and

[Cew ( (] WQ*) ds < oo

Then every component of the wired uniform spanning forest of G is one-ended almost surely.

for every e > 0.

In particular, Theorem applies both to every graph with anchored expansion and to every
graph satisfying a d-dimensional anchored isoperimetric inequality with d > 2. The graph formed

by joining two copies of Z2 together with a single edge between their origins satisfies a 2-dimensional
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isoperimetric inequality but has a two-ended WUSF. The theorem can fail if edge conductances
are not bounded away from zero, as can be seen by attaching an infinite path with exponentially
decaying edge conductances to the root of a 3-regular tree.

Theorem comes very close to giving a complete answer to [170, Question 7.9]. The isoperi-
metric condition of [170] is essentially that G satisfies an f(t)-isoperimetric inequality for some f
satisfying all conditions of Theorem with the possible exception of (2); the precise condition
required is slightly weaker than this but also more technical. Our formulation of Theorem [5.2.1] is
adapted from the presentation of the results of [170] given in [173, Theorem 10.43]. The difference
in requirements on the function f(¢) between Theorem and [173, Theorem 10.43] can be seen
by considering f(t) of the form ¢'/21og®(1 +t): In particular, we observe that [173, Theorem 10.43]
applies to graphs satisfying a t!/2 log®(1 + t)-isoperimetric inequality for some o > 1/2, while our
theorem applies to graphs satisfying an anchored t/2 log®(1 + t)-isoperimetric inequality only if
a>1.

In Section [5.6, we give an example of two bounded degree, rough-isometric graphs G and G’
such that every component of the WUSF of G is one-ended, while the WUSF of G’ a.s. contains a
component with uncountably many ends. This answers negatively Question 7.6 of [170], and shows
that the behaviour of the WUSF of a graph cannot always be determined from the coarse geometric

properties of the graph alone.

5.2.2 Excessive ends

One example of a transient graph in which the WUSF has multiply-ended components is the
subgraph of Z% spanned by the vertex set

(Z5 X {0}) U ({(0,0,0,0,0), (2,0,0,0,0)} x N) ,

which is obtained from Z® by attaching an infinite path to each of the vertices u = (0,0, 0,0,0) and
v =(2,0,0,0,0). The WUSF of this graph, which we denote §, is equal in distribution to the union
of the WUSF of Z5 with each of the two added paths. If v and v are in the same component of
5, then there is a single component of § with three ends and all other components are one-ended.
Otherwise, u and v are in different components of §, so that there are exactly two components of
§ that are two-ended and all other components are one-ended. Each of these events has positive
probability, so that the event that there exists a two-ended component of the WUSF has probability
strictly between 0 and 1. Nevertheless, the number of excessive ends of §, that is, the sum over
all components of § of the number of ends minus 1, is equal to two a.s.

In light of this example, Lyons, Morris and Schramm [170, Question 7.8] asked whether the
number of excessive ends of the WUSF is non-random (i.e., equal to some constant a.s.) for
any graph. Our next application of the interlacement Aldous-Broder algorithm is to answer this

question positively.
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Theorem 5.2.2. Let G be a network. Then the number of excessive ends of the wired uniform

spanning forest of G is non-random.

When combined with the spatial Markov property of the wired uniform spanning forest, The-
orem has the following immediate corollary, which states that a natural weakening of [170),
Question 7.6] has a positive answer. (As mentioned above, we show the original question to have
a negative answer in Section .

Corollary 5.2.3. Let G be a network, and suppose that G' is a network obtained from G by adding
and deleting finitely many edges. Then the wired uniform spanning forests of G and G’ have the
same number of excessive ends almost surely. In particular, if every tree of the wired uniform

spanning forest of G is one-ended a.s., then the same is true of G'.

5.2.3 Ends in unimodular random rooted graphs

Another generalisation of the one-endedness theorem of BLPS [44] concerns transient unimodular
random rooted graphs. A rooted graph is a connected, locally finite graph G together with
a distinguished vertex p, the root. An isomorphism of graphs is an isomorphism of rooted graphs
if it preserves the root. The local topology on the space G, of isomorphism classes of rooted
graphs is defined so that two rooted graphs are close if they have large graph distance balls around
their respective roots that are isomorphic as rooted graphs. Similarly, a doubly rooted graph is a
graph together with an ordered pair of distinguished vertices, and the local topology on the space
Gee Of isomorphism classes of doubly rooted graphs is defined similarly to the local topology on
Ge. A random rooted graph (G, p) is said to be unimodular if it satisfies the Mass-Transport

Principle, which states that for every Borel function f : Gee — [0,00] (which we call a mass

E[Zf(Gw)] =E[Zf(a,v,p>}

veV veV

transport),

In other words, the expected mass sent by the root is equal to the expected mass received by the
root. Unimodular random rooted networks are defined similarly by allowing the mass-transport to
depend on the edge conductances. We refer the reader to Aldous and Lyons [7] for a systematic
development and overview of the theory of unimodular random rooted graphs and networks, as
well as several examples.

Aldous and Lyons [7] proved that every component of the WUSF is one-ended a.s. in any
bounded degree unimodular random rooted graph, and the author of this article [127] later extended
this to all transient unimodular random rooted graphs with finite expected degree at the root,
deducing that every component of the WUSF is one-ended a.s. in any supercritical Galton Watson
tree. (The assumption of finite expected degree was implicit in [127] since there we considered
reversible random rooted graphs, which correspond to unimodular random rooted graphs with
finite expected degree.) Our final application of the interlacement Aldous-Broder algorithm is to

extend the main result of [127] by removing the condition that the expected degree of the root is
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finite.

Theorem 5.2.4. Let (G, p) be a transient unimodular random rooted network. Then every com-

ponent of the wired uniform spanning forest of G is one-ended almost surely.

5.3 Background and definitions

5.3.1 Uniform spanning forests

For each finite graph G = (V, E), let UST¢ denote the uniform measure on the set of spanning trees
of G (i.e. connected, cycle-free subgraphs of G containing every vertex), which are considered for
measure-theoretic purposes to be functions E — {0,1}. More generally, for each finite network G,
let UST 4 denote the probability measure on the set of spanning trees of G such that the probability
of a tree is proportional to the product of the conductances of its edges.

Let G be an infinite network, and let (V;,),,>0 be an exhaustion of V' by finite connected subsets,
i.e. an increasing sequence of finite connected subsets of V' such that |JV,, = V. For each n, let
G, denote the subnetwork of G induced by V,,, and let GG}, denote the finite network obtained by
identifying (wiring) every vertex of G in V' \ V,, into a single vertex 0,, and deleting the infinitely
many self-loops from 0, to itself. The wired uniform spanning forest measure is defined as the
weak limit of the uniform spanning tree measures on G;. That is, for every finite set S C E,

WUSF(S € 3) := lim USTq: (S C T),

n—oo

where § is a sample of the WUSF of G and T is a sample of the UST of G),. In contrast, the
free uniform spanning forest measure is defined as the weak limit of the uniform spanning
tree measures on the finite induced subnetworks G,,. It is easily seen that both the free and wired
measures are supported on the set of essential spanning forests of GG, that is, the set of cycle-free
subgraphs of G that contain every vertex and do not have any finite connected components.

It will also be useful to consider oriented trees and forests. Given an infinite network G with
exhaustion (V;,)n>0, let OUSTg: denote the law of a uniform spanning tree of Gy, that has been
oriented towards the boundary vertex 0,, meaning that every vertex of G} other than d, has
exactly one oriented edge emanating from it in the tree. BLPS [44] proved that if G is transient,
then the measures OUSTg: converge weakly to a measure OWUSF, the oriented wired uniform
spanning forest (OWUSF) measure. This measure is supported on the set of essential spanning
forests of G that are oriented so that every vertex of G has exactly one oriented edge emanating
from it in the forest. The WUSF of a transient graph can be obtained from the OWUSF of the
graph by forgetting the orientations of the edges.

5.3.2 The space of trajectories

Let G be a graph. For each —oo < n < m < oo, let L(n,m) be the graph with vertex set
{i € Z:n <i<m} and with edge set {(i,7+ 1) : n <i < m — 1}. We define W(n,m) to be the
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set of multigraph homomorphisms from L(n,m) to G such that the preimage of each vertex in G
is finite, and define W to be the union

W::U{W(n,m):—oogngmgoo}.

For each set K C V, we let Wk (n,m) denote the set of w € W(n, m) that visit K (that is, for
which there exists n <4 < m such that w(i) € K), and let Wg be the union Wg = [J{Wk(n,m) :
—o00 <n<m< oo}

Given w € W(n,m) and a < b € Z, we define w|,p € W(n V a,m Ab) to be the restriction of
w to the subgraph L(n V a,m Ab) of L(n,m). Given w € Wi (n,m), let Hy (w) = inf{n <i <m:
w(i) € K}, let Hy-(w) =sup{n <i<m:w(i) € K}, and let

WK = W1 () 15 ()
be the restriction of w to between the first it visits K and last time it visits K. We equip W with
the topology generated by open sets of the form

{weW :w visits K and wx = wi},

where K C V is finite and w’ € Wg. (Note that this topology is not the weakest topology making
the evaluation maps w +— w(i) and w +— w(i, i+ 1) continuous. First and last hitting times of finite
sets are not continuous with respect to that topology, but are continuous with respect to ours. The
Borel o-algebras generated by the two topologies are the same.) We also equip W with the Borel
o-algebra generated by this topology.

The time shift 6 : W — W is defined by 0y : W(n,m) — W(n — k,m — k),

Or(w)(i) =w(i+ k), Op(w)(i,i+1)=w(i+k,i+k+1).
The space W* is defined to be the quotient
W* =W/ ~ where w; ~ ws if and only if wy = 0 (ws) for some k.

Let # : W — W?* denote the quotient map. W™ is equipped with the quotient topology and

associated quotient o-algebra. An element of W* is called a trajectory.

5.3.3 The interlacement process

Given a network G = (G, ¢), the conductance c(v) of a vertex v is defined to be the sum of the
conductances of the edges emanating from v, and, for each pair of vertices (u,v), the conductance
¢(u,v) is defined to be the sum of the conductances of the edges connecting u to v. Recall that
the random walk X on the network G is the Markov chain on V with transition probabilities

p(u,v) = c¢(u,v)/c(u). In case G has multiple edges, we will also keep track of the edges crossed by
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X, considering X to be a random element of W(0, 0c). We write either P, or P for the law of the
random walk started at v on the network GG, depending on whether the network under consideration
is clear from context. When X is a random walk on a network G and K is a set of vertices in G,
we let 7x denote the first time that X hits K and let 7';5 denote the first positive time that X hits
K.

Let G = (V, E) be a transient network. Given w € W(n,m), let w* € W(—n,—m) be the
reversal of w, defined by setting w* (i) = w(—i) for all —-m < i < —n, and W (i,i + 1) =
w(—i—1,—14) for all —=m < i < —n — 1. For each subset & C W, let &/ denote the set

dT i ={weW:w" e A}
For each finite set K C V, define a measure Qi on Wy by setting
Qr{weW :w(0) ¢ K}) =0

and, for each u € K and each two Borel subsets &/, 8 € W,

Qk ({w EW i wl(_se0 € &, w(0) = v and w|j ) € ,%’})

= C(U)Pu(<Xk>k20 € o/ and TE = OO)PU(<Xk>k20 € %)

Let Wy, = m(Wk) be the set of trajectories that visit K.

Theorem 5.3.1 (Sznitman [216] and Teixeira [218]: Existence and uniqueness of the interlacement
intensity measure). Let G be a transient network. There exists a unique o-finite measure Q* on
W* such that for every Borel set of C W* and every finite K C V,

Q" NWig) = Qx (7 («0)). (5.3.1)

The measure Q* is referred to as the interlacement intensity measure.

Definition 5.3.2. Let A denote the Lebesgue measure on R. The interlacement process .# on
G is defined to be a Poisson point process on W* x R with intensity measure Q* ® A. For each
t € R, we denote by % the set of w € W* such that (w,t) € #. We also write 7, for the
intersection of . with W* X [a, b].

Let (Vi,)n>0 be an exhaustion of an infinite transient network G. The interlacement process on
G can be constructed as a limit of Poisson processes on random walk excursions from the boundary
vertices 0, to itself in the networks Gj,.

Let N be a Poisson point process on R with intensity measure ¢(d,)A. Conditional on N, for
every t € N, let W, be a random walk started at 0, and stopped when it first returns to 0,,, where

we consider each W; to be an element of W*. We define .#™ to be the point process
I = {(Wy,t):te N},
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Proposition 5.3.3. Let G be an infinite transient network and let (Vy,)n>0 be an exhaustion of G.
Then the Poisson point processes F™ converge in distribution to the interlacement process & as

n — oo.
A similar construction of the random interlacement process is sketched in [217, §4.5].

Proof. Let K C V be finite, and let n be sufficiently large that K is contained in V,,. Define a

measure % on W by setting
Qi (fw e W:w(0) ¢ K}) =0

and, for each u € K, each r,m > 0 and each two Borel subsets @/, % € W,

Q% <{w € W(=r,m) : w|_0 € «,w(0) =u and wljg ) € %})

= c(w) Py (Xih—o € & and 7% > 19, = 1) Py ((Xi)jly € # and 79, = m). (5.3.2)
By reversibility of the random walk, the right-hand side of (5.3.2) is equal to

c(@n)PaC?((X;QZ:O € and X, =uand 7 =7 < 7'5;)

. PGn (X))o € B and Ty\y, = m). (5.3.3)

It follows that QL (W) = c(@n)ng‘ (T < 7'5;) and that the normalized measure Q% /Q% (W)
coincides with the law of a random walk excursion from 0, to itself in G, that has been conditioned
to hit K and reparameterised so that it first hits K at time 0. Thus, by the splitting property of

Poisson processes, .#" is a Poisson point process on W* x R with intensity measure Q™" ® A, where
Q™" satisfies

Q™ (o NWi) = Qi (7 1(«))

We conclude the proof by noting that Q7% converges weakly to Qg as n — o0. O

5.3.4 Hitting probabilities

Recall that the capacity (a.k.a. the conductance to infinity) of a finite set of vertices K in a
network G is defined to be

Cap(K) = Y e(0) P, (1 = o0),
veK

and observe that Qx (W) = Cap(K) for every finite set of vertices K. If K is infinite, we define
Cap(K) = lim,,_,o Cap(K,,), where K, is any increasing sequence of finite sets of vertices with
UK, = K. We say that a set K of vertices is hit by .7, ;) if there exists (W,t) € |, such that
W hits K. By the definition of ., we have that

P(K hit by S,4) =1 — exp (=(b—a)Qr(W)) =1 —exp (—(b— a) Cap(K))
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for each finite set K. This formula extends to infinite sets by taking limits over exhaustions: If
K CV is infinite, let K,, be an exhaustion of K by finite sets. Then

P(K hit by S,4) = li_)m P(K,, hit by S,4)

=1- nlggo exp (—(b—a) Cap(K,)) =1 —exp (—(b—a) Cap(K)) .

Similarly, the expected number of trajectories in .7, that hit K is equal to (b — a) Cap(K). We

apply the above formulas to deduce the following simple 0-1 law.

Lemma 5.3.4. Let G be a transient network, let . be the interlacement process on G. Then for

all a < b € R and every set of vertices K CV, we have
P (K is hit by infinitely many trajectories in f[a,b}) =1 (Cap(K) = oo) .

Proof. 1f Cap(K) is finite then the expected number of trajectories in .7, that hit K is finite, so
that the number of trajectories in .#|,;) that hit K is finite a.s. Conversely, if Cap(K) is infinite,
then there is a trajectory in F_s-n j_g-n-1j that hits K a.s. for every n > 1 a.s. Since b—27" > a
for all but finitely many n, it follows that .7, ) hits K infinitely often a.s. O

We next prove that any set that has a positive probability to be hit infinitely often by any
single trajectory will in fact be hit by infinitely many trajectories. Recall the method of random
paths [191, Theorem 10.1]: If G is an infinite network, A is a finite subset of G and I is a random
infinite simple path in G starting at A, then

Cap(A)~! < ZIP’(@ e
ecl
In particular, if the sum on the right hand side is finite for some random infinite simple path T"
starting at A, then the capacity of A is positive and G is therefore transient. Moreover, for every
finite set A in a transient network, there exists a random infinite simple path I' starting in A such
that

Cap(A)~! = ZIP’(@ e
eck

The following lemma is presumably well-known, but we were unable to find a reference.

Lemma 5.3.5. Let G be a transient network and let K C V. If the random walk on G hits K
infinitely often with positive probability, then Cap(K) = co.

Proof. Let ¢ be the conductance function of G. First suppose that K is hit infinitely often with
probability one. Let X = (X;)i>0 be a random walk on G started at a vertex of K, and let N; be
the ith time that X visits K. Define

cr(u,v) = c(u)Py(Xn, =)
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for all u,v € K, so that Xy, is the random walk on the (non-locally finite) network H :=
((K,K?),ck). Note that if A is a finite subset of K, then the capacity of A considered as a

set of vertices in H is the same as the capacity of A considered as a set of vertices in G. That is,

Cap(A) = Z c(v)Py((X;)i>0 returns to A) = Z c(v)P,({(XN;,)i>0 returns to A).
veA vEA

Let (K,)n>1 be an increasing sequence of finite sets with Un21 K, = K, and let I" be a random

infinite simple path in H starting at K7 such that

1 _
3 Y P({u,v} €T)? = Cap(K;) ! < 0.
u,veV
For each n > 2, let I';, be the subpath of I' beginning at the last time I' visits K. Then, by the

monotone convergence theorem,

-1
Cap(K) = nh_g)lo Cap(K,) > lim (; Z P({u,v} € I‘n)2) = 0.

n—00
u,veV

This concludes the proof in this case.
Now suppose that K is hit infinitely often by the random walk on G with positive probability,
and, for each vertex u of G, let h(u) be the probability that a random walk on G started at w hits

K infinitely often. We have that, for each two vertices u and v of G,

P,(X1 =v)P,(X hits K infinitely often)  h(v)c(u,v)

P, (X7 =wv | X hits K infinitely often) = = .
w1 =v] its I infinitely often) P,(X hits K infinitely often) h(u)c(u)

It follows by an elementary calculation that the random walk on G conditioned to hit K infinitely
often is reversible, and is equal to the random walk on the network (G, ¢), where the conductances
¢ are defined by

&(u,v) = c(u, v)h(w)h(v), é(u) = c(u)h(u)?.

This is an example of Doob’s h-transform. Since h < 1, Rayleigh monotonicity implies that the
capacity of K with respect to the h-transformed conductances ¢ is less than the capacity of K with
respect to the original conductances c. Thus, we may conclude the proof by applying the argument

of the previous paragraph to the h-transformed network. O
The following lemma is an immediate consequence of Lemma and Lemma [5.3.5]

Lemma 5.3.6. Let G be a transient network, let . be the interlacement process on G. Then for
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all a < b € R and every set of vertices K CV, we have

P (inﬁm’tely many vertices of K are hit by f[a’b]> =

P (K is hit by infinitely many trajectories in f[mb]) =1 (Cap(K) = oo) .

5.4 Interlacement Aldous-Broder

In this section we describe the Interlacement Aldous-Broder algorithm and investigate its basic
properties. Let GG be an infinite transient network. For each set A C W* x R, and each vertex
v € V, define

(A, v) :=inf {s > ¢ : I(W,s) € A such that W hits v} .

Let .# be the interlacement process on G and write 74(v) = 7¢(.#,v). Let A be the set of subsets
A of W* x R that satisfy the property that for every for every vertex v € V and every t € R there
exists a unique trajectory W, (4 ) such that (W, 4,.), 7t(A4,v)) € A and W, (4, hits v. It is clear
that .# € A a.s. Define e;(v) = e;(.#,v) to be the oriented edge pointing into v that is traversed
by the trajectory W, ) as it enters v for the first time. For each t € R and T' € (¢, 00, we define
the set ABI(.#) C E by

AB! () :={—e(v) v eV, 7(v) < T}. (5.4.1)

We write ABy(.#) = AB®(.#). We define AB! (A) similarly for all A € A. Let (V,),>0 be an
exhaustion of G, and for each n > 0 let .#™ be defined as in Section |5.3.3l Since the process .#"
is just a decomposition of a single random walk trajectory into excursions, Theorem follows
immediately from the following lemma together with the correctness of the classical Aldous-Broder

algorithm.

Lemma 5.4.1. Let G be a transient network with exhaustion (Vy,)n>0 and let .7 be the interlacement
process on G. Then ABL (.#™) converges weakly to ABL(.#) for each t € R and T € [t, o0].

Proof. Let E~ be the set of oriented edges of G, let S be a finite subset of E~, and consider the
set
CT(S) = {AQW*XR:SQABtT(A)}.

Let OCF(S) denote the topological boundary of Cf (S). Observe that
ocl(s) c {A CA:7(e”) e {t, T} for some e € S} UW* xR\ A).

It follows that P(.# € OCF(S)) = 0. The Portmanteau Theorem [155, Theorem 13.16] therefore
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implies that

i (s c ABtT(f)) =P (ﬂ = CtT(S)) = lim P (ﬂ € CtT(S)> = lim P (5 C AB?(W))

n—oo n—o0

for every finite set S C E—. O

We next establish the basic properties of the process (Fi)ier = (AB;°(F))tecr. We first recall
that a process (X¢):cr is said to be ergodic if P((X¢)ier € o7) € {0,1} whenever o/ is an event
that is shift invariant in the sense that (X;);er € &7 implies that (X;1s)cr € o for every s € R.

The process (Xy)ier is said to be mixing if for every two events &7 and %,

P (<Xt>t€]R € o and (Xiys)ier € @) — P (<Xt>t€R € «Q{) P (<Xt>t€R € 95) .

S§—00

Every mixing process is clearly ergodic, but the converse need not hold in general [155, §20.5].

Proposition 5.4.2. Let G be a transient network and let & be the interlacement process on G.

Then (Ft)ter = (ABF°(F))ier is an ergodic, mizing, Markov process.

Proof. The fact that (F¢)ier is a Markov process follows from the following identity, which im-
mediately implies that (§s)s<; and (§s)s>¢ are conditionally independent given §; for each ¢t € R:
whenever t € R and s > 0,

AB;_(.#) = AB}_(#) U{e € AB,(F) : ¢ is not hit by F;_, )} (5.4.2)

We now prove that (§;)ier is mixing. Let a1,aq,...,a, and by, ba,..., by, be two increasing
sequences of real numbers, and let A, Ao, ..., A, and By, Bo, ... By, be finite subsets of E—. Let K
denote the set of endpoints of edges in the union (J;-_; A;. Let s be sufficiently large that bi+s > ay.
Let o = {A; C ABZ () foralll < i < n}, Bs = {B; C ABy (F) forall 1 < i < m}, and
o ={A; C ABZ;*S(J) for all 1 <i <n} C .o/. The events o7/ and %, are independent and

P(ef \ ;) < P(Hq, b +s) does not hit some vertex in K) < Z exp (—(b1 + s — an)Cap(v)) .
veK

We deduce that

IP(/ N %Bs) — P()P(Bs)| < [P(F N Bs) — Py 0 By)| + [P N HBs) — P( )P(%s)]
= |P(% N '@s> - ]P)(”Q{s, N %s)‘ + |P(%)P(%s) - P(M)P('@s”

<2 Z exp (—(b1 + s — a,)Cap(v)) — 0.
veK

Since events of the form {A; C ABZ(.#) for all 1 <4 < n} generate the Borel g-algebra on the

space of (E~){%1}valued processes, it follows that (F;)cr is mixing and therefore ergodic. O
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5.5 Proof of Theorems 5.2.1, 5.2.2| and

Recall that an end of a tree is an equivalence class of infinite simple paths in the tree, where two
infinite simple paths are equivalent if their traces have finite symmetric difference. Similarly, if §
is a spanning forest of a network GG, we define an end of § to be an equivalence class of infinite
simple paths in G that eventually only use edges of §, where, again, two infinite simple paths are
equivalent if their traces have finite symmetric difference. If an infinite tree T  is oriented so that
every vertex of the tree has exactly one oriented edge emanating from it, then there is exactly one
end & of T for which the paths representing & eventually follow the orientation of T'. We call this
end the primary end of 7. We call ends of T that are not the primary end excessive ends
of T. Note that if £ is an excessive end of T" and + is a simple path representing &, then all but
finitely many of the edges traversed by the path ~ are traversed in the opposite direction to their
orientation in 7.

If .7 is the interlacement process on a transient network G, we write Zj, ; for the set of vertices
of G hit by J4 -

The proofs of Theorems and both rely on the following criterion. See Figure [5.1] for

an illustration of the proof.

Lemma 5.5.1. Let G be a transient network, let & be the interlacement process on G, and let
(St)ier = (ABi(S))ier- If the connected component containing v of pastg, (v) \ Zi_. o) is finite a.s.

for every vertex v of G and every € > 0, then every component of §o is one-ended a.s.

Proof. If w is in the past of v in F_., then 7_.(u) > 7_.(v). Thus, on the event that v is not hit by
J|_c0), the past of v in F_. is equal to the component containing v in the subgraph of pastg, (v)
induced by the complement of Z|_ (see Figure . By assumption, the connected component

containing v in this subgraph is finite a.s., and so, by stationarity,

P(pastg, (v) is infinite) = P(pastz__(v) is infinite) < P(v € Z|_. ) = 1 — e~eCarlv)

e—0

Since v was arbitrary, we deduce that every component of § is one-ended a.s. ]
The proof of Theorem requires both of the following theorems.

Theorem 5.5.2 (Lyons, Morris and Schramm [170]; Lyons and Peres [173, Theorem 6.41]). Let G
be a network satisfying an anchored f(t)-isoperimetric inequality, where f is an increasing function
such that f(t) < t, f(2t) < af(t) for some constant o, and [° f(t)"2dt < co. Then for every

vertex v of G there exists a positive constant ¢, such that, for every connected set K containing v,

c? 1 -
o) 2 42 (/le(t)z> '

In particular, G is transient.
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Ll LS

Figure 5.1: A schematic illustration of the proof of Lemma [5.5.1. Left: a tree in § with two
excessive ends in the past of the vertex v. Centre: each of the excessive ends is hit by a trajectory
of J_. (red), but v is not hit by such a trajectory. Right: the resulting forest §_..

Theorem 5.5.3 (Morris [185, Theorem 9]: WUSF components are recurrent). Let G be an infi-
nite network with edge conductances bounded above. Then every component of the wired uniform

spanning forest of G is recurrent a.s.
An equivalent statement of Theorem is the following.

Lemma 5.5.4. Let G be an infinite network with inf. c¢(e) > 0. Then every component of the wired

uniform spanning forest of G is recurrent when given unit conductances a.s.

Proof. Form a network G by replacing each edge e of G with [c(e)] parallel edges each with
conductance c(e)/[c(e)]. It follows immediately from the definition of the UST of a network that
the WUSF § of G may be coupled with the WUSF § of G so that an edge e of GG is contained
in § if and only if one of the edges corresponding to e in G is contained in §. Since G has edge
conductances bounded above, Theorem implies that every component of § is recurrent a.s.
Since the edge conductances of G are bounded away from zero, it follows by Rayleigh monotonicity
that every component of F is recurrent a.s. when given unit conductances, and consequently that

the same is true of §. O

Proof of Theorem[5.2.1. By Theorem [5.5.2 G is transient. Let .# be the interlacement process on
G. Let v be a fixed vertex of G. Then for each vertex u of G contained in the same component
of § = ABo(.#) as v, the conditional probability given § that u is connected to v in §\ Zj_.
is equal to exp(—e Cap(7Vu,v)), where v, , is the trace of the path connecting v to v in §. Write
dg(u,v) for the graph distance in § between two vertices v and v in G. Since the conductances
of G are bounded below by some positive constant ¢, we have that |v, | > ddz(u,v) and so, by
Theorem [5.5.2,

P <u connected to v in §\ Zj_. g | 3)

-1
c? *° 1
< 1(u connected to v in §)exp | —e—- / . (5.5.1
( ) 4a? ddg (u,v) f(t)z ( )
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Lemma 5.5.5. Let T be an infinite tree, let v be a vertexr of T and let w be a random subgraph
of T. For each vertex u of G, let ||u|| denote the distance between u and v in T, and suppose that

there exists a function p : N — [0, 1] such that
P(u is connected to v in w) < p (||ul])

for every vertex w in T and

Zp(n) < 00

n>1

Then
P(The component of v in w is infinite) < Cap(v Zp
n>1

In particular, if T is recurrent then the component containing v in w is finite a.s.

Proof. Suppose that the component containing v in w is infinite with positive probability; the
inequality holds trivially otherwise. Denote this event &7. Fix a drawing of T" in the plane rooted
at v. On the event o7, let I' = TI'(w) be the leftmost simple path from v to infinity in w. Observe
that

P(uer|ﬂ)<P(uisconng(c;;;itovinw) SHZ,?(”) and lq%;n (el | o) =1
so that (n)
”%;np(uer | ) 15(%)'
and hence
ép(e €T | w)? = ug\:{v}ﬂ»(u €T | ) n§>:1||u§n;n wel | o2 < P(L{);p(n).

Applying the method of random paths (taking our measure on random paths to be the conditional
distribution of I" given 7), we deduce that

-1

Cap(v) Zp :

n>1
which rearranges to give the desired inequality. O

Comparing sums with integrals, hypothesis (2) of Theorem implies that

s (AL ) )
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for every € > 0, and we deduce from eq. (5.5.1), Lemma and Lemma that the component
containing v in § \ Z|_. o is finite a.s. Since v was arbitrary, every component of § \ Z|_. ¢ is finite

a.s. We conclude by applying Lemma [5.5.1| O

5.5.1 Unimodular random rooted graphs

Proof of Theorem[5.2.4). Let (G, p) be a transient unimodular random rooted network, let .# be
the interlacement process on G and let § = ABg(.#). It is known [7, Theorem 6.2, Proposition 7.1]
that every component of § has at most two ends a.s. Suppose for contradiction that § contains
a two-ended component with positive probability. The trunk of a two-ended component of § is
defined to be the unique doubly infinite simple path that is contained in the component. Define
trunk(F) to be the set of vertices of G that are contained in the trunk of some two-ended component
of §. For each vertex v of G, let e(v) be the unique oriented edge of G emanating from v that is
contained in §. For each vertex v € trunk(g), let s(v) be the unique vertex in trunk(g) that has
e(s(v))T = v, and let s"(v) be defined recursively for n > 0 by s%(v) = v, s"*(v) = s5(s*(v)).

Let € > 0. We claim that s"(p) € Zj_. ¢] for infinitely many n a.s. on the event that p € trunk().
Let £ > 1 and define the mass transport

u is in the trunk of its component in §,

G Zieo) =1
Iu(G 0,8, Tie ) v=s"(u) and Z_. g N {s"(v) :n >0} #0

Applying the mass-transport principle to fi, we deduce that
P (I[—a,o] N{s"(p) :n>0}#0|pe trunk) =P (Z[_€70] N{s"(p) :n>k}#0D|pe trunk>

for all k > 0. (Here we are using the fact that (G,p,§,Z_ ) is a unimodular rooted marked
graph, see [7] for appropriate definitions.) By taking the limit as k — oo, we deduce that

P (s"(p) € Z_. q) for infinitely many n | p € trunk)

=P (I[,S,O] N{s"(p):n>0#£D|pe trunk) )

It follows that s"(p) € Zj_. o for infinitely many n almost surely on the event that p € trunk(g) N
I - Since p € trunk(§) N Zi_. g with positive probability conditional on § and the event that
p € trunk(F), it follows from Lemma that infinitely many vertices of {s"(p) : n > 1} are hit
by Z;_. o a.s. on the event that p € trunk(g).

It follows from [7, Lemma 2.3] that for every vertex v € trunk(s), s"(v) € Z|_. g for infinitely
many n a.s., and consequently that the component containing v in pastg(v) \ Z|_ g is finite for

every vertex v of G a.s. We conclude by applying Lemma [5.5.1 O
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5.5.2 Excessive ends

Proof of Theorem[5.2.4. We may assume that G is transient: if not, the WUSF of G is connected,
the number of excessive ends of G is tail measurable, and the claim follows by tail-triviality of the
WUSF [44]. Let .# be the interlacement process on G and let (F;)ter = (AB(#))1er. The event
that §p has uncountably many ends is tail measurable, and hence has probability either 0 or 1,
again by tail-triviality of the WUSF. If the number of ends of §( is uncountable a.s., then §y must
also have uncountably many excessive ends a.s., since the number of components of §y is countable.
Thus, it suffices to consider the case that §y has countably many ends a.s.

For each t € R, we call an excessive end £ of §; indestructible if Cap ({'yZ 11> 0}) is finite
for some (and hence every) simple path (v;)i>o in G representing £, and destructible otherwise.
Given a simple path v = (v;)i>0, write ;41 for the oriented edge that is traversed by v as it
moves from ; to v;+1, and let ;1 = —v;—14. Observe, as we did at the beginning of Section
that a simple path (v;);>0 in G represents an excessive end of §; if and only if e;(v;, &) = 7vii—1
for all sufficiently large values of ¢ (equivalently, if and only if the reversed oriented edges —v; i+1
are contained in §; for all sufficiently large values of 7). Since §o has countably many ends a.s. by
assumption, it follows from Lemma that for every destructible end £ of §g and every infinite
simple path (7;);>0 in G representing &, the trace {v; : i > 0} of v is hit by #__ o infinitely often
a.s. for every € > 0. Recall from the proof of Lemma that, on the event that v ¢ Zi_c )
the past of v in §_. is contained in subgraph of pastg (v) induced by the complement of Z;_. .
It follows that v a.s. does not have any destructible ends in its past in §_. a.s. on the event that

v & Z|_. o), and so, by stationarity,
P(v has a destructible end in its past in Fo) < P(v € Zj_. ) — 0.
e—

Since the vertex v was arbitrary, we deduce that §y does not contain any destructible excessive
ends a.s.

Since every excessive end of § is indestructible a.s., it follows from Lemma [5.3.6] that for every
excessive end £ of §o and every path (v;) representing &, only finitely many of the vertices v; are
hit by #; ) a.s. for every ¢ < 0. Since §o has at most countably many excessive ends a.s., we
deduce that every path (v;);>0 that represents an excessive end of §p also represents an excessive
end of §; for every t < 0. In particular, the cardinality of the set of excessive ends of §; is at least
the cardinality of the set of excessive ends of Fo a.s. for every ¢t < 0. Since, by Proposition [5.4.2]
(§t)ter is stationary and ergodic, we deduce that the cardinality of the set of excessive ends of §o

is a.s. equal to some constant. O

Proof of Corollary[5.2.3. Let G” be the network that has all the edges of both G and G'. By
symmetry, it suffices to show that the wired uniform spanning forests of G and G” have the same
number of excessive ends a.s. Let § and §” be samples of the WUSFs of G and G” respectively,
and let A be the set of edges of G” that are not edges of G. Since A is finite and G is connected,
the event & = {ANF’ = (0} has positive probability (this implication is easily proven in several
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ways, e.g. using either Wilson’s algorithm, the Aldous-Broder algorithm, or the Transfer Current
Theorem [62]). The spatial Markov property of the WUSF implies that the conditional distribution
of §” given & is equal to the distribution of §, and in particular the conditional distribution of the
number of excessive ends of §” given & has the same distribution as the number of excessive ends

of §. The claim now follows from Theorem |5.2.2. ]

5.6 Ends and rough isometries

Recall that a rough isometry from a graph G = (V, E) to a graph G’ = (V' E’) is a function
¢ : V. — V' such that, letting dg and dg denote the graph distances on V' and V', there exist

positive constants o and S such that the following conditions are satisfied:

1. (¢ roughly preserves distances.) For every pair of vertices u,v € V,
a_ldg(u, U) - ﬁ < dG/(¢(u)7 ¢(U)) < adG(ua U) + B

2. (¢ is almost surjective.) For every vertex v/ € V', there exists a vertex v € V such that

da(¢(v),v") < B.

For background on rough isometries, see [173, §2.6]. The final result of this paper answers negatively
Question 7.6 of Lyons, Morris and Schramm [170], which asked whether the property of having one-

ended WUSF components is preserved under rough isometry of graphs.

Theorem 5.6.1. There exist two rough-isometric, bounded degree graphs G and G’ such that every
component of the wired uniform spanning forest of G has one-end a.s., but the wired uniform

spanning forest of G' contains a component with uncountably many ends a.s.

The proof of Theorem [5.6.1] uses Wilson’s algorithm rooted at infinity. We refer the reader to
[173, Proposition 10.1] for an exposition of this algorithm. The description as a branching process
of the past of the WUSF of a regular trees with height-dependent exponential edge stretching is
adapted from [44, §11], and first appeared in the work of Haggstrom [111].

Proof of Theorem[5.6.1. Let T = (V, E) be a 3-regular tree with root p. We write ||u|| for the
distance between u € V and p. For each positive integer k, let Ty, = (Vi, Ex) denote the tree
obtained from T' by replacing every edge connecting a vertex u of T' to its parent by a path of
length kIl We identify the degree 3 vertices of Tj, with the vertices of T'. For each vertex v € V/,
let S(u) be a binary tree with root p, and let Si(u) be the tree obtained from S(u) by replacing
every edge with a path of length kll“IH1. Finally, for each pair of positive integers (k,m), let GJ* be

the graph obtained from T} by, for each vertex u € V, adding a path of length klul+1

connecting
u to p, and then replacing every edge in each of these added paths and every edge in each of the

trees S(u) by m parallel edges. The vertex degrees of GJ* are bounded by 3 4 m, and the identity

103



5.6. Ends and rough isometries

Figure 5.2: An illustration of the graph G3. Red vertices correspond to vertices of the 3-regular
tree T'. Only three generations of each of the trees S(v) are pictured.

map is an isometry (and hence a rough isometry) between G} and G}C", whenever k, m and m’ are
positive integers. See Figure 1 for an illustration.

Let k£ and m be positive integers. Observe that for every vertex v of T" and every child u of v
in T, the probability that simple random walk on G} started at u ever hits v does not depend on
the choice of v or u. Denote this probability p(m, k). We can bound p(m, k) as follows.

k k+2

< p(m,k) <

—_— —_—. 5.6.1
E+24+m — T k+2+2m ( )

The lower bound of k/(k+2-+m) is exactly the probability that the random walk started at u visits
v before visiting any other vertex of T" or visiting p,. The upper bound of (k + 2)/(k + 2+ 2m) is
exactly the probability that the random walk started at u ever visits a neighbour of v in 7. This can
be computed by a straightforward network reduction (see [173] for background): The conductance
to infinity from the root of a binary tree is 1, so that, by the series and parallel laws, the effective
conductance to infinity from u in the subgraph of G} spanned by the vertices of Sy(u) and the
path connecting u to Si(u) is 2mk~I“I=1. On the other hand, the effective conductance between
w and its parent v is k=1l while the effective conductance between u and each of its children is
k=Iul=1 Tt follows that the probability that a random walk started at u ever visits a neighbour of
u in T is exactly

Nl 4 o llull-1 k49

k=llull 4 2k =llel=1 4 omp—llull=1 — &k +2 + 2m

as claimed.
Let §7' be a sample of WUSFG? generated using Wilson’s algorithm on G7?*, starting with the
root p of T'. Let § be the loop-erased random walk in G7* beginning at p that is used to start our
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forest. The path £ includes either one or none of the neighbours of p in 7" and so, in either case,
there are at least two neighbours v; and vo of p in T that are not contained in this path. Continuing
to run Wilson’s algorithm from v; and vy, we see that, conditional on ¢, the events Ay = {v; is
in the past of p in §}'} and Ay = {v2 is in the past of p in §}'} are independent and each have
probability p(m, k). Furthermore, on the event A;, we add only the path connecting v; and p in
G} to the forest during the corresponding step of Wilson’s algorithm. Recursively, we see that the
restriction to T of the past of p in § contains a Galton-Watson branching process with Binomial
offspring distribution (2, p(m, k)). If & > m + 3 this branching process is supercritical, so that §}"
contains a component with uncountably many ends with positive probability. By tail triviality of
the WUSF [173, Theorem 10.18], §}* contains a component with uncountably many ends a.s. when
k>m+ 3.

On the other hand, a similar analysis shows that the restriction to T" of past of p in F}" is
stochastically dominated by a binomial (3, p(m, k)) branching process. (The 3 here is to account
for the possibility that every child of p in T' is in its past). If m > k + 2, this branching process
is either critical or subcritical, and we conclude that the restriction to T' of the past of p in §7" is
finite a.s. Condition on this restriction. Similarly again to the above, the restriction to Sk(v) of
the past of v in §¥, is stochastically dominated by a critical binomial (2,1/2) branching process for
each vertex v of T', and is therefore finite a.s. We conclude that the past of p in F}' is finite a.s.
whenever m > k 4 2. A similar analysis shows that the past in §}' of every vertex of G} is finite
a.s., and consequently that every component of §}* is one-ended a.s. whenever m > k + 2.

Since 4 > 1+ 3 and 6 > 4+ 2, the wired uniform spanning forest §} of G} contains an infinitely-
ended component a.s., and every component of the wired uniform spanning forest F$ of G§ is

one-ended a.s. O

5.7 Closing discussion and open problems

5.7.1 The FMSF of the interlacement ordering

One way to think about the Interlacement Aldous-Broder algorithm is as follows. Given the in-
terlacement process .# on a transient network G, we can define a total ordering of the edges of
G according to the order in which they are traversed by the trajectories of %]y ). That is, we
define a strict total ordering < of E by setting e; < eg if and only if either e is first traversed by
a trajectory of #]y ) at a smaller time than es is first traversed by a trajectory of 7| ), or if e
and ez are both traversed for the first time by the same trajectory of | o), and this trajectory
traverses e; before it traverses es. We call < the interlacement ordering of the edge set F.

It is easily verified that ABg(.#) is the wired minimal spanning forest of G with respect to
the interlacement ordering. That is, an edge e € E is included in ABy(.#) if and only if there does
not exist either a finite cycle or a bi-infinite path in G containing e for which e is the <-maximal
element. See [173] for background on minimal spanning forests. In light of this, it is natural to

wonder what might be said about the free minimal spanning forest of the interlacement ordering,
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that is, the spanning forest of G that includes an edge e € F if and only if there does not exist a
finite cycle in G containing e for which e is the <-maximal element. Indeed, if this forest were the
FUSF of G, this could be used to solve the monotone coupling problem [173, Question 10.6] (see
also [57, 177, 181]) and the almost-connectivity problem [173, Question 10.12].

Unfortunately there is little reason for this to be the case other than wishful thinking. Indeed,

let . be the interlacement process on a transient network G, and define
t. = inf {t € (0,00) : Zjg 4 is connected a.s.} .

Teixeira and Tykesson [219] proved that if G is transitive, then ¢. is positive if and only if G is
nonamenable. (The amenable case of their result generalises the corresponding result for Z?, due
to Sznitman [216].) We can apply this result to prove that the free minimal spanning forest of the
interlacement ordering is distinct from the WUSF on any nonamenable transitive graph: This is
similar to how the usual FMSF and WMSF (where the edge weights are i.i.d.) are distinct if and
only there is a nonempty nonuniqueness phase for Bernoulli bond percolation [175]. Since there are
many nonamenable transitive graphs where the WUSF and FUSF coincide (e.g. the product of a
3-regular tree with Z, see [173, Chapter 10]), we deduce that there are transitive graphs (indeed,
Cayley graphs) for which the FUSF does not coincide with the free minimal spanning forest of the
interlacement ordering.

We now give a quick sketch of this argument. Suppose that G is a transitive nonamenable
graph. Observe that for every ¢ < t., there must exist a connected component of Zjg ;) and a vertex
u of G such that a random walk started at u has a positive probability not to hit the component:
If not, we would have that Zjy , was connected for every s > ¢, contradicting the assumption that
t < t.. Moreover, by finding a path from u to the component and considering the last vertex of the
path before we reach the component, the vertex u can be taken to be adjacent to the component.
Let 7 be the first time after ./2 that u is hit by a trajectory of .#, and let e;_/o(u) be the oriented
edge that is traversed by this trajectory as it enters u for the first time. Denote this trajectory by
W. No other trajectories of . appear at time 7 a.s. In light of the above discussion, by making
local modifications to finitely many trajectories in #]y -y, we see that the following event occurs
with positive probability: 7 is strictly less than ¢., the vertices u and e, /z(u)* are both in different
components of i -y (and, in particular, are both in Zj, -y), and W hits the component of u in Zj ;)
for the first time at u. On this event we must have that e; o(u) is included in the free minimal
spanning forest of the interlacement ordering, but is not in ABy(.#), and hence the two forests do

not coincide.

5.7.2 Exceptional times

A natural question raised by the Interlacement Aldous-Broder algorithm concerns the existence
or non-existence of exceptional times for the process (§;)ter = (ABi(F))ier, that is, times at

which §; has properties markedly different from the a.s. properties of §g. For example, we might
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ask whether, considering the process (F)icr on Z¢ (d > 3), there are exceptional times when the
forest has multiply ended components, is disconnected (if d = 3,4), or is connected (if d > 5).
(Note that the proof of Theorem implies that there do not exist exceptional times at which
§¢ contains indestructible excessive ends.)

The answers to the first of these questions turn out to rather simple. Given a trajectory W in a
graph G and a vertex u of G visited by the path, we define e(W, u) to be the oriented edge pointing

into u that is traversed by W as it enters u for the first time, and define
AB(W) = {—e(W,u) : u is visited by W}.

Note that if the trace of W is infinite then AB(W) is an infinite oriented tree. We define the tree
of first entry edges AB(X) similarly when X = (X,,)n>0 is a path in G.

Proposition 5.7.1 (Exceptional times for excessive ends). Let G be a transient network, let &
be the interlacement process, and let (Fi)ter = (ABi(F))ter. Let & be the set of times t € R such
that §¢ has a multiply ended component, and let &' be the set of times t € R for which there exists
a trajectory Wy in % such that AB(W) is multiply ended. If every component of §o is one-ended

almost surely, then the following hold almost surely.
1. &=¢&", and & =0 if and only if Fo is connected almost surely.

2. For every t € &, there is exactly one two-ended component of §¢, and all other components
are one-ended. The unique two-ended component is the union of the tree AB(Wy) with some
finite bushes.

Since Proposition is tangential to the paper, we leave out some details from the proof.

Proof. We first prove that & = &’ almost surely. The containment &’ C & is immediate, and holds
deterministically. Let 2 be the almost sure event that every component of §; is one-ended for every
rational ¢, and that no two trajectories of .# have the same arrival time. We claim that & = &’
pointwise on the event 2. Suppose that €2 holds and that ¢ € &, so that there exists a sequence of
vertices (v;);>0 such that v; = e;(v;+1)~ for each ¢ > 0. In particular, the arrival times 7(v;) are
increasing. We claim that we must have 74(v;) = ¢ for all ¢ > 0. Indeed, if 74(v;) > t 4 € for some
e > 0 and all ¢ larger than some iy, then we would have that e;y5(v;) = ei(v;) for all 0 < 6 < ¢
and all ¢ > 4p. In this situation, we would therefore have that §;1s contained a multiply ended
component for every 0 < § < e, contradicting the assumption that the event Q occured. Thus,
we must have that there exists a trajectory Wy € £ (which is unique by definition of ), and
the sequence v; gives an excessive end in the tree AB(W). Since the sequence v; represented an
arbitrary excessive end of §, it follows that every excessive end of §; arises from the tree AB(WW)
on the event (2.

Now, if §p is not connected a.s., then there is a vertex v of G such that two independent random

walks from v do not intersect with positive probability, and it follows that there a.s. exist trajectories
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in .# such that AB(W) has at least two ends. It remains to prove that the trees AB(W) have at
most two-ends for every trajectory W in .#, and are all one-ended if §j is a.s. connected. Since
there are only countably many trajectories in .#, it suffices to analyze a single bi-infinite random
walk. To prove this, it is convenient to introduce a variant of the interlacement Aldous-Broder
in which we first run a simple random walk started from a fixed vertex (considered to arrive at
time zero), and then run the interlacement process . ), and form a forest from the first entry
edges. It is not difficult to see, by a slight modification of the proof Theorem that the forest
produced this was is the wired uniform spanning forest: In the finite exhaustion, this corresponds
to first running a random walk from v until hitting the distinguished boundary vertex, and then
decomposing the rest of the walk into excursions from the boundary vertex. Using this algorithm,
it follows that AB(X) is one-ended a.s. whenever X is a random walk on a transient graph G for
which the wired uniform spanning forest is one-ended.

Now suppose that W = (W), )¢z is a bi-infinite random walk. If (v;);>0 is a sequence of vertices
in G corresponding to an excessive end of AB(W), then we must have that v; = e(v;41)~ for all
i sufficiently large, and it follows that this excessive end must be an end of the tree AB((W;)i>0),
completing the proof that AB(W) has at most two ends. On the other hand, we note that the
unique path to infinity from Wy in AB((W;)i>0) is exactly the loop-erasure of (W;);>0, and if §o
is connected a.s. then this path is hit infinitely often a.s. by (W;);<o. We deduce that in this case
this end is not present in the tree AB(W), completing the proof. ]

We do not know if there exist exceptional times for (dis)connectivity. We expect that such

times do not exist, but it would be very interesting if they do. kirchhoff1847ueber

Question 5.7.2. Letd > 3, let . be the interlacement process on 7%, and let (Fi)ter = (ABs(I))icr.
If d = 3,4, do there exist times at which §y is disconnected? If d > 5, do there exist times at which

$+ is connected?

If the answer to Question is positive, it would be interesting to further understand the
structure of the set of exceptional times and the geometry of the forest §; at a typical exceptional
time. It is easy to see that, unlike for excessive ends, the arrival times of trajectories are not
exceptional times for connectivity, so if exceptional times do exist they are likely to have a more
interesting structure. We note that there is a rich theory of exceptional times for other models such
as dynamical percolation, addressing many analogous questions. See e.g. [99, 115, 125, 213].

A related question concerns the decorrelation of connectivity events under the dynamics.

Question 5.7.3. Letd > 5, let % be the interlacement process on Z2, and let (F)ter = (ABy(F))ier.
How does
P(z is connected to y in both Fo and §y)

behave as a function of the vertices x,y € Z* and the number t > 02 Does the behaviour as a

function of x,y undergo a phase transition as t is increased?
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Recall that for the USF of Z%, d > 5, the probability that two vertices x and y are in the same

|74 as ||z — y|| — oo [41]. A successful approach to

component of the USF decays like ||z — y|
Questions and might need to draw more deeply on the interlacement literature than we

have needed to in this paper.

5.7.3 Excessive ends via update tolerance

A key tool in the study of the USFs carried out in [127, 131, 223] is the update-tolerance of
the USFs (referred to as weak insertion tolerance by Timar [223]). Given a sample § of either
the WUSF and the FUSF of a network GG and an oriented edge e of G not in §, update-tolerance
states that there exists a forest U(F,e), obtained from § by adding e and deleting some other
appropriately chosen edge d, such that the law of U(F, e) is absolutely continuous with respect to
that of §. The forest U(F,e) is called the update of § at e. See [127, 131, 223] for further details.

Since the number of excessive ends does not change when we perform an update, a positive
solution of the following conjecture would yield an alternative proof of Theorem We say that
a Borel set &7 C {0,1}F is update-stable if for every oriented edge e of G, the updated forest
U(F,e) is in 7 if and only if § is in o/ almost surely. The conjecture would also imply a positive
solution to [44, Question 15.7].

Conjecture 5.7.4. Let G be an infinite network, and let § be either the wired or free spanning
forest of G. Then for every update-stable Borel set o/ C {0,1}¥, the probability that § is in < is

either zero or one.

5.7.4 Ends in uniformly transient networks

The following natural question remains open. If true, it would strengthen the results of Lyons,
Morris and Schramm [170]. A network is said to be uniformly transient if the capacities of the

vertices of the network are bounded below by a positive constant.

Question 5.7.5. Let G be a uniformly transient network with inf. c(e) > 0. Does it follow that

every component of the wired uniform spanning forest of G is one-ended almost surely?

The argument used in the proof of Theorem can be adapted to show that, under the
hypotheses of Question[5.7.5] every component of the WUSF is either one-ended or has uncountably
many ends, with no isolated excessive ends. To answer Question positively, it remains to rule

this second case out.
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Chapter 6

Indistinguishability of trees in

uniform spanning forests

Summary. We prove that in both the free and the wired uniform spanning forest (FUSF and WUSF)
of any unimodular random rooted network (in particular, of any Cayley graph), it is impossible to
distinguish the connected components of the forest from each other by invariantly defined graph
properties almost surely. This confirms a conjecture of Benjamini, Lyons, Peres and Schramm [44].

We also answer positively two additional questions of [44] under the assumption of unimodu-
larity. We prove that on any unimodular random rooted network, the FUSF is either connected or
has infinitely many connected components almost surely, and, if the FUSF and WUSF are distinct,
then every component of the FUSF is transient and infinitely-ended almost surely. All of these

results are new even for Cayley graphs.

6.1 Introduction

The Free Uniform Spanning Forest (FUSF) and the Wired Uniform Spanning Forest
(WUSF) of an infinite graph G are defined as weak limits of the uniform spanning trees on large finite
subgraphs of G, taken with either free or wired boundary conditions respectively (see Section |6.1.2
for details). First studied by Pemantle [190], the USFs are closely related many other areas of
probability, including electrical networks [62, 154], Lawler’s loop-erased random walk [44, 161, 228],
sampling algorithms [197, 228], domino tiling [150], the Abelian sandpile model [137, 138, 178], the
rotor-router model [126], and the Fortuin-Kasteleyn random cluster model [105, 109]. The USFs
are also of interest in group theory, where the FUSFs of Cayley graphs are related to the £2-Betti
numbers [94, 169] and to the fixed price problem of Gaboriau [95], and have also been used to
approach the Dixmier problem [87].

Although both USFs are defined as limits of trees, they need not be connected. Indeed, a
principal result of Pemantle [190] is that the FUSF and WUSF coincide on Z? for all d > 1 and
that they are connected almost surely (a.s.) if and only if d < 4. A complete characterisation of
the connectivity of the WUSF was given by Benjamini, Lyons, Peres and Schramm (henceforth
referred to as BLPS) in their seminal work [44], who showed that the WUSF of a graph G is
connected a.s. if and only if the traces of two simple random walks started at arbitrary vertices of
G a.s. intersect. This recovers Pemantle’s result on Z¢, and shows more generally that the WUSF

of a Cayley graph is connected a.s. if and only if the corresponding group has polynomial growth
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of degree at most 4 [124, 173].

Besides connectivity, several other basic features of the WUSF are also understood rather
firmly. This understanding mostly stems from Wilson’s algorithm rooted at infinity, which allows
the WUSF to be sampled by joining together loop-erased random walks [173, 228]. For example,
other than connectivity, the simplest property of a forest is the number of ends its components
have. Here, an infinite graph G is said to be k-ended if, over all finite sets of vertices W, the
subgraph induced by V' \ W has a maximum of k infinite connected components. In particular,
an infinite tree is one-ended if and only if it does not contain a simple bi-infinite path. Following
earlier work by Pemantle [190], BLPS [44] proved that the number of components of the WUSF
of any graph is non-random, that the WUSF of any unimodular transitive graph (e.g., any Cayley
graph) is either connected or has infinitely many components a.s., and that in both cases every
component of the WUSF is one-ended a.s. unless the underlying graph is itself two-ended. Morris
[185] later proved that every component of the WUSF is recurrent a.s. on any graph, confirming a
conjecture of BLPS [44, Conjecture 15.1], and several other classes of graphs have also been shown
to have one-ended WUSF components [7, 127, 170].

Much less is known about the FUSF. No characterisation of its connectivity is known, nor is it
known whether the number of components of the FUSF is non-random on an any graph. In [44] it
is proved that if the FUSF and WUSF differ on a unimodular transitive graph, then a.s. the FUSF
has a transient tree with infinitely many ends, in contrast to the WUSF. However, it remained
an open problem [44, Question 15.8] to prove that, under the same hypotheses, every connected
component of the FUSF is transient and infinitely ended a.s. In light of this, it is natural to ask

the following more general question:

Question. Let G be a unimodular transitive graph. Can the components of the free uniform span-

ning forest of G be very different from each other?

Questions of this form were first studied by Lyons and Schramm [176] in the context insertion-
tolerant automorphism-invariant random subgraphs. Their remarkable theorem asserts that in any
such random subgraph (e.g. Bernoulli bond percolation or the Fortuin-Kasteleyn random cluster
model) on a unimodular transitive graph, one cannot distinguish between the infinite connected
components using automorphism-invariant graph properties. For example, all such components
must have the same volume growth, spectral dimension, value of p. and so forth (see Section
for further examples). They also exhibited applications of indistinguishability to statements not of
this form, including uniqueness monotonicity and connectivity decay. Here, a random subgraph w
of a graph G is insertion-tolerance if for every edge e of G, the law of the subgraph w U {e} formed
by inserting e into w is absolutely continuous with respect to the law of w. The uniform spanning
forests are clearly not insertion-tolerant, since the addition of an edge may close a cycle.

BLPS conjectured [44, Conjecture 15.9] that the components of both the WUSF and FUSF also

exhibit this form of indistinguishability. In this paper we confirm this conjecture.

Theorem 6.1.1 (Indistinguishability of USF components). Let G be a unimodular transitive graph,

and let § be a sample of either the free uniform spanning forest or the wired uniform spanning forest
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of G. Then for each automorphism-invariant Borel-measurable set of of subgraphs of G, either every

connected component of § is in &/ or every connected component of § is not in & almost surely.

As indicated by the above discussion, Theorem implies the following positive answer to

[44, Question 15.8] under the assumption of unimodularity.

Theorem 6.1.2 (Transient trees in the FUSF). Let G be a unimodular transitive graph and let §
be a sample of FUSFqg. If the measures FUSFg and WUSFg are distinct, then every component of

§ is transient and has infinitely many ends almost surely.

However, rather than deducing Theorem from Theorem we instead prove Theo-
rem directly and apply it in the proof of Theorem

We also apply Theorem to answer another of the most basic open problems about the
FUSF [44, Question 15.6] under the assumption of unimodularity.

Theorem 6.1.3 (Number of trees in the FUSF). Let G be a unimodular transitive graph and let §
be a sample of the free uniform spanning forest of G. Then § is either connected or has infinitely

many components almost surely.

The derivation of Theorem from Theorem is inspired by the proof of [176, Theorem
4.1], and also establishes the following result.

Theorem 6.1.4 (Connectivity decay in the FUSF). Let G be a unimodular transitive graph and
let § be a sample of the free uniform spanning forest of G. If § is disconnected a.s., then for every

vertex v of G,
inf {FUSFg(u € T5(v)) :u € V(G)} =0,

where u € Tz(v) is the event that u belongs to the component of v in §.

We prove all of our results in the much more general setting of unimodular random rooted
networks, which includes all Cayley graphs as well as a wide range of popular infinite random
graphs and networks [7]. For example, our results hold when the underlying graph is an infinite
supercritical percolation cluster in a Cayley graph, a hyperbolic unimodular random triangulation
[37, 75] (for which the FUSF and WUSF are shown to be distinct in the upcoming work [20]), a
supercritical Galton-Watson tree, or even a component of the FUSF of another unimodular random
rooted network. See Section for the strongest and most general statements.

Organization. In Section we describe our approach and the novel ingredients of our proof.
The necessary background, including definitions of USFs and unimodular random rooted networks
are presented in Section In Section we define the graph properties we will work with,
state the most general and strongest versions of our theorems (most importantly, Theorem ,
and provide several illustrative examples. In Section we develop the update-tolerance property
of the FUSF, and prove, in the setting of Theorem that if the FUSF and WUSF are distinct
then every component of the FUSF is transient and infinitely-ended (Theorem , and then
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prove indistinguishability of the components in this case. In Section [6.3 still in the case where
the FUSF and WUSF are distinct, we prove that the FUSF is either connected or has infinitely
many connected components (Theorem and in the latter case we show that connectivity
decay is exhibited (Theorem . In Section we show that the WUSF components are
indistinguishable, completing the proof of Theorem [6.1.9

Remark. After this paper was posted on the arXiv, Adam Timdar posted independent work [223]
in which he proves Theorem for the FUSF only in the case that FUSF # WUSF, and also
proves Theorems [6.1.2| and [6.1.3; Indistinguishability of components in the WUSF is not treated.
In the present paper, we prove [44, Conjecture 15.1] in its entirety for both the FUSF and WUSF.

6.1.1 About the proof

In [176], Lyons and Schramm argue that the coexistence of clusters of different types in an invariant
edge percolation implies the existence of infinitely many pivotal edges, that is, closed edges that
change the type of an infinite cluster if they are inserted. When the percolation is insertion-tolerant,
this heuristically contradicts the Borel-measurability of the property, as the existence of pivotal
edges far away from the origin should imply that we cannot approximate the event that the cluster
has the property by a cylinder event. This argument was made precise in [176]. Unimodularity
of the underlying graph was used heavily — indeed, indistinguishability can fail without it [176,
Remark 3.16].

A crucial ingredient of our proof is an update-tolerance property of USFs. This property was
introduced for the WUSF by the first author [127] and is developed for the FUSF in Section
This property allows us to make a local modification to a sample of the FUSF or WUSF in such a
way that the law of the resulting modified forest is absolutely continuous with respect to the law
of the forest that we started with. In this local modification, we add an edge of our choice to the
USF and, in exchange, are required to remove an edge emanating from the same vertex. The edge
that we are required to remove is random and depends upon both the edge we wish to insert and
on the entire sample of the USF.

Update-tolerance replaces insertion-tolerance and allows us to perform a variant of the key
argument in [176]. However, several obstacles arise as we are required to erase an edge at the same
time as inserting one. In particular, we cannot simply open a closed edge connecting two clusters
of different types in order to form a single cluster. These obstacles are particularly severe for the
WUSF (and the FUSF in the case that the two coincide), where it is no longer the case that the
coexistance of components of different types implies the existence of pivotal edges. To proceed,
we separate the component properties into two types, tail and non-tail, according to whether the
property is sensitive to finite modifications of the component. Indistinguishability is then proven
by a different argument in each case: non-tail properties are handled by a variant of the Lyons-
Schramm method, while tail properties are handled by a completely separate argument utilising
Wilson’s algorithm [228] and the spatial Markov property. The proof that components of the WUSF

cannot be distinguished by tail properties also applies to transitive graphs without the assumption
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of unimodularity.

6.1.2 Background and definitions
Notation

A tree is a connected graph with no cycles. A spanning tree of a graph G = (V, E) is a connected
subgraph of G that contains every vertex and no cycles. A forest is a graph with no cycles, and
a spanning forest of a graph G = (V, E) is a subgraph of G that contains every vertex and no
cycles. Given a forest § and a vertex v we write T%(v) for the connected component of § containing
v. An essential spanning forest is a spanning forest such that every component is infinite. A
branch of an infinite tree T is an infinite component of 7"\ v for some vertex v. The core of an
infinite tree T', denoted core(T), is the set of vertices of T such that T'\ v at least two infinite
connected components.

Recall that an infinite graph G is said to be k-ended if removing a finite set of vertices W from
G results in a maximum of & distinct infinite connected components. In particular, an infinite tree
is one-ended if and only if it does not contain any simple bi-infinite paths. We say that a forest §
is one-ended if all of its components are one-ended. The past of a vertex v in a one-ended forest,
denoted pastz(v), is the union of v and the finite components of § \ v. The future of the vertex v
is the set of u such that v € pastz(u).

We write Bg(v,r) for the graph-distance ball of radius r about a vertex v in a graph G.

Uniform Spanning Trees and Forests

We now briefly provide the necessary definitions, notation and background concerning USFs. We
refer the reader to [173, §4 and §10] for a comprehensive review of this theory. Given a graph
G = (V,E) we will refer to an edge e € E both as an oriented and unoriented edge and it will
always be clear which one from the context. Most frequently we will deal with oriented edges and
in this case we orient them from their tail e~ to their head e™.

A network (G, ¢) is a locally finite, connected multi-graph G = (V, E) together with a function
c¢: E — (0,00) assigning a positive conductance to each edge of G. Graphs are considered to be
networks by setting ¢ = 1. The distinction between graphs and networks does not play much of a
role for us, and we will mostly suppress the notation of conductances, writing G to mean either a
graph or a network. Write c¢(u) for the sum of the conductances of the edges e~ = u emanating
from u and ¢(u,v) for the conductance of the sum of the conductances of the (possibly many) edges
with endpoints u and v. The random walk (X,,),>0 on a network G is the Markov chain on V
with transition probabilities p(u,v) = c(u,v)/c(u).

The uniform spanning tree measure USTs of a finite connected graph G is the uniform
measure on spanning trees of G (considered for measure-theoretic purposes as functions £ — {0, 1}).
When G is a network, UST¢ is the probability measure on spanning trees of G such that the

probability of a tree is proportional to the product of the conductances of its edges.
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Let G be an infinite network. An exhaustion (V},),>0 of G is an increasing sequence of finite
sets of vertices V;, C V such that | J,,~, Vs, = V. Given such an exhaustion, we define G,, to be the
subgraph of G induced by V,, togethe; with the conductances inherited from G, and define G, to be
the network obtained from G by identifying (or “wiring”) V' \ V,, into a single vertex and deleting
all the self-loops that are created. The weak limits of the measures USTq, and USTg: exist for
any network and do not depend on the choice of exhaustion [109, 190]. The limit of the UST¢,, is
called the free uniform spanning forest measure FUSF while the limit of the UST¢: is called
the wired uniform spanning forest measure WUSF. Both limits are clearly concentrated on
the set of essential spanning forests of G.

The measures FUSFo and WUSFg coincide if and only if G does not support any non-constant
harmonic functions of finite Dirichlet energy [44], and in particular the two measures coincide when
G = Z%. The two measures also coincide on every amenable transitive graph [44, Corollary 10.9],
and an analogous statement holds for unimodular random rooted networks once an appropriate
notion of amenability is adopted [7, §8]. When G is a Cayley graph, the two measures FUSFg
and WUSF¢ coincide if and only if the first ¢?-Betti number of the corresponding group is zero
[169]. By taking various free or direct products of groups and estimating their Betti numbers, this
characterization allows to construct an abundance of Cayley graphs in which the two measures
either coincide or differ [173, §10.2].

A very useful property of the UST and the USFs is the spatial Markov property. Let G be a
network and let H and F' be finite subsets of G. We write G = (G — H)/F for the network formed
from G by deleting each edge h € H and contracting (i.e., identifying the two endpoints of) each
edge f € F. If G is finite and T is a sample of UST¢, then the law of T conditioned on the event
{FCT,HNT =0} (assuming this event has positive probability) is equal to the law of the union
of F' with an independent copy of UST 4, considered as a subgraph of G [173, §4]. Now suppose that
G is an infinite network with exhaustion (V},)n>0 and let § be a sample of either FUSFg or WUSF.
Applying the Markov property to the finite networks Gy, and G}, and taking the limit as n — oo,
we see similarly that the conditional distribution of § conditioned on the event {F C §, HNF = 0}
is equal to the law of the union of F' with an independent copy of FUSF » or WUSF » as appropriate.
It is important here that H and F are finite.

Lastly, throughout Section we will use a recent result of the first author regarding ends of
the WUSF’s components. Components of the WUSF are known to be one-ended a.s. in several
large classes of graphs and networks. The following is proven by the first author in [127], and
follows earlier works [7, 44, 170, 190].

Theorem 6.1.5 ([127]). Let (G, p) be transient unimodular random rooted network with E[c(p)] <

oo. Then every component of the wired uniform spanning forest of G is one-ended almost surely.
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Unimodular random networks

We present here the necessary definition of unimodular random networks and refer the reader to the
comprehensive monograph of Aldous and Lyons [7] for more details and many examples. A rooted
graph (G, p) is a locally finite, connected graph G together with a distinguished vertex p, the root.
An isomorphism of graphs is an isomorphism of rooted graphs if it preserves the root. The ball of
radius r around a vertex v of G, denoted Bg(v,r) is the graph induced on the set of vertices which
are at graph distance at most r from v. The local topology on the set of isomorphism classes of
rooted graphs is defined so that two (isomorphism classes of) rooted graphs (G, p) and (G, p') are
close to each other if and only if the rooted balls (Bg(p,7), p) and (Ba(p', ), p') are isomorphic to
each other for large r. We denote the space of isomorphism classes of rooted graphs endowed with
the local topology by G,. We define an edge-marked graph to be a locally finite connected graph
together with a function m : E(G) — X for some separable metric space X, the mark space (in
this paper, X will be a product of intervals and some copies of {0,1}). For example, if G = (G, ¢)
is a network and § is a sample of FUSFg, then (G, ¢, ) is a graph with marks in (0, 00) x {0, 1}.
The local topology on rooted marked graphs is defined so that two marked rooted graphs are close
if for large r there is an isomorphism (of rooted graphs) ¢ : (Bg(p,7), m,p) = (Bg/(p',7), p’) such
that dx(m’(¢(e)), m(e)) is small for every edge e in Bg(p, 7). We denote the space of edge-marked
graphs with marks in X by GZ.

Similarly, we define a doubly-rooted graph (G, u,v) to be a graph together with an ordered
pair of distinguished vertices. The space Ge4e 0f doubly-rooted graphs is defined similarly to G,. A
random rooted graph (G, p) is unimodular if it obeys the mass-transport principle. That is,
for every non-negative Borel function f : Gee — [0,00] — which we call a mass transport — we
have that

EZf(vaav) :EZf(G,U,,O).

veV ueV

In other words, (G, p) is unimodular if for every mass transport f, the expected mass received by
the root equals the expected mass sent by the root. Every Cayley graph (rooted at any vertex)
is a unimodular random rooted graph (whose law is concentrated on a singleton), as is every
unimodular transitive graph [173, §8]. For many examples of a more genuinely random nature, see
[7]. Unimodular random rooted networks and other edge-marked graphs are defined similarly.
When (G, p) is a unimodular random rooted network and § is a sample of either FUSF¢ or
WUSF¢, (G, p,T) is also unimodular: Since the definitions of FUSFg and WUSF¢ do not depend

on the choice of exhaustion, for each mass transport f : g£9’°°)X{°’1} — [0, 00, the expectations

(G, u,v) = FUSFg [f(G,u,v,@)] and  fY(G,u,v) = WUSF¢ [f(G, u,v,%)]

are also mass transports. This allows us to deduce the mass-transport principle for (G, p, §) from
that of (G, p).
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Reversibility and stationarity

Let (G, p) be a random rooted network and let (X,,),>0 be a random walk on G started at p. The
random rooted graph (G, p) is said to be stationary if

(G.p) £ (G, X1)

and reversible if
d
(G7 P, Xl) = (G7 Xla P)

While every reversible random rooted graph is trivially stationary, the converse need not hold in
general. Indeed, every transitive graph (rooted arbitrarily) is stationary, while it is reversible if and
only if it is unimodular. For example, the grandfather graph [173] is transitive but not reversible.

The following correspondence between unimodular and reversible random rooted networks is

implicit in [7, §4] and is proven explicitly in [38].

Proposition 6.1.6. If (G,p) is a unimodular random rooted network with E[c(p)] < oo, then
biasing the law of (G,p) by c(p) (that is, reweighting the law of (G, p) by the Radon-Nikodym
derivative c(p)/E[c(p)]) yields the law of a reversible random rooted network. Conversely, if (G, p)
is a reversible random rooted network with E[c(p)~!] < oo then biasing the law of (G, p) by c(p)~*
yields the law of a unimodular random rooted network.
bias by c¢(p)

(G, p) unimodular | ————— (G, p) reversible

with Elc(p)] < oo W with E[c(p) ™! < o

For example, a finite rooted network is unimodular if and only if, conditioned on G, its root is
uniformly distributed on the network, and is reversible if and only if, conditioned on G, the root is
distributed according to the stationary distribution of the random walk on the network.

Thus, to prove an almost sure statement about unimodular random rooted networks with
Elc(p)] < oo we can bias by the conductance at the root and work in the reversible setting, and
vice versa.

A useful equivalent characterisation of reversibility is as follows. Let G., denote the space of
isomorphism classes of graphs equipped with a bi-infinite path (G, (zy)nez), which is endowed with
a natural variant of the local topology. Let (G, p) be a random rooted graph and let (X,,),>0 and
(X_n)n>0 be two independent simple random walks started from Xy = p, so that (G, (X,)nez) is

a random variable taking values in G.,. Then (G, p) is reversible if and only if
d

Indeed, (p, X_1,...) is a simple random walk started from p independent of X; and, conditional on
(G, X1), reversibility implies that p is uniformly distributed among the neighbours of X7, so that
(X1,p, X_1,X _9,...) has the law of a simple random walk from X; and (6.1.1) follows. Conversely,
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implies that (G, p) is reversible by taking k = 1 and restricting to the Oth and 1st coordinates
of the walk.

A useful variant of Proposition is the following. Suppose that (G, p) is a unimodular
random rooted network with E[c(p)] < oo, § is a sample of either FUSFg or WUSF¢, and let cz(v)
denote the sum of the conductances of the edges of G emanating from v that are included in §.
Then, if we sample (G, p, §) biased by cz(p) and let (X,,)n>0 and (X_;),>0 be independent random
walks on § starting at p, then, by [7, Theorem 4.1],

(Gv <Xn>n€Z>g) i (G7 <Xn+k>n627g) VkeZ. (6.1.2)

Ergodicity

We say that a unimodular random rooted network with E[c(p)] < oo is ergodic if any (and hence
all) of the below hold.

Theorem 6.1.7 (Characterisation of ergodicity [7, §4]). Let (G, p) be a unimodular random rooted
network with Elc(p)] < co. The following are equivalent.

1. When the law of (G, p) is biased by c(p) to give an equivalent reversible random rooted network,

the stationary sequence (G, Xp))n>0 is ergodic.
2. Every event A C Q.O’OO) invariant to changing the root has probability in {0,1}.

3. The law of (G, p) is an extreme point of the weakly closed convex set of laws of unimodular

random rooted networks.

A similar statement holds for edge-marked networks. Tail triviality of the USFs [44, Theorem
8.3] implies that if (G, p) is an ergodic unimodular random rooted network and § is a sample of
either FUSFs or WUSF¢, then (G, p, §) is also ergodic.

The extremal characterisation (3) implies (by Choquet theory) that every unimodular random
rooted network with E[c(p)] < oo can be written as a mixture of ergodic unimodular random rooted
networks. Thus, to prove a.s. statements about general unimodular random rooted networks it

suffices for us to consider ergodic unimodular random rooted networks.

6.1.3 Component properties and indistinguishability on unimodular random
rooted networks

General unimodular random rooted graphs and networks have few automorphisms, so that it is
not appropriate at this level of generality to phrase indistinguishability in terms of automorphism-
invariant properties. Instead, we consider properties that are invariant under rerooting within a
component as follows. Consider the space Qio’l} of rooted graphs with edges marked by w(e) €
{0, 1}, which we think of as a rooted graph together with a distinguished subgraph spanned by the
edges w = {e : w(e) = 1}. Given such a (G, v,w) we define K, (v) to be the connected component

of vin w.
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Definition 6.1.8. A Borel-measurable set &/ C G, is called a component property if and only

if it is invariant to rerooting within the component of the root, i.e.,
(G,v,w) € & = (G,u,w) € & Yu € K,(v).

Again, this may be formulated for networks with the obvious modifications. This definition is
equivalent to the one given in [7, Definition 6.14]. We say that a connected component K of w has
property 27 (and abuse notation by writing K € &) if (G,u,w) € &/ for some (and hence every)

vertex u € K. We are now ready to state our main theorem in its full generality and strength.

Theorem 6.1.9 (Indistinguishability of USF components). Let (G, p) be a unimodular random
network with E[c(p)] < oo, and let § be a sample of either FUSFg or WUSFg. Then for every
component property <f , either every connected component of § has property </ or none of the

connected components of § have property &7 almost surely.

And we may now restate Theorems [6.1.3] |6.1.4] and |6.1.2) in their full generality.

Theorem 6.1.10. Let (G, p) be a unimodular random rooted network with E[c(p)] < oo and let
§ be a sample of FUSFg. Then § is either connected or has infinitely many components almost

surely.

Theorem 6.1.11. Let (G, p) be a unimodular random rooted network with Elc(p)] < oo and let §
be a sample of FUSFq. If § is disconnected a.s., then a.s. for every vertex v of G,

inf{FUSFg(u € T3(v)) : u € V(G)} = 0.

Theorem 6.1.12. Let (G, p) be a unimodular random rooted network and let § be a sample of the
FUSFg. On the event that the measures FUSFg and WUSFg are distinct, every component of § is
transient and has infinitely many ends almost surely. This holds both when the edges of § are given

the conductances inherited from G and when they are given unit conductances.

It follows that, under the assumptions of Theorem [6.1.12] every component of the FUSF of G has
positive speed and critical percolation probability p. < 1 [7].

We remark that, by [96, Proposition 5], Theorem is equivalent to the following ergodicity

statement.

Corollary 6.1.13. Let (G,p) be an ergodic unimodular random rooted network with Elc(p)] < oo
and let § be a sample of either FUSFg or WUSFq. Then (Tg(p),p) is an ergodic unimodu-
lar random rooted network. Moreover, if we bias the distribution of (G,p,§) by cz(p) and let
(Xn)n>0 and (X_,)n>0 be independent random walks on § started at p, then the stationary se-
quence <(G, <X"+k>nez’g)>kez s ergodic.
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Examples of component properties

Example 6.1.14 (Automorphism-invariant properties). Let Gy be a transitive graph, and let .o
be an automorphism-invariant set of subgraphs of Gy, that is, 7«7 = & for any automorphism -~y

of GGy. Fix an arbitrary vertex vy of Gy and let

3 an isomorphism ¢ : (G,v) — (Go, vg)
such that ¢(K,(v)) € o

o' = {(G,v,w) :

Then &/’ is a component property such that (G, vp,w) € &’ if and only if K, (vg) € o/. Thus,
Theorem follows from Theorem and similarly Theorems|6.1.3],6.1.4]and |6.1.2| follow from
Theorems [6.1.10} 6.1.11) and |6.1.12], respectively.

Example 6.1.15 (Intrinsic properties). A graph H is said to have volume-growth dimension
d if
|Br (v,7)| = rto®

for any (and hence all) vertices v of H. Let py(-,-) denote the n-step transition probabilities of
simple random walk on H. We say that H has spectral dimension d if

pn(’U,’U) _ n—d/2+o(1)
for any (and hence all) vertices v of H. Lastly, recall that the critical percolation probability
pe(H) of an infinite connected graph H is the supremum over p € [0,1] such that independent
percolation with edge probability p a.s. does not exhibit an infinite cluster. Then, under the

hypotheses of Corollary |6.1.13, the volume-growth, spectral dimension of Tx(p) (if they exist) and

value of p. are non-random, and consequently are a.s. the same for every tree in §.

Component properties can be ‘extrinsic’ and depend upon how the component sits inside of the

base graph G.

Example 6.1.16 (Extrinsic properties). A subgraph H of G is said to have discrete Hausdorff
dimension « if
|Bg(v,n) N H| = noto®)

for any (and hence all) vertices v of G. The event that a component has a particular discrete
Hausdorff dimension is a component property, and consequently Theorem implies that all
components of the USF in a unimodular random rooted network have the same discrete Hausdorff
dimension (if this dimension exists). In fact, the discrete Hausdorff dimension of every component
of the USF in Z¢ was proven to be 4 for all d > 4 by Benjamini, Kesten, Peres and Schramm [41].

Even for unimodular transitive graphs, the conclusion of Theorem is strictly stronger
than that of Theorem This is because a component property can also depend on the whole

configuration, as the following example demonstrates.
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Example 6.1.17. Define N(v,w,r) to be the number of distinct components of w that are adjacent
to the ball B, (v,r) of radius r about v in the intrinsic distance on K, (p). Asymptotic statements
about the growth of N(v,w,r), can be used to define component properties that depend on the

entire configuration w, e.g.
of = {(G,U,UJ) : N(’va’rr») — ,rﬁ-i-o(l)}.

All of the examples above are what we call tail properties. That is, these properties can be
verified by looking at all but finitely many edges of both the component and of the configuration

(see the next section for the precise definition). Let us give now an interesting example of a non-tail

property.

Example 6.1.18 (Non-tail property). The component property

for each connected component K of w, there exists a path (e;)
A (n) = 4 (G,v,w) tin G connecting K, (v) to K such that at most n of the e;’s are

not contained in w.

is not a tail property. Benjamini, Kesten, Peres and Schramm [41] proved the remarkable result
that the property <7 (n) \ 27 (n — 1) holds a.s. for every component of the USF of Z? if and only if
4n—1) <d < 4n.

Tail properties

Definition 6.1.19. We say that a component property <7 is a tail component property if

Vw' C E(G) such that w Aw’ and

(G,v,w) € & = (G,v,w') € & )
K, (v) A K, (v) are both finite.

Indistinguishability of USF components by properties that are not tail can fail without the
assumption of unimodularity — see [176, Remark 3.16] and [36, Example 3.1]. However, our next
theorem shows that unimodularity is not necessary for indistinguishability of WUSF components
by tail properties when the WUSF components are a.s. one-ended. In [170] it is shown that the last
condition holds in every transient transitive graph. The following theorem, which is used in the
proof of Theorem implies that WUSF components are indistinguishable by tail properties in

any transient transitive graph (not necessarily unimodular).

Theorem 6.1.20. Let (G, p) be a stationary random network and let § be a sample of WUSF¢.
Suppose that every component of § is one-ended almost surely. Then for every tail component
property <f, either every connected component of § has property </ or none of the connected

components of § have property </ almost surely.
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6.2. Indistinguishability of FUSF components

Sharpness

We present a construction showing that the condition E[c(p)] < oo in Theorem is indeed
necessary. For integers n and k > 2, denote by T,,(k) the finite network on a binary tree of height
n such that edges at distance h from the leaves have conductance k. Choose a uniform random
root in T, (k) and take n to oo while keeping k fixed. The limit of this process can be seen to be
the transient unimodular random rooted network 7'(k) in which the underlying graph is the canopy
tree [5] and edges of distance h from the leaves have conductance k".

Consider the finite network G,, obtained by gluing a copy of T),(3) and a copy of T,,(4) at their
leaves in such a way that the resulting network G, is planar, and let p, a uniformly chosen root
vertex of G,. Then the randomly rooted graphs (G, p,) converge to a unimodular random rooted
network which is formed by gluing a copy of T'(3) and a copy of T'(4) at their leaves. It can easily be
seen via Wilson’s algorithm (see Section that the WUSF will contain precisely two one-ended
components corresponding to the two infinite rays of 7'(3) and 7'(4). These two trees are clearly
distinguishable from each other by measuring the frequency of edges with conductances 3 or 4 on
their infinite ray. This example can be made into a graph rather than a network simply by replacing
an edge with conductance k" by k" parallel edges.

It is also possible to construct a unimodular random rooted network on which there are infinitely
many WUSF components almost surely and every cluster is distinguishable from every other cluster.
Let G be a 3-regular tree, and let §; be a sample of WUSFy. For every component 7" of §1, let U(T")
be i.i.d. uniform [0, 1]. For each edge e of G that is contained in §1, let T'(e) be the component of
§1 containing e. Define conductances on G by, for each edge e of G, setting c(e) =1 if e ¢ § and

otherwise setting
c(e) = exp ((1 + U(T)) x |The finite component of T'(e) \ e|) .

These strong drifts ensure that a random walk on the network (G, c) will eventually remain in a
single component of §;. Running Wilson’s algorithm on the network (G, c) to sample a copy F2
of WUSF ), we see that the components of §y correspond to the components of F;. We can
distinguish these components from each other by observing the rate of growth of the conductances

along a ray in each component.
6.2 Indistinguishability of FUSF components

Our goal in this section is to prove Theorem for the FUSF on a unimodular random rooted
network (G, p) when the measures FUSFg and WUSF are distinct.
6.2.1 Cycle breaking in the FUSF

Let G be a finite network. For each spanning tree t of G and oriented edge e of G that is not a
self-loop, we define the direction D(e) = D(t,e) to be the first edge in the unique simple path

from e~ to et in t.
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6.2. Indistinguishability of FUSF components

Lemma 6.2.1. Let G be an infinite network with ezhaustion (Vy)p>1 and let T,, be a sample
of USTg,, for each n. Then for every oriented edge e of G, the random variables (T,,, D(T),,€))
converge in distribution to some limit (§, D(e)), where D(e) is an edge adjacent to e~ and the

marginal distribution of § is given by FUSFg.

Proof. Since the distribution of T;, converges to FUSFg, it suffices to show that the conditional
probabilities
P(D(Ty,e)=d| f1,---, fx € Ty h1,...hy & Ty) (6.2.1)

converge, where d = (d~,d") is any oriented edge with d~ = e~ and F = {fi,..., fx} and
H ={hy,...,h} are any two finite collections of edges in G for which the event & = {f1,..., fi €
S, g1,---91 ¢ §} has non-zero probability. Fix such d, F and H. If F includes a path from e~ to
e then D(T,,e) is determined and there is convergence in . Also, if d € H then is
zero. So let us assume now that neither is the case.

Let us first explain why convergence holds in when FF = H = (). In that case, by
Kirchhoff’s effective resistance formula (see [44, Theorem 4.1]), the probability that the unique
path between e~ to e™ in T}, goes through d equals the amount of current on the edge d when a
unit current flows from e~ to e’ in the network G,,. It is well known that this quantity converges
as n — 0o to the current passing through d in the free unit current flow from e~ to et in G [173,
Proposition 9.1].

When F and H are non-empty, we take n to be sufficiently large such that the edges e, d and
all the edges of F and H are contained in G, and that the event <, = {F C T,,, HN T, = 0}
has non-zero probability (i.e, that G, \ H is connected and there are no cycles in F'). We write
(Gy, — H)/F for the network formed from G,, by deleting each edge h € H and contracting each
edge f € F. By the Markov property (see Section [6.1.2), the laws of T}, conditioned on 7, and of
§ conditioned on &7 can be sampled from by taking the union of F' with a sample of the UST of
(Gn, — H)/F or the FUSF of (G — H)/F respectively. Thus, the same argument as above works
when d ¢ F and shows that the limit of is equal to the current passing through d in the free
unit current flow from e~ to et in (G — H)/F.

Finally suppose that d € F. Let V; be the set of vertices connected to e~ by a simple path in F’
passing through d, and let F; be the set of oriented edges with tail in V. By our previous discussion,
(6.2.1)) equals the sum of the currents flowing through the edges of E; in the unit current flow from
e~ toe' in (G, — H)/F. As before, [173, Proposition 9.1] shows that this quantity converges to

the corresponding sum of currents in the free unit current flow from e~ to e* in (G — H)/F. O

For each oriented edge e of G and FUSFg-a.e. spanning forest f of GG, we define the update
U(f,e) as follows. If e is either a self-loop or already contained in f, set U(f,e) = f. Otherwise,
sample D(e) from its conditional distribution given § = f, and set U(f,e) = §U {e} \ D(e). It

seems likely that this conditional distribution is concentrated on a point.

Question 6.2.2. Let G be a network and let e be an edge of G. Does U(f,e) coincide FUSFg-a.e.

with some measurable function of f¢

123



6.2. Indistinguishability of FUSF components

If any additional randomness is required to perform an update, it will always be taken to be

independent of any other random variables considered.

Lemma 6.2.3. Let G be a network and § be a sample of FUSFg. Let v be a vertex of G and let E
be an element of the set {e : e~ = v} chosen independently of § and with probability proportional
to its conductance. Then U(F, E) and § have the same distribution.

Proof. Let (V,,)n>0 be an exhaustion of G and let T}, be a sample of the UST on G, for each n. We
may assume that G, contains v and every edge adjacent to v for all n > 1. We define the update

U(t,e) of a spanning tree t of G,, at the oriented edge e to be
U(t,e) =tU{e} \ D(t,e).

Since U(T,, F) converges to U(§F, E) in distribution, and so it suffices to verify that U(T,, E) LT,
for each n > 0: this may be done by checking that UST¢, satisfies the detailed balance equations

for the Markov chain on the set of spanning trees of G with transition probabilities

p(t1,t2) = Lc({e ce” =vand U(ty,e) = ta}).

c(v)
This simple calculation is carried out in [127, Lemma 6]. O
This has the following immediate consequence.
Corollary 6.2.4 (Update Tolerance for the FUSF). Let G be a network. Fiz an edge e, and let

FUSF¢ denote the joint distribution of a sample § of FUSFg and of the update U(§,e). Then

FUSF&(F € ) > CC((:)) FUSFS(U (S, e) € o)

Proof. Lemma implies that

FUSFo(§ € ) = ) Y c(e)FUSFL(U(S.¢) € o)
> 49 Fuske(U(F,e) € ). 0

B C)
6.2.2 All FUSF components are transient and infinitely-ended

A weighted tree is a network whose underlying graph is a tree. Recall that a branch of an infinite

tree T is an infinite connected component of 7'\ v for some vertex v.

Lemma 6.2.5. Let (T, p) be a unimodular random rooted weighted tree that is transient with positive

probability. On the event that T is transient, T a.s. does not have any recurrent branches.

Proof. For each vertex u of T, let V(u) be the set of vertices v # w such that the component

containing u in T\ v is recurrent. We first claim that if 7" is a transient weighted tree and w is a
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6.2. Indistinguishability of FUSF components

vertex of T', then V' (u) is either empty, or a finite simple path starting from a neighbour of u in
T, or an infinite transient ray (i.e. a ray such that the sum of the edge resistances along the ray
is finite) starting from a neighbour of u in 7. First, Rayleigh’s monotonicity principle implies that
if v € V(u) then every other vertex on the unique path from u to v in 7' is also in V(u). Second,
if there exist vy, v € V(u) which do not lie on a simple path from u in 7', then the component of
win T\ v; and the component of u in T\ vy are both recurrent and have all of T" as their union
implying that T is recurrent.

Thus, if V(u) is not empty, it must be a finite path or ray in T" starting at u. Let us rule out
the case that V' (u) is a recurrent infinite ray. Assume that V(u) is infinite and denote this ray
by (vg,v1,v2,...) with vg = u. For each integer n > 0 the component of T\ v,41 containing v,
is recurrent and so, by Rayleigh’s monotonicity principle, the components of T'\ v, that do not
contain v, are all recurrent. Thus T' is decomposed to the union of the ray (vg,v1,...) and a
collection of recurrent branches hanging on this ray. If the ray V(u) is a recurrent, we conclude
that T is recurrent as well.

Suppose for contradiction that with positive probability 7" is transient but there exists an edge
e such that the component of p in 7'\ e is infinite and recurrent. Take £ > 0 sufficiently small so
that this edge e may be taken to have c(e) > ¢ with positive probability. Denote the event that
such an edge exists by #.. We will show that this contradicts the Mass-Transport Principle by
exhibiting a mass transport such that every vertex sends a mass of at most one but some vertices
receive infinite mass on the event %..

From each vertex u such that V(u) is finite and non-empty, send mass one to the vertex v in
V(u) that is farthest from w in 7. From each vertex u such that V(u) is a transient ray, send
mass one to the end-point v = e~ of the last edge e in the path from u spanned by V'(u) such that
c(e) > e. If V(u) is empty, u sends no mass. Clearly every vertex sends a total mass of at most one.
However, on the event %., the vertex v that p sends mass to receives infinite mass. Indeed, every
vertex in the infinite recurrent component of 7'\ v containing p sends mass one to v, contradicting

the Mass-Transport Principle. O

Lemma 6.2.6. Let G be an infinite network and let § be a sample of FUSFq. If with positive
probability § has a recurrent component and a transient component with a non-empty core, then
with positive probability § has a component that is a transient tree with a recurrent branch. This
holds both when edges of the trees are given the conductances inherited from G and when they are

given unit conductances.

Proof. We consider the case that the edges of the trees are given the conductances inherited from
G, the other case is similar. If two such components exist, then one can find a finite path starting
at a vertex of a recurrent component T’ and ending in a vertex of the core of a transient component
T'. Moreover, by taking the shortest such path, the starting vertex is the only vertex in T" and the
end vertex is the only vertex in core(7”).

Thus, there exists a non-random finite simple path v = (v;)I-, in G such that the following
event, denoted #(7), holds with positive probability:
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Transient component, Transient component
no recurrent branches with a recurrent branch

— —

€1 €2]¢€3

v

Recurrent

Component &

Figure 6.1: When recurrent components and transient components with non-empty cores and no
recurrent branches coexist, a finite sequence of updates can create a transient component with a
recurrent branch.

e T%(70) is recurrent,
o T5(7) £ Ty(ro) for 0 <i <,
e T%(7p) is transient and

e v, € core(T5(v,)) and it is the only such vertex in .

For each 1 <7 < n, let e; be an oriented edge of G with e;” = v; and el‘,'“ = ;1. Define the forests
(Fi)™, by setting Fo = § and recursively,

$i=U(Fi-1,€i), 1i=1,...,n.

We claim that on the event Z(v), at least one of the two forests §y or §, contains a transient
tree with a recurrent branch. If § contains such a tree we are done, so suppose not. We claim
that in this case T, () is a transient tree with a recurrent branch. Indeed, at each step of the
process we are add the edge e; and remove some other edge adjacent to 7; in T%, ,(vi), so that
T, (7vn) contains the tree T, (y0) (since v; & Tx,(70) for ¢ > 1) and the path ey, ..., e,. Moreover,
since y; ¢ core(T%,(vn)) for all 0 < i < n, the tree T, (7,) contains a branch of T, (y,) and is
therefore transient by our assumption. Thus, removing 7; from the transient tree T, (7,) yields
the recurrent branch T, (7o) as required.

Denote by & the set of subgraphs of G that are transient trees with a recurrent branch. We
have shown that P(§o € &) + P(Fn € &) > 0, while by update-tolerance (Corollary

P(§o € &) z(ﬁc ) (G € &)

i c (e;)

so that P(Fo € &) > 0 as claimed. O

Proof of Theorem [6.1.12. We may assume that (G, p) is ergodic, see Section We apply [7,
Proposition 4.9 and Theorem 6.2] to deduce that whenever (7', p) is an infinite unimodular random
rooted (unweighed) tree with E[c(p)] < oo, the event that 7' is infinitely-ended and the event that
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T is transient coincide up to a null set and, moreover, T has positive probability to be transient
and infinitely-ended if and only if E[deg;(p)] > 2. The expected degree of the WUSF is 2 in
any unimodular random rooted network, and since the FUSFg stochastically dominates WUSF g,
the assumption that FUSFg # WUSFg implies that E[deggz(p)] > 2. Let M > 0 and let §' be
the forest obtained by deleting from § every edge e such that max(deggz(e™),degz(e™)) > M. If
M is sufficiently large then E[degg/ (p)] > 2 by the monotone convergence theorem. It follows by
the above that T% (p) is infinitely-ended and and transient (when given unit conductances) with
positive probability, and consequently that the same holds for T%(p) by Rayleigh monotonicity.
Ergodicity of (G, p,§) then implies that the forest § contains a component that is infinitely-ended
and transient (when given unit conductances) a.s.

Assume for contradiction that with positive probability § has a component that is finitely-
ended, or equivalently a component that is recurrent when given unit conductances. Lemma
then implies that with positive probability § has a transient component with a recurrent branch
(when all components are given unit conductances), contradicting Lemma

Thus, we have that all components of § are a.s. infinitely-ended and are transient when given
unit conductances. It follows from [7, Proposition 4.10] that every component is also a.s. transient

when given the conductances inherited from G. O

6.2.3 Pivotal edges for the FUSF

Let G be a network, let § be a sample of FUSF4 and let &/ be a component property. We say that

an oriented edge e of G is a J-additive pivotal for a vertex v if

1. et € T5(v) and e~ & T5(v) and,

2. given §, the components Ttz ) (v) and T(v) have different types with probability at least 4.
We say that an oriented edge e is a d-subtractive pivotal for v if

1. e= € T5(v) and et & T5(v) and,

2. given §, the components Ty (3 ) (v) and T(v) have different types with probability at least .

We emphasize that when we say “with probability at least §” above, this is over the randomness
of U(F, e), rather than of §.

Lemma 6.2.7. Let G be a network and let § be a sample of FUSFg. Assume that a.s. all the
components of § are transient trees with non-empty cores and that with positive probability § has
components of both types </ and —2f. Then for some small § > 0, with positive probability there

exists a vertex v and an edge e such that v € core(F) and e is a 0-pivotal for v.

Proof. We argue similarly to Lemma Due to the assumptions of this lemma, there must be
a component T of type &/ and a component T” of type =&/ and an edge e ¢ § connecting them.

127



6.2. Indistinguishability of FUSF components

So we may form a path starting with e that ends in a core vertex of 7" such that all edges of the
path except for e are in T”, and the last vertex of the path is the only vertex in core(T”).

Hence, there exists a non-random simple path v = (y;)I_, in G such that the following event,
denoted Z(v), holds with positive probability:

e T;(70) has type &,

o T5(vi) = T5(v;) # Ts(0) for all 0 < i < j <n,
e T%(7vn) has type -/ and,

e v, € core(T5(v,)) and it is the only such vertex in .

For each 1 <i < n, let e; be an oriented edge of G' with e;” = v; and ej = ~;_1. Define the forests
(Fi)™_, by setting Fo = § and, recursively,

$i =U(Fi-1,€), 1=1,...,n.

We claim that given Z(~) there exists some small 6 > 0 such that either one of the edges e; is
a d-additive pivotal for v in the forest §;_1, or one of the edges e; is a d-subtractive pivotal for v,
in the forest §;_1. Indeed, if there is 1 <1 < n such that

P(T5,(v0) € =~ | §io1) >0,

(i.e., the component of vy changes type with positive probability in the transition from F;—1 to §;),
then for the first such i, the edge e; is a d-additive pivotal for 7 in §;—1 (since the cluster of g
only grows) where § > 0 is the conditional probability above.

If this does not occur, then a.s. T, (7o) is of type o7. However, T%, (7o) = T5,, (7n) and T, (vn)
is of type -7, so there is the first 1 < ¢ < n in which T%,(v,) € & (i.e., the component of =,
changes type in the transition from §;_; to §;). For this i we have e; is a §’-subtractive pivotal for
Yn in §i—1 with

&' =P(T5,(m) € & | Fiz1) > 0.

Let &5 be the event that there exists a vertex v such that v € core(g) and there exists an edge
e that is a J-additive pivotal or d-subtractive pivotal for v in §. We proved that for some small
§ >0 we get > (P(F; € &) > 0. However, by update tolerance (Corollary 6.2.4) it follows that

P(3o € &) > (H <)) )P € &),

j=1 C(ej )
Hence P(Fo € &5) > 0 for some small 6 > 0 as claimed. O

6.2.4 Proof of Theorem for the FUSF

Our goal in this section is to prove the following theorem.
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Theorem 6.2.8. Let (G, p) be a unimodular random network with Elc(p)] < oo, and let § be a
sample of FUSFq. On the event that FUSFg #= WUSF¢, we have that for every component property
&, either every connected component of § has property o/ or none of the connected components of

§ have property </ almost surely.

We follow the strategy of Lyons and Schramm [176] while making the changes necessary to use

update-tolerance.

Proof of Theorem[6.2.8. Let (G, p) be a unimodular random rooted network with E[c(p)] < oo, let
§ be a sample of FUSF; and let <7 be a component property. Let (X,,),ecz be a bi-infinite random
walk on § started at p (that is, the concatenation of two independent random walks starting at p,
as in Proposition. Conditioned on the random walk (X,,),ez, let e, be oriented edges chosen
uniformly and independently from the set of edges at distance at most r from X, in G. Finally, let
{U(§,e) : e € E} be updates of § at each edge e of GG, sampled independently of each other and of
(Xn)nez and (ep)pnez conditional on (G, p,§). We bias by cz(p) so that, by [7, Theorem 4.1],

(Gv <Xn>neZ7S) i (G7 <Xn+k>n€ZaS) Vk e Z. (6.2.2)

Let P denote joint distribution of the random variables (G,p), T, (Xn)nez, (€n)nez, and {U(F,e) :
e € E} under this biasing, and let ]/I\D(Gyp) denote the conditional distribution given (G, p) of §,
(X )nez, {én)nez and {U(F,e) : e € E} under the same biasing.

By Theorem|6.1.12, every component of § is a.s. transient and infinitely-ended. By Lemmal|6.2.7
there exists 6 > 0 such that with positive probability p € core(§) and there exists a either a 6-
additive or d-subtractive pivotal edge e for p in §. By decreasing § if necessary, it follows that there
exists an integer r such that with positive probability p € core(F) and there exists a d-pivotal edge
for p in § such that p and e are at graph distance at most r in G and c(e)/c(e—) > §

Conditional on (G, p), for each edge e in G and n € Z, denote by & the event that e, = e and
that the trace {X,, 1\ }rez is disjoint from the components of § \ X,, containing e~ and e*. For

every essential spanning forest f of G and n € Z, we have

Pio (8| 8= 1) =P, (& | UG e) = 1)
Thus, for every event 2 C {0,1}7(©) such that @(Qp) (§ € #) > 0, we have that

P (67 N{F € BY) =Pio,) (67| § € B)P(6,)(F € B)
=P, (67 | {U(S,e) € BYP(g,)(F € B)

_ IP}(Gp (S € '%) ’\ ém U B
P (U(3.€) € B) Pepld NV c) € 2
FUSFoles(p)1(3 € )]

[
" FUSFg[es(p) 1(U B, ¢) € #)]

Piap (& N{U(S, e) € #}).
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6.2. Indistinguishability of FUSF components

Observe that if e does not have p as an endpoint then, by Lemma [6.2.3

FUSFeles (0113 € )] = oy 3 el FUSFleu o (0) LU, € )
> S FUSFG ) (LU .0) € 2)]
— AL FUSF e (LU ,0) € )L
and so, for every edge e of (f not having p as an endpoint,
Plop (&N {3 € B)) > Cc((ee))@(g,p)(gg N{U(F,e) € BY). (6.2.3)

Update-tolerance also implies that (6.2.3) holds trivially when ]/PS(G,,)) (§eA)=0.
Fix € > 0, and let R be sufficiently large such that there exists an event &/’ that is measurable
with respect to (G, p) and § N Bg(p, R) and satisfies @(.ﬂzf&d/) < e. Such an &/’ exists by the

assumption that o7 is measurable. Define the disjoint unions

e

cle)/(e7)=46 e~ ¢Bag(p.R) c(e)/c(e™) 28

"= |J & and &f:= U &

Condition on (G, p), and let
B ={we{0,1}F: (G pw) e\ o}
Summing over (6.2.3) with this 4 yields that, for every R > 1,

Pi.p)(§ € B) > P, (65 N {5 € BY)
> 5@(G,p)((§£ N{U(S,en) € #})

and hence, taking expectations,
P((G,p.§) € &'\ ) = 6B(&F N{(G,p,5) € '\ )}).
By the definition of &7’ we have that
g N{(G.p,U(S,en)) € &'} = SR N{(G,p,5) € &'},
and so
B((G,p,8) € o'\ ) 2 B(53 0 {(G,,8) € '} 0 {(Gp, UG en)) € =7} ).

Let &2, denote the event that e, is either a d-additive or d-subtractive pivotal edge for X,,. On
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6.3. The FUSF is either connected or has infinitely many components

the event &7, the vertices p and X,, are in the same component of U(§, e, ), so that, on the event
ZPnNERNA{(G,p,§) € &}, we have that (G, p,U(S,e,)) € 7/ with probability at least 6. Thus,

P((G,p,3) € &'\ /) > 6°P(3 N {(G,p, ) € &'} N Py)
> 82P(ER N {(G, p,F) € &N D) — 6%,

by definition of &/’. Since (X,)n>0 is transient, we can take n to be sufficiently large that
P{(G,p,8) € Z}NE™\ &R) < e. Thus, for such n,

P((G,p,3) € &'\ ) > *P(E" N {(G, p,F) € Z} N P,) — 20%

since &/ is a component property. Stationarity of ((G,F, (Xn1k)kez))nez implies that @(5” N
{(G,p,F) € Z} N Z,) does not depend on n, so that it suffices to show it is positive to obtain a
contradiction by choosing € > 0 sufficiently small.

As mentioned earlier, with positive probability p € core(F) and there exists a d-pivotal edge e

in § at distance at most r from p such that c(e)/(e”) > §. Hence, either
B({p € core(§)} N{(G.p.§) € #} N ) > 0

or

P({p € core(F)} N {(G, p,F) € ~} N Py) > 0.

Since —.¢/ is also a component property, we may assume without loss of generality that the former
occurs. Conditioned on the events {p € core(F)},{(G,p,F) € &} and Py, the event & is the
event that two independent random walks from p stay within the components of § \ p that do not
contain e, or eq. This occurs with positive probability since every infinite component of Tx(p) \ p
is transient by Theorem and Lemma |6.2.5, concluding the proof. O

6.3 The FUSF is either connected or has infinitely many

components

Our goal in this section is to prove Theorems|6.1.10 and |6.1.11. Let (G, p) be a unimodular random

rooted network with E[c(p)] < oo and let § be a sample of FUSFg. We may assume that (G, p) is
ergodic, otherwise we take an ergodic decomposition. We may also assume that FUSFg # WUSFq
a.s., since otherwise the result follows from [44].

The following is an adaptation of [176, Lemma 4.2] from the unimodular transitive graph setting

to our setting. We omit the proof, which is very similar to that of [176].

Lemma 6.3.1 (Component Frequencies). Let (G, p) be an ergodic unimodular random rooted net-
work with E[c(p)] < oo and let § be a sample of FUSFq. Conditional on (G, p), let P, denote the
law of a random walk (Xy)n>0 on G started at v for each vertex v of G, independent of §. Then
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6.3. The FUSF is either connected or has infinitely many components

there exists a measurable function Freq : gio’l} — [0, 1] such that for every vertex v of G and every
component T of §,
N
1
hj{fn N Zl 1(X, € T) = Freq(G,p,T) P,-a.s.
n=

For each subset W of V', we refer to Freq(W) = Freq(G, p, W) as the frequency of W.

Lemma 6.3.2. Let (G, p) be an ergodic unimodular random rooted network with E[c(p)] < oo such
that FUSFg #= WUSFg a.s. and let § be a sample of FUSFg. Conditioned on § let P, denote the
law of a random walk (X,)n>0 on G started at x, independent of §. Assume that with positive
probability there exist a component of § with positive frequency. Then on this event, we a.s. have
that for every vertex w of G such that Freq(T5(u)) > 0 and every edge e € Ts(u) such that §\ e

consists of two infinite components K1 and Ko,

N
1
Px<limsupNZ]l(Xn € K;)>0

N—o0

(G, p,%)) > 0.

n=1
for both i = 1,2 and every vertex x € G.

Proof. We argue similarly to Lemma For each vertex u of G and each edge e in T(u), let
K, (e) denote the component of T5(u)\ e containing u. For every vertex u such that Freq(T5(u)) > 0,
let E(u) be the set of edges e in Tx(u) such that

N
. 1
P, (hmsup N Z 1(X,, € Ky(e)) >0

N—oo

(G7 P S)) =0.

n=1

for some vertex = (and hence every vertex).

Similarly to the proof of Lemma [6.2.5, we have that for every vertex u, if E(u) is non-empty
then it is either a finite simple path or a ray in T%(u) starting at u. Indeed, if e € E(u) then every
edge on the path between u and e is also in F(u), while if e; and ey do not lie on a simple path
from w in T%(u) then the union of K,(e1) and K, (e2) is all of Tx(u) hence

N N
1 1
lim sup — g 1(X, € Ky(e1)) + limsup — g 1(X,, € Ky(e2)) > Freq(Tx(u)) > 0
N—o0 n—1 N—o0 Nn:l

a.s. for every starting point x of the random walk X,.

First suppose that with positive probability there exists a vertex u € core(F') such that F(u) is
a finite path. Define a mass transport by sending mass one from each vertex u such that E(u) is
finite, to the endpoint of the last edge in F(u); from all other vertices send no mass. Every vertex
sends a mass of at most one while, if E(u) is a finite path for some u € core(F) and e = (e~ ,e™)
is the last edge of this path, then e™ receives mass one from every vertex in the infinite set K,(e),

contradicting the Mass-Transport Principle.
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6.3. The FUSF is either connected or has infinitely many components

Next suppose that with positive probability there exists a vertex u such that E(u) is an infinite
ray emanating from u. In this case, for any other vertex u’ € Tg(u) all but finitely many edges e
of E(u) satisfy that v’ € K,(e) and it follows that E(u') is also an infinite ray and E(u') A E(u)
is finite. By Theorem and ergodicity of (G, p,§), the set E(u) is therefore an infinite ray for
every vertex u in G a.s. Transport unit mass from each vertex u to the first vertex following
in the ray E(u). Then every vertex u sends unit mass, and receives degz(u) — 1 mass. By the
Mass-Transport Principle E[degz(p)] = 2, contradicting [7, Proposition 7.1] and the assumption
that FUSFg £ WUSF¢ a.s.

By Theorem each component of § has a non-empty core a.s. and by the above argument
E(u) = 0 for every core vertex u for which Freq(75(u)) > 0, concluding our proof. O

Proof of Theorem |6.1.10. Suppose that § has some finite number k& > 2 of components a.s., which
we denote T71,...Ty. Then for every N and v

k 1 N
Z 211 (X, €Ty
=1 n:l

and so Z,’f 1 Freq(T;) = 1. The frequency of a component is a component property and so, by
Theorem we must have that Freq(T;) = 1/k for all i = 1,... k.

As in Lemma conditional on (G, p,§) there exists a sunple path (7;)7%q in G that does
not depend on § such that, with positive probability

o T5(7;) # Ts(3) for j = 1,...,m and
o All the edges (vj,7;+1) for j =1,...,m — 1 belong to the same component, and

e v, € core(T3(m)) and it is the only such vertex in ~.

Denote this event by (7). For each 1 < j < m, let e; be an oriented edge of G with e; = v; and
= 7j—1. Define the forests (§;)., recursively by setting §o = § and

= U(Sj-1,¢5)-
Condition on this event Z(vy). The choice of the edges (e;);>0 is such that
Sm =% U {61} \ {d}

for some edge d, which we orient so that d~ = ~,,, that disconnects T%(,,) and whose removal dis-
connects T5(vp,) into two infinite connected components. We denote the component in § containing

Ym by K1 and the component containing d* by Ks. As sets of vertices, we have that

Ts,.(v0) =T5(0) UKL and T, (d7) = Ks.
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6.4. Indistinguishability of WUSF components

Thus, by update-tolerance (Corollary , we have a.s. that

1

Freq(Ts,,(70)) = Fred(T5(v0)) + Freq(K1) = -, (6.3.1)
and so Freq(K1) = 0 a.s., contradicting Lemma [6.3.2 O

Proof of Theorem |6.1.11. By Theorem [6.1.10| and the assumption that § is disconnected a.s., §
has infinitely many components. For every N and v, letting (X,)n,>0 be a simple random walk

independent of § started at v,

1 N
> N2 lXneT)=1

T; is a component of § n=1

and so, taking the limit

Y Freq() < 1.

T; a component of §

By Theorem all the component frequencies are equal and so must all equal zero. Thus, for

every component 1" of §,
N

o1
hmﬁz 1(X,eT)—0 as.,
n=1
which in particular implies that for any ¢ > 0 there exists some n for which P(X,, € T3(p)) < ¢,

hence there exists a vertex v with P(v € T5(p)) < ¢, as required.

Remark 6.3.3. It is possible to remove the application of indistinguishability in the above proofs.
If there is a unique component with non-zero frequency a.s., Lemma [6.3.2] allows us to perform
updates to create two components of non-zero frequency, contradicting update-tolerance and er-
godicity. Otherwise, consider the component of maximal frequency. The maximal component
frequency is non-random in an ergodic unimodular random rooted network. However, updating al-
lows us to attach an infinite part of another positive-frequency component to the maximal frequency

component, increasing its frequency by Lemma |6.3.2] contradicting update-tolerance.

6.4 Indistinguishability of WUSF components

6.4.1 Indistinguishability of WUSF components by tail properties.

Let G be a transient network. Recall that Wilson’s algorithm rooted at infinity [44, 197, 228]
allows us to generate a sample of WUSF 4 by joining together loop-erased random walks on G. Let
~ be a path in G that is either finite or transient, i.e. visits each vertex of G at most finitely many
times. The loop-erasure LE(7) of the path v (introduced by Lawler [161]) is formed by erasing
cycles from v chronologically as they are created. More formally, we define LE(vy); = v, where the

times t; are defined recursively by to =0 and ¢; = 1 + max{t > t;_1 : v = v, , }-
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6.4. Indistinguishability of WUSF components

Wilson’s algorithm rooted at infinity generates a sample § of WUSF as follows. Let {v; : j € N}

be an enumeration of the vertices of G and define a sequence of forests (F;)i>o in G as follows:
1. Let §o = 0.

2. Given §;, start an independent random walk from v; 4 stopped if and when it hits the set of

vertices already included in §;.

3. Form the loop-erasure of this random walk path and let §;;1 be the union of §; with this

loop-erased path.

4. Let § = U208

It is a fact that the choice of enumeration does not affect the law of §. We will require the following

slight variation on Wilson’s algorithm rooted at infinity.

Lemma 6.4.1. Let W be a finite set of vertices in G, and let {v; : j € N} and {w; : 1 < j < |W|}
be enumerations of V(G) \ W and W respectively. Let § be the spanning forest of G generated as

follows.
1. Let §, = 0.

2. Given 5;-, start an independent random walk from vji1 stopped if and when it hits the set of

vertices already included in S’;

3. Form the loop-erasure of this random walk path and let S;-_H be the union of 3"7 with this
loop-erased path.

4 Let Fo = U0 8-

5. Gwen §j, start an independent random walk from wjy1 stopped if and when it hits the set of

vertices already included in §;.
6. Let 3 = U 3.
Then § is distributed according to WUSF¢.

Proof. Let jo = max{j : v; is adjacent to W} and consider the enumeration
Viyerny Ujo, W1y e e ,w|W|,ij+1, ‘e

of V(G). Let {X" :v € V(G)} be a collection of independent random walks, one from each vertex
v of G. Let § be generated using the random walks {X" : v € V(G)} as above and let § be a
sample of WUSF4 generated using Wilson’s algorithm rooted at infinity, using the enumeration
ULy e vy Ujos W, -+« W, Vjot 1, - - - and the same collection of random walks {X"}. Then §' = 3,
and so § has distribution WUSFg as claimed. ]
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6.4. Indistinguishability of WUSF components

Figure 6.2: Illustration of the forest §r and the event €r,. The forest Fr is defined to be the
union of the futures in § of each of the vertices of G' outside the ball of radius R about p. €, is
the event that none of these futures intersect the ball of radius n about p.

Proof of Theorem[6.1.20. If G is recurrent, then its WUSF is a.s. connected and the statement
holds trivially, so let us assume that G is a.s. transient.

For each r > 0 let ¢, be the o-algebra generated by the random variables (G, p) and N Bg(p,r).
Let G be the network obtained from G by contracting every edge of §N Bg(p, ) and deleting every
edge of Bg(p,r)\§. Conditional on %, the forest § is distributed as the union of §N Bg(p,r) and
a sample of WUSF5 by the WUSF’s spatial Markov property (see Section .

For each integer R > 0, let §r be the subgraph of § defined to be the union of the futures in
§ of every vertex in G \ Bg(p, R). For each R, we can sample §r conditioned on %, by running
Wilson’s algorithm on G starting from every vertex G \ Bg(p, R) (in arbitrary order). A vertex
v is contained in §g if and only if its past pastz(v) intersects G\ Bg(p, R), and so (\p~o8r =
a.s. by the assumption that § has one-ended components a.s. Conditional on %, and § 5?, the rest
of § may be sampled by finishing the run of Wilson’s algorithm on G as described in Lemma

For each R and n such that R > n, let g, be the event that Fr N Bg(p,n) = 0, so that
limp_y00 P(€R,n) =1 for each fixed n (see Figure . Let (X;)i>0 be a random walk on G started
at p and let <)?¢>¢20 be a random walk on G started at (the equivalence class in G of) p. Fix
r < n < R and condition on ¥,,§r and on the event ¢r,. The definition of Fr ensures that
§ \ Sr is finite and that T3 (v) \ T5,(v) is finite for every v € Fr. Thus, since < is a tail property,
the event that T3(v) has property 7 is already determined by (G, p) and §r for every for vertex
v € §r. Thus, by Lemma the conditional probability that p is in an & cluster equals the

~

conditional probability that the random walk (X;);>o first hits Fr at a vertex that belongs to an
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6.4. Indistinguishability of WUSF components

&/ cluster, so that
P(T5(p) € & | %, 3R, Crn) = ]P’(()?mzo first hits §r at an o cluster | 4, §r, Crn)-

On the event €r,, the walk <)?i>i20 must hit §r at time n — r or greater, and so for all j <n —r

we have

P(T5(p) € & | 9, Fr, Crn) = P((X Z->i>j first hits §r at an o7 cluster | %, §r, Cr.n)
=P(T5(X;) € & | %, §r, Crn)

where the last equality is due to Lemma[6.4.1} That is,
P({T5(p) € '} N\ Crn | 9. 51) = PUTS(X,) € 7} VG | 9. 5)
a.s. for all j < n — r. Taking conditional expectations with respect to ¥, gives
P({T5(p) € #} N Crn | %) = PUT3(X;) € 7} 0 Crn | )

a.s. for all j < n—r. Since the events ¢, are increasing in R and P(¢r,) — 1 as R — oo, taking
the limit R — oo in the above equality gives that

P(T3(p) € & | 4,) = P(T5(X;) € o | %) (6.4.1)

for all j < n —r. This equality holds for all j by taking n to infinity.
Let 7 and 7 be the last times that (X,),>0 and <)2n)n20 visit Bg(p,r + 1) respectively. Then

for each vertex v € Bg(p,r + 1), the conditional distributions

(X+4n)n>0 conditioned on X, = v and (G, p) and

~

(X34 n)n>0 conditioned on Xz = v and %, (6.4.2)

are equal.
Let Z denote the invariant o-algebra of the stationary sequence ((G, X, §))n>0. The Ergodic

Theorem implies that

N
%Z X)) e o) 225 Y = P(T3(p) € & | ).

N—o0

Moreover, the random variable Y is measurable with respect to the completion of the o-algebra
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generated by (G, p,§): to see this, note that for every a < b € [0, 1], Levy’s 0-1 law implies that

P f:j ) € ]| .05, <Xn>¢zo)

and so, by stationarity, IP(Y € la, b] ‘ (G, p, S)) € {0,1} a.s. In particular, Y is independent of X,
given (G, p).

Since G is transient, 7 is finite a.s. and so

N—oo

1 N
Z WT5(X,q) € &) =25 Y.
2:1

In particular, this a.s. convergence holds conditioned on X, = v for each v such that P(X; = v) > 0.
Since the support of )/(\'? is contained in the support of X, and the conditioned measures in (6.4.2)

are equal, we have by the above that there exists a random variable Y such that

N
1 ~
NE Xopi) € ) ==Y,

N—o0

and the distribution of Y given ¥, and )?? = v is equal to the distribution of Y given (G, p) and
X, = v, so that Y is in fact independent of ¢, and )?? given (G, p). That is, for every a < b € [0, 1],

P(Y € [a,b] | %, Xz = v) =P(Y € [a,8] | (G, p), Xr = v) =P(Y € [a,8] | (G, p))
so that, taking conditional expectations with respect to (G, p),
P(Y € [a,b] | (G,p)) =P(Y € [a,b] | (G,p)) =P(Y € [a,b] | %, X5 = v) (6.4.3)

establishing the independence of Y from ¢, and )A(? conditional on (G, p).
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6.4. Indistinguishability of WUSF components

Since 7 is finite a.s. we also have that

= é UT5(R) € o) 225 7.
Hence, by and the conditional Dominated Convergence Theorem,
P(Ts(p) € | %) = E[U(T5(X;) € ) | %]
%Z (T5(X;) € ) |§4,,

It follows by similar reasoning to (6.4.3) that the event {T(p) € </} is independent of N Bg(p, )
conditional on (G, p) for every r. It follows that WUSFq(T%(p) € <) € {0,1} a.s., and hence
WUSF¢(T3(v) € /) € {0,1} for every vertex v of G a.s. by stationarity. But, given (G, p), every

—>E[Y‘g¢} [?‘(G,p)}.

vertex v of G has positive probability of being in the same component of § as p, and so we must
have that the probabilities

WUSFg(Tg(’U) S 527) = WUSFg(Tg(p) € 527) € {0, 1}

agree for every vertex v of G a.s., so that either every component of § has type & a.s. conditional
on (G, p) or every component of § does not have type &7 a.s. conditional on (G, p), completing the
proof. O

6.4.2 Indistinguishability of WUSF components by non-tail properties.
Wired cycle-breaking for the WUSF

Let G be an infinite network and let f be a spanning forest of G such that every component of f
is infinite and one-ended. For every oriented edge e of G, we define the update U(f,e) of f at e

as follows:

If e is a self-loop, or is already contained in f, let U(f,e) = f. Otherwise:

1. If e~ and e are in the same component of f, so that f U {e} contains a cycle, let
d be the unique edge of f that is both contained in this cycle and adjacent to e~
and let U(f,e) = fU{e}\ {d}.

2. Otherwise, let d be the unique edge of f such that d is adjacent to e~ and the
component containing e~ in f \ {d} is finite, and let U(f,e) = f U {e} \ {d}.

The following are proved in [127] (in which an appropriate update rule is also developed for the

case that the WUSF has multiply-ended components) and can also be proved similarly to the proof
in Section [6.2.1)
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6.4. Indistinguishability of WUSF components

Proposition 6.4.2. Let G be a network, let § be a sample of WUSFg and suppose that every
component of § is one-ended almost surely. Let v be a fized vertex of G and let E be an edge chosen
from the set {e : e~ = v} independently of § and with probability proportional to its conductance.
Then U(F, E) and § have the same distribution.

Corollary 6.4.3 (Update-tolerance for the WUSF). Let G be a network and let § be a sample of
WUSFq. If every component of § is one-ended almost surely, then for every event o/ C {0, 1}E(G)

and every oriented edge e in G,

WUSF¢(§ € ) > Cc((:_))WUSFG(U(S, e) € o).

Proof. By Proposition [6.4.2,

1

WUSF(§ € o) = ) > c(e)WUSFa(U(3,¢) € )
> Cc((e(i))WUSFG(U(S, e) € ). O

Pivotal edges for the WUSF

Let G be a network, and let f be a spanning forest of G such that every component of f is infinite
and one-ended and let &/ be a component property. We call an oriented edge e of G a good pivotal

edge for a vertex v of G if either

1. et € Tf(v), e= € Ty(v), and the type of Tyy(sy(v) is different from the type of Ty(v) (in

which case we say e is a good internal pivotal edge for v),

2. et ¢ Ty(v), e ¢ Ty(v), and the type of Ty (se)(v) is different from the type of Ty(v) (in

which case we say e is a good external pivotal edge for v),

3. et € Ty(v), e ¢ Ty(v), and the type of Ty () (v) is different from the type of Ty(v) (in

which case we say e is a good additive pivotal edge for v), or

4. e € Ty(v), et ¢ Ty(v), the component of v in Ty(v) \ {e”} is infinite and the type of
Ty (f,e)(v) is different from the type of Ty(v) (in which case we say e is a good subtractive
pivotal edge for v).

In particular, e is a good pivotal for some vertex v only if infinitely many vertices change the type

of their component when we update from f to U(f,e).

Lemma 6.4.4. Let G be a network, let § be a sample of WUSFg and let o/ be a component

property. If every component of § is one-ended a.s., then either
there exists a good pivotal edge for some vertexr v with positive probability

or
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o7 is WUSF g-equivalent to a tail component property. That is, there exists a tail com-

ponent property /' such that
WUSF4((G,v,5) € o ANa') = 0.

for every vertex v of G.

Proof. Suppose that no good pivotal edges exist a.s. and let &’ C QSO’OO)X{O’I} be the component
property

There exists a vertex u € K,,(v) and a one-ended essential
' = <{ (G,v,w) : spanning forest f of G such that (G,u,f) € < and the
symmetric differences wA f and K, (u) A K¢(u) are finite.

Note that by definition &7’ is a tail component property. Our goal is to show that &7 and &/’ have
WUSFq((G,v,§) € o/ Aa/’) =0 for every vertex v of G. One part of this assertion is easy, indeed,
let Qo C QSO’OO)X{O’I} be the event Qy = {(G,v,w) : w is a one-ended essential spanning forest} so
that WUSF4(€0) = 1 by assumption. Then o7 N Qy C &/’ since one can take f = w and u = v in
the definition of &7’.

The second part of this assertion is slightly more difficult and requires the use of update-
tolerance. Given a one-ended essential spanning forest § and a finite sequence of oriented edges
(€)1, of G we define U(§;eq,...,e,) recursively by U(F;e1) = U(F,e1) and

UFet,....en) =UUF;e1,...,6n—1),€n).

Let § be a sample of WUSF¢ and let 1 be the event that for any finite sequence of edges (e;)!"
the forest U(§;e1,...,e,) has no good pivotal edges. By update-tolerance and the assumption that
§ has no good pivotal edges a.s., WUSF(€1) = 1. Thus, it suffices to show that &' NQyNQ C 7.

Let (G,v,F) € @' N QN QY and let f be a one-ended essential spanning forest such that
§A f and Ty(u) ATy(u) are finite and (G, u, f) € o7 for some vertex u € Tx(v). We will prove by
induction on |f \ §| that there exists a vertex u’ € Tx(v) with (G,u/, f) € o/ and a finite sequence
of oriented edges (e;)i—; of G such that U(J;e1,...,e,) = f and Tz(u') and Ty (g, ...e,) (v') have
the same type for every 1 < i < n. Since (G,u/, f) € o/ by assumption, this will imply that
(G,v,¥) € & as desired.

To initialize the induction assume that |f \ §| = 0. Then f C § and, since both § and f are
one-ended essential spanning forests, we must have that § C f since any addition of an edge to f
creates either a cycle or a two-ended component, so that § = f and the claim is trivial.

Next, assume that |f\ §| > 0 and let h € f\ F. Since § is a one-ended essential spanning
forest, §U{h} contains either a cycle or a two-ended component and we can therefore find an edge
g € F\ f such that F = FU{h}\ {g} is a one-ended essential spanning forest. The choice of g is
not unique, and will be important in the final case below.

First suppose § U {h} contains a cycle. In this case the choice of an edge g as above is not
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important. The edge ¢ must be contained in this cycle since otherwise the cycle would be contained
in §. Let eq,...,e, be an oriented simple path on this cycle so that e; = g and e, = h. We have
that §' = U(F; ek, ex—_1,...,e2) by definition of the update operation. Since none of the forests
U(S;ek,...,e;) have any good internal or external pivotal edges, we have that Tz (u) has the
same type as Tx(u). Lastly, (G,u,§) € Qo NQ and |F' N f| < |§F N f|, so that our induction
hypothesis provides us with a vertex «' € Ty (u) and a sequence of edges €}, ..., e, such that

U(S;el, ... ep) = fand Tx(u') and Ty (gie, ...,y (u') have the same type for every 1 < < n. Since
this also holds when v’ is replaced by any vertex «” in the future of v’ in §’, we may take u” such
that the above hold and u” € T5(v). We conclude the induction step by concatenating the two

sequences €}, ...,€, €k, ..., €.

) €mys

Now suppose that FU{h} contains a two-ended component. Let us first consider the easier case
in which u is not contained in this two-ended component, which is the case if and only if neither of
the endpoints of h are in T5(u). In this case the choice of an edge ¢ as above is not important. The
edge g must be such that the removal of g disconnects the component of §U {h} containing g into
two infinite connected components. We orient h so that its tail is in the component of g in § and
orient g so that its head is in the component of §F \ {g} containing h~. We then take an oriented
simple path in § from ¢g* to h~ and append to it the edge h. As above, performing the updates
from the last edge of the path (that is, h) to the first (the edge in the path touching ¢*) yields .
Since none of the forests U(gF; ey, . . ., €;) have any good external pivotal edges, we have that Tz (u)
has the same type as Tz(u). We may now apply our induction hypothesis to (G, u,§’) as before to
complete the induction step in this case.

Finally, if § U {h} contains a two-ended component and one of the endpoints of h is in T(u).
The choice of g is important in this case. Orient h so that h™ € Tx(u) and consider the unique
infinite rays from h™ and A~ in §, denoted ey, es,... and e_1,e_sa, ... respectively. Orient the ray
(€i)i>1 towards infinity and the ray (e_;);>0 towards h~ so that, writing ey = h, (e;)iez is an
oriented bi-infinite path in §U {h}.

Next consider the unique infinite ray from u in §. Since the symmetric difference T3 (u) ATy (u)
is finite, all but finitely many of the edges in the infinite ray from u in § must also be contained
in the component of v in f. Let v’ be the first vertex in the infinite ray from u in § such that
u’ is contained in the ray from A" in § and all of the ray from «’ in § is contained in f, so that
u = e; = e, for some k& > 0.

Since f is a one-ended essential spanning forest and contains the ray (e;);>r+1, there exists
an edge e; with | < k such that ¢, ¢ f. By the definition of the update operation, we have that
§ = U(F;—eo,—€1,...,—€—1) if I > 0 and §F = U(F,e0,e—1,...,e41) if I < 0. Let §; denote
either U(§; —eo, —e1,...,—e;) or U(F, e, e—1,...,e_j) for each j <1 —1 as appropriate. In either
case, v/ is in an infinite connected component of §; \ €11 for each j and so, since good pivotal
edges do not exist for any of the §;, the type of T (u') is the same as the type of Tg(u'). Lastly,
we also have that (G,u/,§) € QoNQy and |F' N f| < |FN f|, and so we may use apply our induction
hypothesis to (G,u/,§’) as before, completing the proof. O
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Indistinguishability of WUSF components by non-tail properties

Our goal in this section is to prove the following, theorem, which in conjunction with Theorem [6.2.8
completes the proof of Theorem

Theorem 6.4.5. Let (G, p) be a unimodular random network with Elc(p)] < oo, and let § be a
sample of WUSFq. Then for every component property < , either every connected component of §

has property o/ or none of the connected components of § have property </ almost surely.

Proof of Theorem[6.4.5. We may assume that G is transient, since otherwise § is connected a.s. and
the claim is trivial. Since (G, p) becomes reversible when biased by ¢(p), Theorem implies
that the components of § are indistinguishable by tail properties (and therefore also by properties
equivalent to tail properties), so that we may assume from now on that <7 is not equivalent to a
tail property. In this case, Lemma [6.4.4] implies that good pivotal edges exist for p with positive
probability. Without loss of generality, we may assume further that, with positive probability,
T5(p) has property o/ and there exists a good pivotal edge for p: if not, replace &7 with -/, In
this case, there exist a natural numbers r such that, with positive probability T3(p) has property
&/ and there exists a good pivotal edge e for p at distance at most r from p in G.

Let {0(e) : e € E} be i.i.d. uniform [0, 1] random variables indexed by the edges of G, and let
(Wn)n>1 be Bernoulli (1—1/(n+1))-bond percolations on G defined by setting wy,(e) = 1 if and only
if f(e) > 1—1/(n+ 1). By Theorem [6.1.5] every connected component of § is one-ended a.s. and
so every component of § N w, is finite for every n a.s. Given (G, p,§, 0), for each vertex u of G let
vp(u) be a vertex chosen uniformly at random from the cluster of u in § Nw,, and let e,(u) be an
oriented edge chosen uniformly from the ball of radius r about v, (u) in G, where (v, (u), e, (u)) and
(U (u'), €y (u')) are taken to be independent conditional on (G, p, §,0) if n’ # nor v’ # u. We write
U = n(p), en = en(p) and let P denote the joint law of (G, p, 5,0, (vn(u),en(u) : u € Vip>1).

The following is a special case of a standard fact about unimodular random rooted networks.

Lemma 6.4.6. (G, p,v,,5,0) and (G,v,, p,T,0) have the same distribution.

Proof. Let B C QSQ’OO)X{O’I}X[O’I] be an event, and for each vertex u of G let K, (u) by the connected
component of w, N§ containing u. Define a mass transport by sending mass 1/|K, (u)| from each
vertex u to every vertex v € K, (u) such that (G,u,v,§,0) € £ (it may be that no such vertices

exist, in which case u sends no mass). Then the expected mass sent by the root is

=~ 1

ol 3 WGpe)e)| =B(CpunF.0) e )

UGKn(P)

while the expected mass received by the root is

~ 1 ~
T 0\ 1 G7 s My 70 P =P G7 nsy M 70 B).
T, 2 WO 0 )| =BG p 50 €D
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We conclude by applying the Mass-Transport Principle. O

We will also require the following simple lemma.

Lemma 6.4.7. Let f be an essential spanning forest of G such that every component of f is

one-ended.

1. For every edge e such that e ¢ f but et and e~ are in the same component of f, let C(f,e)

denote the unique cycle contained in f U {e}. Then for every vertez u in G,

~

P(en(u) =€ and C(f,e) Cwi | (G,p), § = f)
= P(en(u) =€ and C(f,e) Cwi | (G,p), §=U(f,e))

for alln > 0.

2. For every edge e of G, there exists k(f,e) > 0 such that for every vertex u of G for which
at least one endpoint of e is not contained in Tt(u) and the component of u in f\ {e”} is

infinite,

Plen(u) = | (G,p), §=f) = k(f.e)P(en(u) =€ | (G,p), §=U(f,e))
for allm > 0.

Proof. Ttem (1) follows immediately from the observation that, under these assumptions, the set
of vertices connected to u in w, N f and w, NU(f, e) are equal on the event that C(f,e) C w;. We
now prove item (2). If e and e are in the same component of f or if e™,e™ ¢ Ty(u) then the
claim holds trivially by setting x(f,e) = 1, so suppose not. Recall that K, ~r(u) is defined to be

the connected component of u in w, N f. Define

1

il i) = [

and

52(u7f76;wn) = Z !

/ . 7 .
{vEK ,,ny (u): d(v,e)<r} ‘{6 S d(’l), e ) < r}’

Then conditional on (G, p), § = f, and w,,, the probability that e,(u) = e for each oriented edge e
of G equals

K1 (U, f;wn)l"ig(u, fv €; Wn)

Let W denote the union of the finite components of f \ {e™,e~}. Our assumptions on e, u and f

imply that Ty (f.e)(u) A Ty(u) is contained in W, so that

Fr(u, frwon) ™ = [Kounp ()] < [Ku,no(re @)+ W] = ki(u, U(f, e)swa) ™ W],
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and so

Hl(uvf;wn) (U,U(f, e);wn)v

> K
“1+ W
since k1(u, U(f,e);wpn) < 1. Let

Ky (e) = min{]{e’ € E:d(v,e)<r} ' veV(Q),dv,e) < r} > 0.

Suppose that ka(u, U(f,e),e;w,) > 0. Then there is a vertex x in the tree K, (f,e)(u) such that
d(x,e) <7 and z is still connected to u in Ky, ~y(fe)(u) \ e. This z is therefore also be connected

to u in w, N f, and so
ko (u, [ eswn) > [{e € B d(x,€/) <r}[71 > 55 (e),

and thus,
ko(u, f,e;wy) > ng(e)ﬂ(/iz(u, U(f,e),e;wy) > O).

But ka2(u,U(f,e€),e;wy) is bounded above by

1
ra(u, U(f, €), ¢;wn) < g (€) = Z [{e € E:d(v,e’) <1}
{v:d(v,e)<r} ’ -

and so

ko (u, f,e;wp) > Hi(e)mg(u,U(f, €), e wn).
kg (€)

We obtain that

Ky (€)
k1(u, f, e;wn)ka(u, f,e;wy) > 2 k1(u, U(f,e);wn)ra(u,U(f,e),e;wy). 6.4.4
The claim follows by setting

e s
Vol = T wind

and taking expectations over wy, in (6.4.4)). O

Given (G, p,§,0) and a positive § > 0, we say that an oriented edge e of G is § -update-
friendly if

1. c¢(e)/e(e™) > 6, and
2. k(§F,e) >4, and
3. if e ¢ F but e” and e are in the same component of §, then C(F,e) C ws.

Note that if e is d-update-friendly for (G, p, §, 6) then it is also J-update-friendly for (G, p, U (5, e), 0).
By assumption, there exists ¢ > 0 such that with positive probability T%(p) has property &/ and
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there exists a good pivotal edge e for p at distance at most r from p in G such that e is §-update-
friendly.

Conditional on (G, p), for each edge e of G and n € Z, let & denote the event that e is
o-update-friendly and e, = e. Write @(G,p) for P conditioned on (G,p). Applying part (2) of
Lemma if e*, e are both in T5(p) and part (1) otherwise, we deduce from the definition of
S-update-friendliness that for every event Z € {0,1}#(%) such that WUSF(§ € &) > 0,

PGy (67 N {E € BY) =P(6,) (62 | § € BYWUSF (5 € )
> 0P (& | {U(F, €) € B})WUSF( € 2)
B c(e) WUSF4(F € %)
- ‘”<c<e> . 5) WUSFG(U(3,c) € 2)
Pl (EMN{U(B ) € BY)
> %P (g ) (61 N{U(F,e) € BY), (6.4.5)

where the last inequality is by update-tolerance (Corollary . Update-tolerance also implies
that this inequality holds trivially when WUSF4(F € %) = 0.

Fix € > 0, and let R be sufficiently large that there exists an event .27’ that is measurable with
respect to the o-algebra generated by (G, p) and § N Bg(p, R) and has P((G, p,§) € o Aad’) <e.
Define the disjoint unions

E" = &' and &R = U &)

€ €

c(e)/(e7)z6 e~ ¢Ba(p,R) c(e)/c(e™) =6

Condition on (G, p), and let
B={we{0,1}F: (G pw) e\ o}
Summing over (6.4.5) with this & yields that

PG (& € B) > P, (ERN {5 € B))
> 6°P (G (ER N{U (S, en) € BY)

and hence, taking expectations,
P((G,p,5) € &'\ o) > 8°B(&R N {(G,p,F) € 7'\ }).
By the definition of &7’/ we have that

EEN{(G,p,U(T,en)) € &'} = EFN{(G,p,F) € &'},

146



6.4. Indistinguishability of WUSF components

and so

P((G,p,5) € &'\ )
> 52@(55 N{(G,p, ) € &'} N {(G,p,U(F,en)) €~} ) (6.4.6)
Let &, denote the event that e, is a good pivotal edge for v,. We claim that if &7, occurs
and p is not in the past of vy, then Ty (z.c,)(P) = Tu(g,e,)(vn) and (G, p,U(F, en)) € /. If ey, is a

good internal, external or additive pivotal for v,, then clearly p and v,, are in the same component

of U(F,en), and, since e, is pivotal for v, we deduce that (G, p,U(F,e,)) € /. If e, is a good

— of

subtractive pivotal edge for v, then the component of v, in § \ {e;,, €, } is infinite and, since p is

not in the past of v,, p and v, must be in the same component of §\ {e;, el }. It follows that p

and v, are in the same component of U(F,e,), and so U(F,e,) € ~47, as before. Combining this

with (6.4.6), we have

P((G,p,3) € &'\ ) > 8°B(ER N {(G,p,F) € '} NP0 {p & pastz(va)}) .

Lemma 6.4.8. @(p € past(vyp)) = 0 as n — oo.

Proof. By Lemma [6.4.6
P(p € pastg(vn)) = P(vy, € pastz(p)).

Observe that past(p) is finite, while the size of the component of p in T3(p) Nwy, tends to infinity

as n — 00. Since vy, is defined to be a uniform vertex of the this component, it follows that
P(v, € pastz(p) | (G,p,F.6)) —— 0

n—o0

and the claim follows by taking expectations. O

Thus, taking n sufficiently large that @(p € pastz(vy)) < €, we have that
P((G,p,8) € &'\ ) > SP(ERN{(G, p,F) € &'} N P,) — §%.
By definition of .7/, we then have that
P((G,p,3) € &'\ ) > 8*P(&E N {(G, p,F) € Z} N Py,) — 26%¢.
We can further choose n to be sufficiently large that @(é”” \ &%) < €, so that

P((G,p,8) € '\ ) > °B(" N{(G,p,§) € #} N Py) — 30%
= ?P(E™ N {(G, v, F) € ) N Py) — 36% (6.4.7)
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where in the second equality we have used the fact that o7 is a component property. Observe that,
by Lemma m the probability @(éa” N{(G,v,,§) € &} N P,) > 0 does not depend on n. It
does not depend on ¢ either, and so (6.4.7) contradicts the definition of &’ when ¢ is taken to be
sufficiently small. O
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Circle Packing and Planar Graphs
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Chapter 7

Unimodular hyperbolic triangulations:

circle packing and random walk

Summary. We show that the circle packing type of a unimodular random plane triangulation is
parabolic if and only if the expected degree of the root is six, if and only if the triangulation is
amenable in the sense of Aldous and Lyons [7]. As a part of this, we obtain an alternative proof of
the Benjamini-Schramm Recurrence Theorem [50].

Secondly, in the hyperbolic case, we prove that the random walk almost surely converges to a
point in the unit circle, that the law of this limiting point has full support and no atoms, and that
the unit circle is a realisation of the Poisson boundary. Finally, we show that the simple random

walk has positive speed in the hyperbolic metric.

Figure 7.1: A circle packing of a random hyperbolic triangulation.
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7.1 Introduction

A circle packing of a planar graph G is a set of circles with disjoint interiors in the plane, one
for each vertex of GG, such that two circles are tangent if and only if their corresponding vertices
are adjacent in G. The Koebe-Andreev-Thurston Circle Packing Theorem [156, 221] states that
every finite simple planar graph has a circle packing; if the graph is a triangulation (i.e. every
face has three sides), the packing is unique up to Mdbius transformations and reflections. He and
Schramm [121, 122] extended this theorem to infinite, one-ended, simple triangulations, showing
that each such triangulation admits a locally finite circle packing either in the Euclidean plane or in
the hyperbolic plane (identified with the interior of the unit disc), but not both. See Section m
for precise details. This result is a discrete analogue of the Uniformization Theorem, which states
that every simply connected, non-compact Riemann surface is conformally equivalent to either the
plane or the disc (indeed, there are deep connections between circle packing and conformal maps,
see [202, 215] and references therein). Accordingly, a triangulation is called CP parabolic if it
can be circle packed in the plane and CP hyperbolic otherwise.

Circle packing has proven instrumental in the study of random walks on planar graphs [47, 50,
107, 121]. For graphs with bounded degrees, a rich theory has been established connecting the
geometry of the circle packing and the behaviour of the random walk. Most notably, a one-ended,
bounded degree triangulation is CP hyperbolic if and only if random walk on it is transient [121]
and in this case it is also non-Liouville, i.e. admits non-constant bounded harmonic functions [47].

The goal of this work is to develop a similar, parallel theory for random triangulations. Partic-
ular motivations come from the Markovian hyperbolic triangulations constructed recently in [23]
and [75]. These are hyperbolic variants of the UIPT [24] and are conjectured to be the local limits
of uniform triangulations in high genus. Another example is the Poisson-Delaunay triangulation
in the hyperbolic plane, studied in [49] and [37]. All these triangulations have unbounded degrees,
rendering existing methods ineffective (for example methods used in [17, 47, 121]).

Indeed, in the absence of bounded degree the existing theory fails in many ways. For example,
in a circle packing of a triangulation with bounded degrees, radii of adjacent circles have uniformly
bounded ratios (a fact known as the Ring Lemma [200]). The absence of such a uniform bound
invalidates important resistance estimates. This is not a mere technicality: one can add extra
circles in the interstices of the circle packing of the triangular lattice to give the random walk drift
in arbitrary directions. This does not change the circle packing type, but allows construction of
a graph that is CP parabolic but transient or even non-Liouville. Indeed, the main effort in [107]
was to overcome this sole obstacle in order to prove that the UIPT is recurrent.

The hyperbolic random triangulations of [75] and [37] make up for having unbounded degrees by
a different useful property: unimodularity (essentially equivalent to reversibility, see Sections
and . This allows us to apply probabilistic and ergodic arguments in place of the analytic
arguments appropriate to the bounded degree case. Our first main theorem establishes a proba-
bilistic characterisation of the CP type for unimodular random rooted triangulations, and connects
it to the geometric property of invariant (non-)amenability, which we define in Section
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Theorem 7.1.1. Let (G, p) be an infinite, simple, one-ended, ergodic unimodular random rooted

planar triangulation. Then either

E[deg(p)] = 6, in which case (G,p) is invariantly amenable and almost surely CP

parabolic,
or else

E[deg(p)] > 6, in which case (G, p) is invariantly non-amenable and almost surely CP
hyperbolic.

This theorem can be viewed as a local-to-global principle for unimodular triangulations. That
is, it allows us to identify the circle packing type and invariant amenability, both global properties,
by calculating the expected degree, a very local quantity. For example, if (G, p) is a simple, one-
ended triangulation that is obtained as a local limit of planar graphs, then by Euler’s formula and
Fatou’s lemma, its average degree is at most 6, so that Theorem implies it is almost surely CP
parabolic. If in addition (G, p) has bounded degrees, then it is recurrent by He-Schramm [121]. In
particular, this gives an alternative proof of the Benjamini-Schramm Recurrence Theorem [50] in
the primary case of a one-ended limit. We handle the remaining cases in Section Unlike the
proof of [50], whose main ingredient is a quantitative estimate for finite circle packings [50, Lemma

2.3], our method works with infinite triangulations directly and implies the following generalisation:

Proposition 7.1.2. Any unimodular, simple, one-ended random rooted planar triangulation (G, p)

with bounded degrees and E[deg(p)] = 6 is almost surely recurrent.

This trivially extends the Benjamini-Schramm result, since any local limit of finite planar
graphs is unimodular. An important open question is whether every unimodular random graph
is a Benjamini-Schramm limit of finite graphs. In a forthcoming paper [20], we show that any
unimodular planar graph G is a limit of some sequence of finite graphs G, and that if G is a
triangulation with E[deg(p)] = 6 then G, can also be taken to be planar. In particular, any graph
to which Proposition applies is also a local limit of finite planar graphs with bounded degrees.
Consequently there are no graphs to which this result applies and the Benjamini-Schramm Theorem
does not. Note however, that for a given unimodular planar triangulation, it may not be obvious
how to find this sequence of graphs. We remark that the dichotomy of Theorem has many
extensions, applying to more general maps and holding further properties equivalent. We address
these in [20]. See [34] and [121, Theorem 10.2] for earlier connections between the CP type and
degree distributions in the deterministic setting.

Our method of proof relies on the deep theorem of Schramm [206] that the circle packing of a
triangulation in the disc or the plane is unique up to Md6bius transformations fixing the disc or the
plane as appropriate. We use this fact throughout the paper in an essential way: it implies that
any quantity derived from the circle packing in the disc or the plane that is invariant to Mobius
transformations is determined by the graph G and not by our choice of circle packing. Key examples

of such quantities are angles between adjacent edges in the associated drawings with hyperbolic or
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Euclidean geodesics (see Section |7.4)), hyperbolic radii of circles in the hyperbolic case, and ratios

of Euclidean radii in the parabolic case.

Boundary Theory. Throughout, we realize the hyperbolic plane as the Poincaré disc {|z| < 1}
with metric dpy,. The unit circle {|z| = 1} is the boundary of the hyperbolic plane in several
geometric and probabilistic senses. For a general graph embedded in the hyperbolic plane, the unit
circle may or may not coincide with probabilistic notions of the graph’s boundary.

When a bounded degree triangulation is circle packed in the disc, Benjamini and Schramm [47]
showed that the random walk converges to a point in the circle almost surely and that the law of
the limit point has full support and no atoms. More recently, it was shown by the first and third
authors together with Barlow and Gurel-Gurevich [17] that the unit circle is a realisation of both
the Poisson and Martin boundaries of the triangulation. Similar results regarding square tiling
were obtained in [48] and [100].

Again, these theorems fail for some triangulations with unbounded degrees. Starting with any
CP hyperbolic triangulation, one can add circles in the interstices of the packing so as to create
drifts along arbitrary paths. In this way, one can force the random walk to spiral in the unit
disc and not converge to any point in the boundary. One can also create a graph for which the
walk can converge to a single boundary point from two or more different angles each with positive
probability, so that the exit measure is atomic and the unit circle is no longer a realisation of the
Poisson boundary. Our next result recovers the boundary theory in the unimodular setting.

When C is a circle packing of a graph G in the disc D, we write C = (z,r) where z(v) is the
(Euclidean) centre of the circle corresponding to v, and 7(v) is its Euclidean radius. Recall that
the hyperbolic metric on the unit disc is defined by

2|dz|
‘dhyp(zﬂ = 1— ‘Z|27

and that circles in the Euclidean metric are also hyperbolic circles (with different centres and radii).
We write zp,(v) and rp(v) for the hyperbolic centre and radius of the circle corresponding to v. We
use PY and ES to denote the probability and expectation (conditioned on G) with respect to

random walk (X,,)n>0 on G started from a vertex v.

Theorem 7.1.3. Let (G,p) be a simple, one-ended, CP hyperbolic unimodular random planar
triangulation with E[deg?(p)] < oo. Let C be a circle packing of G in the unit disc, and let (X,,) be

a simple random walk on G. The following hold conditional on (G, p) almost surely:
1. 2(Xy) and zp(X,) both converge to a (random) point denoted = € 0D,
2. The law of Z has full support 0D and no atoms.

3. 0D is a realisation of the Poisson boundary of G. That is, for every bounded harmonic
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function h on G there exists a bounded measurable function g : 0D — R such that

h(v) = B [9(2))-

We refer to the law of Z conditional on (G, p) as the exit measure from v. In Section
we extend this result to weighted and non-simple triangulations, with the obvious changes. One
ingredient in the proof of the absence of atoms is a more general observation, Lemma [7.5.2, which
states roughly that exit measures on boundaries of stationary graphs are either non-atomic or trivial
almost surely.

Our final result relates exponential decay of the Euclidean radii along the random walk to speed

in the hyperbolic metric.

Theorem 7.1.4. Let (G,p) be a simple, one-ended, CP hyperbolic unimodular random rooted
planar triangulation with E[deg?(p)] < oo and let C be a circle packing of G in the unit disc. Then

almost surely

li Gwr(za(p)s 20 (Xn)) - —logr(Xa)

n—00 n n—00 n

> 0.

In particular, both limits exist. Moreover, the limits do not depend on the choice of packing, and if

(G, p) is ergodic then this limit is an almost sure constant.

Thus the random walk (X,,) has positive asymptotic speed in the hyperbolic metric, the Eu-

clidean radii along the walk decay exponentially, and the two rates agree.

Organization of the paper. In Section we review the motivating examples of unimodular
hyperbolic random triangulations to which our results apply. In Section and Section we
give background on unimodularity, reversibility and related topics. In Section we recall Al-
dous and Lyons’s notion of invariant amenability [7] and prove one of its important consequences.
In Section we recall the required results on circle packing and discuss measurability. Sec-
tion contains the proof of Theorem as well as a discussion of how to handle the remaining
(easier) cases of the Benjamini-Schramm Theorem. Theorem is proved in Section and
Theorem is proved in Section Background on the Poisson boundary is provided before
the proof of Theorem [7.1.3(3) in Section [7.5.3, In Section we discuss extensions of our results
to non-simple and weighted triangulations. We end with some open problems in Section

7.2 Examples

Benjamini-Schramm limits of random maps have been objects of great interest in recent years,
serving as discrete models of 2-dimensional quantum gravity. Roughly, the idea is to consider a
uniformly random map from some class of rooted maps (e.g. all triangulations or quadrangulations
of the sphere of size n) and take a local limit as the size of the maps tends to infinity. The first
such construction was the UIPT [24]; see also [15, 18, 19, 39, 76].
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Curien’s PSHT. Recently, hyperbolic versions of the UIPT and related maps have been con-
structed: half-plane versions in [23] and full-plane versions in [75]. These are constructed directly,
and are believed but not yet known to be the limits of finite maps (see below). The full plane
triangulations form a one (continuous) parameter family {7 }.c(0,2/27) (known as the PSHT, for
Planar Stochastic Hyperbolic Triangulation). They are reversible and ergodic, have anchored ex-
pansion and are therefore invariantly non-amenable. The degree of the root in T} is known to have
an exponential tail, so that all of its moments are finite. These triangulations are not simple, so
our main results do not apply to them directly, but by considering their simple cores we are still

able to obtain a geometric representation of their Poisson boundary (see Section |7.7).

Benjamini-Schramm limits of maps in high genus. It is conjectured that the PSHT T} is
the Benjamini-Schramm limit of the uniform triangulation with n vertices of a surface of genus
|On |, for some 0 = (k) (see e.g. [198] for precise definitions of maps on general surfaces). In our
upcoming paper [20] we prove that all one-ended unimodular random rooted planar triangulations
are also Benjamini-Schramm limits of finite triangulations. If the triangulation has expected degree
greater than 6, then the finite approximating triangulations necessarily have genus linear in their
size.

In the context of circle packing, it may be particularly interesting to take the Benjamini-
Schramm limit (7, p) of the uniform simple triangulation with n vertices of the |f#n]-holed torus
T,,. This limit (which we conjecture exists) should be a simple variant of the PSHT. Letting p,
be a uniformly chosen root of T),, it should also be the case that E[deg(p,)] — E[deg(p)] > 6 and
E[deg(p)?] < oo, so that our results would be applicable to the circle packing of (T, p).

Delaunay triangulations of the hyperbolic plane. Start with a Poisson point process in the
hyperbolic plane with intensity A times the hyperbolic area measure, and add a root point at the
origin. Consider now the Delaunay triangulation with this point process as its vertex set, where
three vertices u,v,w form a triangle if the circle through w,v,w contains no other points of the
process. This triangulation, known as the Poisson-Delaunay triangulation, is naturally embedded
in the hyperbolic plane with hyperbolic geodesic edges. These triangulations, studied in [37, 49],
are unimodular when rooted at the point at the origin. They are known to have anchored expansion
[37] and are therefore invariantly non-amenable. (We also get a new proof of non-amenability from
Theorem as one can show the expected degree to be greater than six by transporting angles
as in the proof of Theorem [7.1.1l) The Poisson-Delaunay triangulations are also simple and one-
ended, and the degree of the root has finite second moment, so that our results apply directly to

their circle packings.
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7.3 Background and definitions

7.3.1 Unimodular random graphs and maps

Unimodularity of graphs (both fixed and random) has proven to be a useful and natural property
in a number of settings. We give here the required definitions and some of their consequences, and
refer the reader to [7, 173] for further background.

A rooted graph (G, p) is a graph G = (V, E) with a distinguished vertex p called the root.
We will allow our graphs to contain self-loops and multiple edges, and refer to graphs without
either as simple. A graph is said to be one-ended if the removal of any finite set of vertices leaves
precisely one infinite connected component. A graph isomorphism between two rooted graphs is a
rooted graph isomorphism if it preserves the root.

A map is a proper (that is, with non-intersecting edges) embedding of a connected graph into a
surface, viewed up to orientation preserving homeomorphisms of the surface, so that all connected
components of the complement (called faces) are topological discsﬁ The map is planar if the
surface is homeomorphic to an open subset of the sphere, and is simply connected if the surface
is homeomorphic to the sphere or the plane. A map is a triangulation if every face is incident to
exactly three edges. Note that an infinite planar triangulation is simply connected if and only if it
is one-ended.

Every connected graph G can be made into a metric space by endowing it with the shortest
path metric dg. By abuse of notation, we use the ball B, (G, u) to refer both to the set of vertices
{v € V :dg(u,v) < n} and the induced subgraph on this set, rooted at u. The balls in a map
inherit a map structure from the full map.

The local topology on the space of rooted connected graphs (introduced in [50]) is the topology
induced by the metric

dioc ((G, p), (G, p))) =e ™  where R=sup{n>0:B,(G,p) = B,(G,p)}

The local topology on rooted maps is defined similarly by requiring the isomorphism of the balls
to be an isomorphism of rooted maps. We denote by G, and M, the spaces of isomorphism classes
of rooted connected graphs and of maps with their respective local topologies. Random rooted
graphs and maps are Borel random variables taking values in these spaces.

Several variants of these spaces will also be of use. A (countably) marked graph is a graph
together with a mark function m : VU E — M which gives every edge and vertex a mark in
some countable set M. A graph isomorphism between marked graphs is an isomorphism of marked
graphs if it preserves the marks. The local topologies on rooted marked graphs and maps is defined
in the obvious way. These spaces are denoted GM and MM . Sometimes we will consider maps with

marks only on vertices or only on edges; these fit easily into our framework. Marked graphs are

8There is an additional constraint regarding boundaries of faces of infinite degree. However, this condition is
automatically satisfied for triangulations and for simply connected maps, so that we need not worry about it in this

paper.
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special cases of what Aldous and Lyons [7] call networks, for which the marks may take values in
any separable complete metric space.

Similarly, we define Gee (resp. Maee) to be the spaces of doubly rooted (that is, with a distin-
guished ordered pair of vertices) connected graphs (resp. maps) (G, u,v). These spaces, along with
their marked versions, are equipped with natural variants of the local topology. All such spaces we
consider are Polish.

A mass transport is a non-negative Borel function f : Ge¢ — R4. A random rooted graph
(G, p) is said to be unimodular if it satisfies the mass transport principle: for any mass

transport f,

Z (G, p.v)

veV (G

Z f(Gv.p)

veV (G

In other words,
‘Expected mass out equals expected mass in.’

This definition generalises naturally to define unimodular marked graphs and maps. Importantly,
any finite graph G with a uniformly chosen root vertex p satisfies the mass transport principle.

The laws of unimodular random rooted graphs form a weakly closed, convex subset of the space
of probability measures on G,, so that weak limits of unimodular random graphs are unimodular.
In particular, a weak limit of finite graphs with uniformly chosen roots is unimodular: such a limit
of finite graphs is referred to as a Benjamini-Schramm limit. It is a major open problem to
determine whether all unimodular random rooted graphs arise as Benjamini-Schramm limits of
finite graphs [7, §10]. As mentioned in Section we provide a positive solution to this problem
in the planar case in the upcoming work [20], proving that every simply connected unimodular
random rooted planar map is a Benjamini-Schramm limit of finite maps.

A common use of the mass transport principle to obtain proofs by contradiction is the following.
If (G, p) is a unimodular random rooted graph and f is a mass transport such that the mass sent
out from each vertex >, f(G,u,v) < M is uniformly bounded almost surely, then almost surely
there are no vertices that receive infinite mass: if vertices receiving infinite mass were to exist
with positive probability, the root would be such a vertex with positive probability [7, Lemma 2.3],

contradicting the mass transport principle.

7.3.2 Random walk, reversibility and ergodicity

Recall that the simple random walk on a graph is the Markov chain that chooses X, 1 from
among the neighbours of X,, weighted by the number of shared edges. Define G, (resp. M) to be
spaces of isomorphism classes of graphs (resp. maps) equipped with a bi-infinite path (G, (z)nez),
which we endow with a natural variant of the local topology. When (G, p) is a random graph or
map, we let (X,),>0 and (X_,)n>0 be two independent simple random walks started from p and

consider (G, (X, )nez) to be a random element of G, or M., as appropriate.
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A random rooted graph (G, p) is stationary if (G, p) 4 (G, X1) and reversible if (G, p, X1) 4

(G, X1, p) as doubly rooted graphs. Equivalently, (G, p) is reversible if and only if (G, (Xp)nez) is
stationary with respect to the shift:

(G, (Xn)nez) 2 (G, (Xnyk)nez) for every k € Z.

To see this, it suffices to prove that if (G, p) is a reversible random graph then (X7, p, X_1, X _o,...)
has the law of a simple random walk started from X;. But (p,X_1,...) is a simple random
walk started from p independent of X and, conditional on (G, X1), reversibility implies that p is
uniformly distributed among the neighbours of X, so (X1, p, X_1, X_9,...) has the law of a simple
random walk as desired.

We remark that if (G, p) is stationary but not necessarily reversible, it is still possible to extend
the walk to a doubly infinite path (X,,),ez so that G is stationary along the path. The difference
is that in the reversible case the past (X,,)n<o is itself a simple random walk with the same law as
the future.

Reversibility is related to unimodularity via the following bijection, which is implicit in [7] and
proven explicitly in [38]: if (G, p) is reversible, then biasing by deg(p)~! (i.e. reweighing the law
of (G, p) by the Radon-Nikodym derivative deg(p)~!/E[deg(p)~!]) gives an equivalent unimodular
random rooted graph, and conversely if (G, p) is a unimodular random rooted graph with finite
expected degree, then biasing by deg(p) gives an equivalent reversible random rooted graph. Thus,
the laws of reversible random rooted graphs are in bijection with the laws of unimodular random
rooted graphs for which the root degree has finite expectation.

An event A C G, is said to be invariant if (G, (X, )nez) € A implies (G, (Xnik)nez) €
A for each k € Z. A reversible or unimodular random graph is said to be ergodic if the law
of (G,(Xn)nez) gives each invariant event probability either zero or one. An event A C G, is

rerooting-invariant if (G, p) € A implies (G, v) € A for every vertex v of G.

Theorem 7.3.1 (Characterisation of ergodicity [7, §4]). Let (G, p) be a unimodular random rooted
graph with E[deg(p)] < oo (resp. a reversible random rooted graph). The following are equivalent.

1. (G, p) is ergodic.
2. Every rerooting-invariant event A C Go has probability in {0,1}.

3. The law of (G, p) is an extreme point of the weakly closed conver set of laws of unimodular

(resp. reversible) random rooted graphs.

(The equivalence of items 2 and 3 holds for unimodular random rooted graphs without the
assumption of finite expected degree.) A consequence of the extremal characterisation is that
every unimodular random rooted graph is a mizture of ergodic unimodular random rooted graphs,
meaning that it may be sampled by first sampling a random law of an ergodic unimodular random
rooted graph, and then sampling from this randomly chosen law - this is known as an ergodic

decomposition and its existence is a consequence of Choquet’s Theorem. In particular, whenever
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we want to prove that a unimodular random rooted graph with some almost sure property also
has some other almost sure property, it suffices to consider the ergodic case. The same comment

applies for reversible random rooted graphs.

7.3.3 Invariant amenability

We begin with a brief review of general amenability, before combining it with unimodularity for the
notion of invariant amenability. We refer the reader to [173, §6] for further details on amenability
in general, and [7, §8] for invariant amenability.

A weighted graph is a graph together with a weight function w : F — R,. Unweighted
multigraphs may always be considered as weighted graphs by setting w = 1. The weight function is

extended to vertices by w(x) =Y ... w(e), and (with a slight abuse of notation) to sets of edges or

edx
vertices by additivity. The simple random walk X = (X,,),>0 on a weighted graph is the Markov
chain on V' with transition probabilities p(z,y) = w(z,y)/w(x). Here, our graphs are allowed to
have infinite degree provided w(v) is finite for every vertex.

The (edge) Cheeger constant of an infinite weighted graph is defined to be

ip(G) = inf {W D#£FWCV ﬁnite}

where OpW denotes the set of edges with exactly one end in W. A graph is said to be amenable
if its Cheeger constant is zero and non-amenable if it is positive.

The Markov operator associated to simple random walk on G is the bounded, self-adjoint
operator from L?(V,w) to itself defined by (Pf)(u) = . p(u,v)f(v). The norm of this operator is
commonly known as the spectral radius of the graph. If u,v € V then the transition probabilities

are given by py,(u,v) = <P”]1U, ]lu/w(u)>w, so that, by Cauchy-Schwarz,

w(v)

w(u)

Pu(u,v) < P15 (7.3.1)

and in fact ||P||, = limsup,,_,. pn(u,v)"/™. A fundamental result, originally proved for Cayley
graphs by Kesten [152], is that the spectral radius of a weighted graph is less than one if and only
if the graph is non-amenable (see [173, Theorem 6.7] for a modern account). As an immediate

consequence, non-amenable graphs are transient for simple random walk.

Invariant amenability

There are natural notions of amenability and expansion for unimodular random networks due to
Aldous and Lyons [7]. A percolation on a unimodular random rooted graph (G, p) is a random
assignment of w : EUV — {0, 1} such that the marked graph (G, p,w) is unimodular. We think of
w as a random subgraph of G consisting of the ‘open’ edges and vertices w(e) = 1, w(v) = 1, and

may assume without loss of generality that if an edge is open then so are both of its endpoints.
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The cluster K, (v) at a vertex v is the connected component of v in w, i.e. the set of vertices
for which there is a path of open edges to v (by convention, if w(v) = 0 or if there are no open
edges touching v we put K, (v) = {v}). A percolation is said to be finitary if all of its clusters are
finite almost surely. The invariant Cheeger constant of an ergodic unimodular random rooted
graph (G, p) is defined to be

‘aEKw(p)’

i ((G, p)) = inf {E [ 0]

] : w a finitary percolation on (G, p)} . (7.3.2)

The invariant Cheeger constant is closely related to another quantity: mean degrees in finitary
percolations. Let deg,(p) denote the degree of p in w (seen as a subgraph; if p ¢ w we set
deg,(p) =0) and let

a((G, p)) = sup {E [deg,,(p)] : w a finitary percolation on (G, p)} .

An easy application of the mass transport principle [7, Lemma 8.2] shows that, for any finitary

percolation w,

B 2ve k. (p) 408 (V)
Eldeg, (p)] =E [ |Kz(p)| ]

It follows that
E[deg(p)] = i™((G, ) + a((G, p))

so that if E[deg(p)] < oo then iV ((G, p)) is positive if and only if a((G, p)) is strictly smaller than
E[deg(p)]-

We say that an ergodic unimodular random rooted graph (G, p) is invariantly amenable
if i"V((G,p)) = 0 and invariantly non-amenable otherwise. Note that this is a property of
the law of (G, p) and not of an individual graph. We remark that what we are calling invariant
amenability was called amenability when it was introduced by Aldous and Lyons [7, §8]. We qualify
it as invariant to distinguish it from the more classical notion, which we also use below. While
any invariantly amenable graph is trivially amenable, the converse is generally false. An example
is a 3-regular tree where each edge is replaced by a path of independent length with unbounded
distribution; see [7] for a more detailed discussion.

An important property of invariantly non-amenable graphs was first proved for Cayley graphs
by Benjamini, Lyons and Schramm [45]. Aldous and Lyons [7] noted that the proof carried
through with minor modifications to the case of invariantly non-amenable unimodular random
rooted graphs, but did not provide a proof. As this property is crucial to our arguments, we
provide a proof for completeness, which the reader may wish to skip. When (G, p) is an ergodic
unimodular random rooted graph, we say that a percolation w on G is ergodic if (G, p,w) is er-
godic as a unimodular random rooted marked graph. The following is stated slightly differently
from both Theorem 3.2 in [45] and Theorem 8.13 in [7].
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Theorem 7.3.2. Let (G,p) be an invariantly non-amenable ergodic unimodular random rooted
graph with E[deg(p)] < co. Then G admits an ergodic percolation w so that ig(w) > 0 and vertices

in w have uniformly bounded degrees in G.

Let us stress that the condition of uniformly bounded degrees is for the degrees in the full graph

G, and not the degrees in the percolation.

Remark 7.3.3. This theorem plays the same role for invariant non-amenability as Virag’s oceans
and islands construction [227] does for anchored expansion [16, 37, 227]. In particular, it gives us

a percolation w such that the induced network @ is non-amenable (see the proof of Lemma |7.5.1)).

Proof. Let wp be the percolation induced by vertices of G of degree at most M and the edges
connecting any two such vertices. By monotone convergence, and since a((G, p)) < Edeg(p), we
can take M to be large enough that Edeg,, (p) > a((G, p)). This gives a percolation with bounded
degrees. We shall modify it further to get non-amenability as follows. Fix § > 0 by

30 = E[deg,, (p)] — a((G, p))-

Construct inductively a decreasing sequence of site percolations w, as follows. Given wy,, let
nn be independent Bernoulli(1/2) site percolations on wy,, and for each set of vertices W let 05" W
denote the set of edges of w, in the boundary of W. If K is a finite connected cluster of 7, with
small boundary in w,,, we remove it to construct wy, ;. More precisely, let wy 11 = wy, \ n, where

~n, is the subgraph of w, induced by the vertex set
U {K : K a finite cluster in 7, with [0%"(K)| < §|K|}.

Let w = Nw,, be the limit percolation, which is clearly ergodic. We shall show below that w # ().
Any finite connected set in w appears as a connected cluster in 7, for infinitely many n. If such a
set S has [0%S] < 6|S]| then it would have been removed at some step, and so w has |0%9S| > §|5]|
for all finite connected S. Since degrees are bounded by M, this implies ig(w) > §/M > 0.

It remains to show that w # (. For some n, and any vertex u, let K(u) be its cluster in 7,.

Consider the mass transport

deg,, (v)/|K(u)l u € v, and v € K(u),
Jn(u,v) = E(v, K(u))/|K(u)] u €y, and v € w, \ K(u),
0 u ¢ Yn-

Here E(v, K(u)) is the number of edges between v and K (u). We have that the total mass into v
is the difference deg,, (v) — deg,, , (v) (where the degree is O for vertices not in the percolation)

while the mass sent from a vertex v € =, is twice the number of edges with either end in K(v),
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divided by |K(v)|. Applying the mass transport principle we get

> vek(p) degy, (v) + 205" (K (p))]
K (p)|

E[deg,, (o) — deg,,,,, (»)] =E[ Lyco, | - (7.33)

By a second transport, of deg, (u)/|K(u)| from every u € v, to each v € K(u), we see that

E FUEK(’” deg,, (v) — Eldeg., ()] (7.3.4)

]]- n
1K (p)] P

Additionally, on the event {p € =, }, we have by definition that
05" (K (p))|/| K (p)| < 0.
Plugging these two in (7.3.3)) gives

E[deg,, (p) —deg,, ., (p)] < Eldeg,, (p)] + 20P(p € vn).

Let v = Up>17n, which is a percolation since it is defined as a measurable, automorphism invari-
ant function of (G, p) and the i.i.d. sequence of Bernoulli percolations (7,). Note the percolations
v are disjoint, so that the event p € ~, can occur for at most one n and that v is a finitary
percolation. Thus Eldeg, (p)] = >_, E[deg, (p)] < a((G,p)). Also, >, P(p € v,) < 1. Summing

over n gives
Eldeg,, (p) — deg,,(p)] < a((G, p)) + 20.

The definition of ¢ leaves E[deg,(p)] > ¢. Thus w is indeed non-empty as claimed, completing the
proof. O

7.3.4 Circle packings and vertex extremal length

Recall that a circle packing C is a collection of discs of disjoint interior in the plane C. Given a
circle packing C, we define its tangency map as the map whose embedded vertex set V' corresponds
to the centres of circles in C and whose edges are given by straight lines between the centres of

tangent circles. If C is a packing whose tangency map is isomorphic to G, we call C a packing of G.

Theorem 7.3.4 (Koebe-Andreev-Thurston Circle Packing Theorem [156, 221]). Every finite simple
planar map arises as the tangency map of a circle packing. If the map is a triangulation, the packing

is unique up to Mobius transformations of the sphere.

The carrier of a circle packing is the union of all the discs in the packing together with the
curved triangular regions enclosed between each triplet of circles corresponding to a face (the

interstices). Given some planar domain D, we say that a circle packing is in D if its carrier is D.

162



7.3. Background and definitions

Theorem 7.3.5 (Rigidity for Infinite Packings, Schramm [206]). Let G be a triangulation, circle
packed in either C or D. Then the packing is unique up to Mobius transformations preserving of C

or D respectively.

It is often fruitful to think of packings in D as being circle packings in (the Poincaré disc
model of) the hyperbolic plane. The uniqueness of the packing in ID up to Mébius transformations
may then be stated as uniqueness of the packing in the hyperbolic plane up to isometries of the

hyperbolic plane.

The vertex extremal length, defined in [121], from a vertex to infinity on an infinite graph
G is defined to be

VEL¢g(v,00) = sup , (7.3.5)

where the supremum is over measures m on V (G) such that [|m||? = 3 m(u)? < oo, and the infimum
is over paths from v to oo in G. A connected graph is said to be VEL parabolic if VEL(v —
00) = oo for some vertex v (and hence for any vertex) and VEL hyperbolic otherwise. The VEL
type is monotone in the sense that subgraphs of VEL parabolic graphs are also VEL parabolic. A
simple random walk on any VEL hyperbolic graph is transient. For graphs with bounded degrees
the converse also holds: Transient graphs with bounded degrees are VEL hyperbolic [121].

Theorem 7.3.6 (He-Schramm [121, 122]). Let G be a one-ended, infinite, simple planar triangu-
lation. Then G may be circle packed in either the plane C or the unit disc D, according to whether

it 1s VEL parabolic or hyperbolic respectively.

The final classical fact about circle packing we will need is the following quantitative version,
due to Hansen [116], of the Ring Lemma of Rodin and Sullivan [200], which will allow us to control

the radii along a random walk.

Theorem 7.3.7 (The Sharp Ring Lemma [116]). Let u and v be two adjacent vertices in a circle
packed triangulation, and r(u),r(v) the radii of the corresponding circles. There exists a universal

positive constant C' such that
T(U) < eCdeg(v).

Measurability of Circle Packing

At several points throughout the paper, we will want to define mass transports in terms of circle
packings. In order for these to be measurable functions of the graph, we require measurability of
the circle packing. Let (G,u,v) be a doubly rooted triangulation and let C(G,u,v) be the unique
circle packing of G in D or C such that the circle corresponding to u is centred at 0, the circle
corresponding to v is centered on the positive real line and, in the parabolic case, the root circle
has radius one.

Let G}, be an exhaustion of G by finite induced subgraphs with no cut-vertices and such that

the complements G \ Gj, are connected. Such an exhaustion exists by the assumption that G is a
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S\"kb
i vy
Figure 7.2: Circle packing induces an embedding of a triangulation with either hyperbolic or
Euclidean geodesics, depending on CP type. By rigidity (Theorem [7.3.5)), the angles between pairs
of adjacent edges do not depend on the choice of packing.

one-ended triangulation. Form a finite triangulation Gj, by adding an extra vertex Jj and an edge
from Oy to each boundary vertex of Gp.

Consider first the case when G is CP hyperbolic. By applying a Mobius transformation to
some circle packing of Gj,, we find a unique circle packing C; of G} in C* such that the circle
corresponding to u is centred at the origin, the circle corresponding to v is centred on the positive
real line and Oy corresponds to the unit circle 0. In the course of the proof of the He-Schramm
Theorem, it is shown that this sequence of packings converges to the unique packing of G in D,
normalised so that the circle corresponding to u is centred at 0 and the circle corresponding to v
is centred on the positive real line.

As a consequence, the centres and radii of the circles of C(G,u,v) are limits as r — oo of the
centre and radius of a graph determined by the ball of radius r around u. In particular, they are
pointwise limits of continuous functions (with respect to the local topology on graphs) and hence
are measurable.

The hyperbolic radii are particularly nice to consider here. Since the circle packing in D is
unique up to isometries of the hyperbolic plane (M&bius maps), the hyperbolic radii do not depend
on the choice of packing, and we find that r,(v) is a function of (G, v).

In the CP parabolic case, the same argument works except that the packing C; of G} must be

chosen to map u to the unit circle and 0y to a larger circle also centred at 0.
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7.4 Characterisation of the CP type

Proof of Theorem[7.1.1. Since (G, p) is ergodic, and since the CP type does not depend on the
choice of root, the CP type of G is not random. We first relate the circle packing type to the
average degree. Suppose (G, p) is CP hyperbolic and consider a circle packing of G in the unit disc.
Embed G in D by drawing the hyperbolic geodesics between the hyperbolic centres of the circles in
its packing, so that each triangle of G is represented by a hyperbolic triangle (see Figure . It is
easy to see that this is a proper embedding of G. By rigidity of the circle packing (Theorem ,
this drawing is determined by the isomorphism class of G, up to isometries of the hyperbolic plane.

Define a mass transport as follows. For each face (u,v,w) of the triangulation with angle /5 at
u, transport § from u to each of u,v,w. If v and v are adjacent, the transport from u to v has
contributions from both faces containing the edge, and the transport from u to itself has a term
for each face containing u. By rigidity (Theorem , these angles are independent of the choice
of circle packing, so that the mass sent from u to v is a measurable function of (G, u,v).

For each face f of G, let 6(f) denote the sum of the internal angles in f in the drawing. The
sum of the angles of a hyperbolic triangle is 7w minus its area, so 0(f) < m for each face f. Each

vertex u sends each angle 3 times, for a total mass out of exactly 67. A vertex receives mass
> 0(f) < 7w deg(u).
fiuef

Applying the mass transport principle,
6m < wE[deg(p)].

Thus if G is CP hyperbolic then E[deg(p)] > 6.

In the CP parabolic case, we may embed G in C by drawing straight lines between the centres
of the circles in its packing in the plane. By rigidity, this embedding is determined up to translation
and scaling, and in particular all angles are determined by G. Since the sum of angles in a Euclidean

triangle is 7, the same transport as above applied in the CP parabolic case shows that E[deg(p)] = 6.

We now turn to amenability. Euler’s formula implies that the average degree of any finite simple

planar graph is at most 6. It follows that

Z’UEKW (p) degw (U)
| Kw(p)]

a((G,p)) =sup { E

] : w a finitary percolation p < 6.

If G is CP hyperbolic then E[deg(p)] > 6, so that a((G,p)) < E[deg(p)] and (G, p) is invariantly
non-amenable.

Conversely, suppose G is invariantly non-amenable. By Theorem [7.3.2, G almost surely admits
a percolation w which has positive Cheeger constant and bounded degrees. Such an w is transient

and since it has bounded degree it is also VEL hyperbolic. By monotonicty of the vertex extremal
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length, G is almost surely VEL hyperbolic as well. The He-Schramm Theorem then implies that
G is almost surely CP hyperbolic. O

Remark 7.4.1. In the hyperbolic case, let Area(u) be the total area of the triangles surrounding u
in its drawing. Since the angle sum in a hyperbolic triangle is 7 minus its area, the mass transport

that gives average degree greater than 6 in the hyperbolic case also gives
1
Efdeg(p)] = 6+ _E[Area(p))

which relates the expected degree to the density of the circle packing.

7.4.1 Completing the proof of the Benjamini-Schramm Theorem

In this section we complete our new proof of the following theorem of Benjamini and Schramm.

Theorem 7.4.2 ([50]). Let (G, p) be a weak local limit of finite planar graphs Gy, and suppose that

G has bounded degrees almost surely. Then (G, p) is almost surely recurrent.

Recall that the number of ends of a graph G is the supremum over finite sets K of the number
of infinite connected components of G'\ K. As explained in [50], it suffices to prove Theorem
when the graphs G, are simple triangulations. In this case Proposition implies a special
case of the Benjamini-Schramm Theorem: If (G, p) is a simple one-ended triangulation that is a
Benjamini-Schramm limit of finite planar triangulations of uniformly bounded degree, then (G, p)
is recurrent almost surely. At the time, this was the most difficult case.

Thus, to complete the proof of Theorem we need to consider the case in which the limit
(G, p) has multiple ends. We describe below two different methods to handle this case.

Method 1. This proof considers separately three cases, depending on the number of ends of G.
First, by combining Proposition 6.10 and Theorem 8.13 of [7], we have the following.

Proposition 7.4.3 ([7]). Let (G, p) be an ergodic unimodular random rooted graph. Then G has
one, two or infinitely many ends almost surely. If (G, p) has infinitely many ends almost surely, it

1s invariantly non-amenable.

We rule out the case of infinitely many ends by showing that local limits of finite planar graphs
are invariantly amenable. Recall the celebrated Lipton-Tarjan Planar Separator Theorem [167,

Theorem 2] (which can also be proved using circle packing theory [182]).

Theorem 7.4.4 ([167]). There exists a universal constant C' such that for every m and every finite
planar graph G, there exists a set S C V(G) of size at most Cm_1/2|G| such that every connected

component of G\ S contains at most m vertices.

Corollary 7.4.5. Let (G, p) be the local limit of a sequence of finite planar maps G,, and suppose

E[deg(p)] < co. Then (G, p) is invariantly amenable and hence has at most two ends.
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Proof. Let w™ be a subset of V(G,,) such that G, \ w has size at most Cm~/2|G,,| and every

connected component of w]’* has size at most m. The sequence (Gy,, ppn,w)’

) is tight and therefore
has a subsequence converging to (G, p,w™) for some finitary percolation w™ on (G, p). Since it is
a limit of percolations on finite graphs with a uniform root, the limit is unimodular.

We have that

Plpew™) >1—-Cm /% —— 1.

m—0o0

Similarly, P(X; € w™) — 1. By integrability of deg(p), we have that
E[deg,m (p)] = E[1(p, X1 € w™) deg(p)] — E[deg(p)]-

Thus a((G, p)) = E[deg(p)] and hence (G, p) is invariantly amenable. O
Finally, we deal with the two-ended case.

Proposition 7.4.6. Let (G, p) be a unimodular random rooted graph with ezactly two ends almost

surely and suppose E[deg(p)] < co. Then G is recurrent almost surely.

Proof. We prove the equivalent statement for (G, p) reversible. We may also assume that (G, p)
is ergodic. Say that a finite set S disconnects G if G \ S has two infinite components. Since G
is two-ended almost surely, such a set S exists and each infinite component of G \ S is necessarily
one-ended. We call these two components G7 and Go. Suppose for contradiction that G is transient
almost surely. In this case, a simple random walk X, eventually stays in one of the G;, and hence
the subgraph induced by this G; must be transient.

Now, since G is two-ended almost surely, there exist R and M such that, with positive proba-
bility, the ball Br(X,,) disconnects G and |Br(X,,)| < M. By the Ergodic Theorem this occurs for
infinitely many n almost surely. On the event that X,, eventually stays in G;, since G; is one-ended,
this yields an infinite collection of disjoint cutsets of size at most M separating p from infinity in

G;. Thus, G is recurrent by the Nash-Williams criterion [173], a contradiction. O

Theorem now follows by combining Theorem Corollary and Proposition

Method 2. This proof reduces Theorem to Theorem [7.1.1] by taking universal covers. Given
a (not necessarily planar) map M, a cover of M is a map M together with a surjective graph
homomorphism 7 : M — M, such that for each vertex v, the homomorphism = maps the edges
adjacent to v bijectively to the edges adjacent to m(v) and preserves their cyclic ordering, and such
that for each face f, m maps the edges adjacent to f bijectively to the edges adjacent to m(f). The
universal cover of M is a cover 7 : M — M such that M is simply connected. If M is drawn on a
surface S, the universal cover M of M may be constructed by taking every lift of every edge of M
in S to the universal cover S of S (see e.g. [119] for the topological notions of universal cover and
path lifting). Alternatively, the universal cover M may be constructed directly as in [215]. The

universal cover is unique in the sense that if 7’ : M’ — M is also a universal cover of M then there
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exists an isomorphism of maps f : M’ — M such that 7’ = 7o f. Note that if a cover 7 : M — M
is a cover of a map M and M is recurrent, the projection X, = W(Xn) of a simple random walk
X, on M is a simple random walk on M, and it follows that M is also recurrent.

Let (M, p) be a unimodular random rooted map with universal cover 7: M — M. Let j be
chosen arbitrarily from the preimage 7~!(p); The isomorphism class of the rooted map (M ,p) does
not depend on this choice. We claim that the random rooted map (M, /) is unimodular. To see
this, recall that a random rooted graph is unimodular if and only if it is involution invariant [7,

Proposition 2.2], meaning that

EZf(G,p,U) :EZf(va’p)

veV veV
whenever f is a mass-transport such that f(G,u,v) is zero unless u and v are adjacent in G.

The equivalence of unimodularity and involution invariance extends immediately to random rooted

maps. Given such an f: Mee — [0,00], let g : Mee — [0, 00] be defined to be

g(MvuaU): Z f(M,é_,éJ'_),

ece”=u,et=v

where m : M — M is the universal cover of M and é is an arbitrary element of 7—(e) for each
oriented edge e of M (by uniqueness of the universal cover, the value of g does not depend on this

choice). Then ¢ is a mass transport and, letting V denote the vertex set of M, we have

veV veV

ZQ(M,p,'U):Zf(M,ﬁ,ﬁ) and Zg(M,U,p):Zf(M,”D,ﬁ),
eV eV

so that we deduce involution invariance of (M, p) from involution invariance of (M, p). Furthermore,
if (M, p) is ergodic then (M, ) is also ergodic. Indeed, for every invariance event A C M,, the
event {(G,p) € My : (G,p) € M,} is also invariant to changing the root, and it follows that if
(M, p) is ergodic then (M, j) is also ergodic.

Alternative proof of Theorem[7.4.2. Let (G, p) be a simple, bounded degree, ergodic unimodular
random rooted triangulation with E[deg(p)] = 6. The universal cover (G, p) of (G, p) has all these
properties and is also one-ended, so that G is CP parabolic almost surely by Theorem . By
the He-Schramm Theorem [121], G is recurrent almost surely, and so G is also recurrent almost

surely, completing the proof of the Benjamini-Schramm Theorem. O

7.5 Boundary theory

Recall that given a G and a vertex v we write P& and ES to denote the probability and expectation

with respect to random walk (X,,),>0 on G started from v.
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7.5.1 Convergence to the boundary

Let (G, p) be a one-ended, simple, CP hyperbolic reversible random triangulation. Recall that for
a CP hyperbolic G with circle packing C in D, we write r(v) and z(v) for the Euclidean radius and
centre of the circle corresponding to the vertex v in C and zp(v),ry(v) for the hyperbolic centre
and radius.

Our first goal is to show that the Euclidean radii (X)) decay exponentially along a random
walk (X,,). We initially prove only a bound, and will prove the existence of the limit rate of decay

stated in Theorem only after we have proven the exit measure is non-atomic.

Lemma 7.5.1. Let (G, p) be a CP hyperbolic reversible random rooted triangulation with E[deg(p)] <
oo and let C be a circle packing of G in the unit disc. Let (X,,)n>0 be a simple random walk on G

started from p. Then almost surely

lim sup < 0.

n—oo

log r(X,,)
n

Proof. We may assume that (G, p) is ergodic, else we may take an ergodic decomposition. By
Theorem|[7.1.1/ (G, p) is invariantly non-amenable. By Theorem|7.3.2, there is an ergodic percolation
w on G such that deg(v) is bounded by some M for all v € w and ig(w) > 0 almost surely.

Recall the notion of an induced random walk on w: let NV, be the mth time X is in w (that
is, Nop = inf{n > 0 : X,, € w} and inductively Ny,11 = inf{n > N,, : X,, € w}). The induced
network @ is defined to be the weighted graph on the vertices of w with edge weights given by

(u,v) = deg(u) P (X, = v)

so that Xy, is the random walk on the weighted graph w. Note that & may have non-zero weights
between vertices which are not adjacent in GG, so that @ is no longer a percolation on G, and may
not even be planar.

We first claim that @ with the weights w of the induced random walk also has positive Cheeger
constant. Indeed, the weight of a vertex v € @ is just its degree in G and so is between 1 and M
for any vertex. The edge boundary in @ of a set K is at least the number of edges connecting K
to V\ K in w. Thus ig(w) > ip(w)/M > 0. It follows that the induced random walk on w has
spectral radius less than one [173].

Now, as in , Cauchy-Schwarz gives that, for some ¢ > 0,

PpG(XNm = v) < M2 exp(—cm)

for every vertex v almost surely. Since the total area of all circles in the packing is at most 7, with
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cm/2 —cem/4

c as above, there exists at most e circles of radius greater than e for each m. Hence

P (r(Xn,) =) = 3PS (Xn, =0)

vir(v)>e—em/4

<

{v tr(v) > e—Cm/4}‘ . ML/2p—em

< M1/2670m/2'

These probabilities are summable, and so Borel-Cantelli implies that almost surely for large enough
m,

r(Xn, ) < e o™/,
That is, we have exponential decay of the radii for the induced walk:

| X
logr(Xn,) . ¢ (75.1)

lim sup <
m—00 m 4

It remains to prove that the exponential decay is maintained between visits to w. By stationarity
and ergodicity of (G, p,w), the density of visits to w is P(p € w) # 0. That is,

N,
lim —= =P(pcw)!

m—oo M
almost surely. In particular,
) logr(Xn,,)
lim sup ———= < 0. (7.5.2)
m—0oQ Nm

Given n, let m be the number of visits to w up to time n, so that N,, < n < Np41. Since
m /Ny, converges, n/Ny, — 1. By the Sharp Ring Lemma (Theorem ,

r(X, -
<exp|C deg(X;
r(Xn,) — P Z-:zN:m B(X3)
so that
logr(X,,) logr XN
m) d 5.
- 1 gN eg(X (7.5.3)

Again, the Ergodic Theorem gives us the almost sure limit

lim — Zdeg E[deg(p)].
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Thus almost surely

n n N,
1 1 Ny, 1
lim & ) = lim — 3 tim Y gy L ’
im Z deg(X;) = lim - Zdeg(X) lim - lim N Zdeg(X)
i=Np, 1=0 i=0
= E[deg(p)] — E[deg(p)] = 0.
Combined with (7.5.2)) and (7.5.3) we get
limsup 1227 _ i g 1087 (Xn)
n—00 n n—o00 n
= lim %limsupw < 0. O

n—=00 T n—oo Nm

Proof of Theorem item 1. We prove the equivalent statement for (G, p) reversible with E[deg(p)] <
00, putting us in the setting of Lemma [7.5.1. The path formed by drawing straight lines between
the Euclidean centres of the circles along the random walk path has length r(p) + 2" .o, 7(X;),
which is almost surely finite by Lemma It follows that the sequence of Fuclidean c_entres is
Cauchy almost surely and hence converges to some point, necessarily in the boundary. Because the
radii of the circles r(X,,) converge to zero almost surely, the hyperbolic centres must also converge

to the same point. ]

7.5.2 Full support and non-atomicity of the exit measure

We now prove item 2 of Theorem [7.1.3 which states that the exit measure on the unit circle has
full support and no atoms almost surely. We start with a general observation regarding atoms in
boundaries of stationary graphs.

We say that two metrics d; and do on the vertex set V' of a graph G are compatible if the
identity map from V to itself extends to an isomorphism between the completions of the metric
spaces (V,d;1) and (V,dz) (or, equivalently, if the same sequences are Cauchy for d; and dz). For
example, the Euclidean distances between centres of circles corresponding to vertices in different
circle packings of a one-ended planar triangulation in either the full plane or the unit disc are
compatible by Theorem We define a compatible family of metrics to be a Borel function
d = d%(v,w) from the space of triply rooted graphs (i.e., the set of isomoprhism classes of graphs
with an ordered triple of distinguished vertices, equipped with an appropriate variant of the local

topology) to the positive reals such that for every locally finite, connected graph G = (V, E),
1. dS(-,-) is a metric on V for every vertex u of G, and
2. the metrics d& and d$ are compatible for each two vertices u and v of G.

Given a compatible family of metrics d and a rooted graph (G, p), the completion V of V with
respect to dg has a topology that does not depend on the choice of root vertex p. Such a completion

is called an invariant completion. Compatible families of metrics for maps are defined similarly.
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In some cases of interest, a compatible family of metrics d might only be defined for graphs or maps
in some rerooting-invariant class (e.g. circle packings are defined for the class of one-ended simple
planar triangulations). In this case, we may extend d arbitrarily to all graphs or maps by setting

it to be the discrete metric where it is not defined.

Lemma 7.5.2. Let d be a compatible family of metrics, let (G, p) be a stationary random rooted
graph or map, and let V be the completion of V with respect to dg;. Suppose that the random walk
on G converges almost surely to a point in the boundary OV = V \ V. Then the exit measure on

OV 1is either trivial (concentrated on a single point) or non-atomic almost surely.

For each CP hyperbolic one-ended simple planar triangulation G, take a circle packing of G in
D, normalized so that the circle corresponding to u is centred at the origin, and let d = dg(v, w)
be the Euclidean distance between the Fuclidean centres of the circles corresponding to v and w.
By circle packing rigidity (Theorem , this circle packing is unique up to rotations, so that the
metric dg is well defined. The metrics dg and dg are also compatible for every pair of vertices u
and v in G. Thus, after an arbitrary extension to other maps, d is an compatible family of metrics.

Another natural example, defined for all graphs, is the Martin compactification. As a conse-
quence of this lemma, for any stationary random graph, the exit measure on the Martin boundary
(which can be defined as the completion of V' with respect to a compatible family of metrics, see
e.g. [229]) is almost surely either non-atomic or trivial. In particular, this gives an alternative proof
of a recent result of Benjamini, Paquette and Pfeffer [37], which states that for every stationary
random graph, the space of bounded harmonic functions on the graph is either one dimensional or
infinite dimensional almost surely. A straightforward extension of this lemma applies to random

families of metrics.

Proof. Condition on (G, p). For each atom & of the exit measure, define the harmonic function
he(v) = PY(lim X,, = £). By Lévy’s 0-1 law,

he(Xn) == 1(lim X,, = &)
for each atom £ and

P)C(;n (lim X, is an atom) = Z he(Xn) <= 1(lim X, is an atom).
3

Define M(G,v) = max¢ he(v) to be the maximal atom size. Since the topology of V' does not
depend on the choice of root, the sequence M(G, X,,) is stationary. Combining the two above

limits, we find the almost sure limit
M(G, X,) £% 1(lim X, is an atom).

Since M (G, X,,) is a stationary sequence with limit in {0, 1}, it follows that M (G, p) € {0,1} almost

surely. That is, either there are no atoms in the exit measure or there is a single atom with weight
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1 almost surely. O

Proof of Theorem [7.1.5, item 2. We may assume that (G, p) is ergodic. Applying Lemma to
the deg(p)-biasing of (G, p), we deduce that the exit measure has at most a single atom. Next, we
rule out having a single atom. Suppose for contradiction that there is a single atom £ = £(C) almost

surely for some (and hence every) circle packing C of G in D. Applying the Mobius transformation

z+E&
z—&

D(z) =—i

which maps D to the upper half-plane H = {S(z) > 0} and £ to oo, gives a circle packing of G in
H such that the random walk tends to oo almost surely. Since circle packings in H are unique up
to Mobius transformations and the boundary point co is determined by the graph G, such a circle
packing in H is unique up to Mobius transformations of the upper half-plane that fix co, namely
az + b with real @ > 0 and b (translations and dilations).

Inverting around the atom has therefore given us a way of canonically endowing G with Eu-
clidean geometry: if we draw G in H using straight lines between the Euclidean centres of the
circles in the half-plane packing, the angles at the corners around each vertex u are independent
of the original choice of packing C. Transporting each angle from u to each of the three vertices
forming the corresponding face f as in the proof of Theorem implies that E[deg(p)] = 6. This
contradicts Theorem and the assumption that (G, p) is CP hyperbolic almost surely. This

completes the proof that the exit measure is non-atomic.

To finish, we show that the exit measure has support 0. Suppose not. We will define a mass
transport on G in which each vertex sends a mass of at most one but some vertices receive infinite
mass, contradicting the mass transport principle.

Consider the complement of the support of the exit measure, which is a union of disjoint open
intervals (J;c;(0s,4) in OD. Since the exit measure is non-atomic, 6; # 1; mod 2 for all i.

For each such interval (6;,1);), let 4; be the hyperbolic geodesic from € to ¢™¥:. That is, ~; is
the intersection with I) of the circle passing through both e and e'¥ that intersects OD at right
angles. Let A; be the set of vertices such that the circle corresponding to v is contained in the region
to the right of 7;, i.e. bounded between +; and the boundary interval (6;,1;) (see Figure [7.3(a)).

Each vertex is contained in at most one such A;. For each vertex u in A;, consider the hyperbolic
geodesic ray -, from the hyperbolic centre z;(u) to e, Define a mass transport by sending mass
one from u € A; to the vertex v corresponding to the first circle intersected by both ~, and ;.
There may be no such circle, in which case no mass is sent from u. Since the transport is defined
in terms of the hyperbolic geometry and the support of the exit measure, it is a function of the
isomorphism class of (G, u,v) by Theorem

Let ¢ € (0;,1;) and consider the set of vertices whose corresponding circles intersect both ~;
and the geodesic 74 from e to €. As ¢ increases from 6; to 1, this set is increasing. It follows

that for each fixed v for which the circle corresponding to v intersects ;, the set B, of ¢ € (0;,1;)
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(a) A geodesic v; is drawn over each component  (b) The vertex v receives mass from circles with
of the complement of the support. Circles con- hyperbolic centres in the shaded area.
tained in the shaded area are in Aj;.

Figure 7.3: An illustration of the mass transport used to show the exit measure has full support.

for which the circle corresponding to v is the first circle intersected by 74 that also intersects -; is
an interval (see Figure [7.3(b)).

Since there are only countably many vertices, B, must have positive length for some v. Thus
there is an open neighbourhood of the boundary in which all the circles send mass to this vertex.

This vertex therefore receives infinite mass, contradicting the mass transport principle. O

7.5.3 The unit circle is the Poisson boundary

The Poisson-Furstenberg boundary [91-93] (or simply the Poisson boundary) of a graph (or more
generally, of a Markov chain) is a formal way to encode the asymptotic behaviour of random walks
on G. We refer the reader to [142, 173, 195] for more detailed introductions.

Recall that a function h : V(G) — R is said to be harmonic if

1
h(v) = > hw)
deg(v) 2
for all v € V(G) — or, equivalently, if h(X,,) is a martingale. Let G = GUOG be a compactification
of G so that the random walk X,, converges almost surely. For each v € V(G) we let P& denote the
law of the limit of the random walk started at v. Every bounded Borel function g on G extends

to a harmonic function

h(v) = Ef [g(lim Xn)]

on (G. Such a compactification is called a realisation of the Poisson boundary of G if every
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bounded harmonic funtion h on G may be represented as an extension of a boundary function in
this way.

Harmonic functions can be used to encode asymptotic behaviour of the random walk as follows.
Let GY be the space of sequences in G. The shift operator on GV is defined by 0(zg,z1,...) =
(z1,22,...), and we write Z for the o-algebra of shift-invariant events A = 6 A. Be careful to note
the distinction between invariant events for the random walk on G, just defined, and invariant
events for the sequence (G, (X1 )nez)kez as defined in Section .

There is an isomorphism between the space of bounded harmonic functions on G and L>=(GY, T)
given by

h— g(z1,22,...) = nlglgo h(xy), g+ h(v) = ES[g(v, X1, X2,...)].
The limit here exists P&-almost surely by the bounded Martingale Convergence Theorem, while
the fact that these two mappings are inverses of one another is a consequence of Lévy’s 0-1 Law:

If h(v) = ES[g(X)] is the harmonic extension of some invariant function g, then
h(Xn) == g(p, X1, X2,...). (7.5.4)

As a consequence of this isomorphism, and since the span of simple functions is dense in L°,
the topological boundary dG is a realisation of the Poisson boundary of G if and only if for every
invariant event A there exists a Borel set B C G such that the symmetric difference AA{lim X,, €
B} is PY-null.

For example, the Poisson boundary of a tree may be realised as its space of ends, and the one-
point compactification of a transient graph G gives rise to a realisation of the Poisson boundary
if and only if G is Liouville (i.e. the only bounded harmonic functions on G are constant). The
Poisson boundary of any graph may be realised as the graph’s Martin boundary [229], but this is

not always the most natural construction.

Our main tools for controlling harmonic functions will be Lévy’s 0-1 Law and the following
consequence of the Optional Stopping Theorem. For a set W C V of vertices, let Ty be the
first time the random walk visits W. If h is a positive, bounded harmonic function, the Optional

Stopping Theorem implies
h(v) > ESTh( X7y, )11y <oo) > PE (Hit W) inf{h(u) : u € W}. (7.5.5)

Lemma 7.5.3. Let (G, p) be a CP hyperbolic reversible random rooted triangulation with E[deg(p)] <

00, and let (X,)nez be the reversible bi-infinite random walk. Then almost surely
P¢ (hit {X_1,X_a,...}) = 0.

Proof. Let C be a circle packing of G in D. Recall from Theorem item (1| that for a random
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walk X,,, almost surely = := lim z(X,,) exists, and its law is non-atomic and of full support on dD.
Since the exit measure is non-atomic, the limit points Z; := lim z(X,,) and Z_ := lim 2(X_,,) are
almost surely distinct.

Let {U,}icr be a countable basis for the topology of D (say, intervals with rational endpoints)

and for each ¢ let h; be the harmonic function
hi(v) = PS (E e U;).

By Lévy’s 0-1 law, h;(X,,) — 1(E4 € U;) for every i almost surely. Thus there exists some iy with
=_ € U, and Z4 ¢ U;,. In particular there is almost surely some bounded harmonic function
h = hi, > 0 with h(X,) —— 0 and

n—0o0

a = inf{h(X_,,) : m > 0} > 0.

By
hX,) >a- P (hit {X_1,X_o,...}).

Since h(X,) — 0, we almost surely have
P (Hit {X_1,X_o,...}) = 0. O

Proof of Theorem [7.1.3, item 3. We prove the equivalent statement for (G, p) reversible with E[deg(p)] <
oo, and may assume that (G, p) is ergodic.

We need to prove that for every invariant event A for the simple random walk on G with
PE(A) > 0, there is a Borel set B C D such that

PY (AA{E4 € B}) =0,

where =, = lim 2(X,). Let h be the harmonic function h(v) = P%(A), and let B be the set of
¢ € 0D such that there exists a path (p,v1,v2,...) in G such that for some ¢ > 0,

h(v;) =1, z(v;) =& and |§— z(v)| < 2e~¢,

where |-| denotes Euclidean length. The condition on exponential decay of |£ —z(v;)| can be omitted
by invoking the theory of universally measurable sets. We are spared from this by Lemma [7.5.1
With an explicit rate of convergence, it is straightforward to see that B is Borel: Let B, ., be
the open set of £ € D such that there exists a path p,v1,...,v, in G such that h(v;) > 1 — ¢ for
every i > m, and with |£ — z(v;)| < 2e7. Then B = J,.. U,, N,, Bem.e,n, Where m,n are integers
and ¢, e are positive rationals, and it follows that B is Borel.

If the random walk has (p, Xi,...) € A then, by Lévy’s 0-1 law and Lemma , the limit
point =4 is in B almost surely. In particular, if PpG (A) > 0, then the exit measure of B is positive.

It remains to show that (p, Xi,...) € A almost surely on the event that =, € B.
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7.5. Boundary theory

Figure 7.4: For infinitely many n, a new random walk (red) started from X, has probability at
least 1/3 of hitting each of L and R, and probability at least 1/4 of hitting the path (v;) (blue).

Consider the two intervals L and R separating the almost surely distinct limit points =, and
Z_. Let p} and p% be the probabilities that a new, independent random walk started from X,
hits the boundary in the interval L or R respectively. Since the exit measure is non-atomic almost

surely, the event
E, = {min(p},pR) > 1/3}

has positive probability (in fact, it is not hard to see that each of the random variables p} is
uniformly distributed on [0, 1] so that FE, has probability 1/3). Moreover, the value of p} does
not depend on the choice of circle packing and is therefore a function of (G, (X, 1%)kez). By the
stationarity and ergodicity of (G, (X, )nez), the events E, happen infinitely often almost surely
(see Figure [7.4).

Now condition on Z4 € B. Since the exit measure of B is positive, the events F, still happen
infinitely often almost surely after conditioning. Let (v;);>0 be a path from p in G such that

z(vi) = E4 € B and h(v;) — 1. In particular,
inf{h(v;) : i > 1} > 0.

The path (..., X o, X_1,p,v1,v9,...) disconnects X,, from at least one of the intervals L or R and

SO
P)?n (hlt { e 7X717 Py V1. - }) > mln(pTIlnp’r]L%) (756)

which is greater than 1/3 infinitely often almost surely. We stress that the expression refers to the
probability that an independent random walk started from X, hits the path (..., X_1,p,v1,...),
and that this bound holds trivially if X, is on the path (v,,). By Lemma|7.5.3

P (hit {...,X_1,p}) =0, (7.5.7)
and hence P)?n (hit {v1,v9,...}) > 1/4 infinitely often almost surely (see Figure . Note that,
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since the choice of v; could depend on the whole trajectory of X, we have not shown that X hits
the path (v;) infinitely often. Nevertheless, by (7.5.5), almost surely infinitely often

(X)) > %inf{h(vi) > 1) > 0. (7.5.8)

By Lévy’s 0-1 law, lim,, o h(X,) = 1 almost surely as desired. O

7.6 Hyperbolic speed and decay of radii

We now use the fact that the exit measure is almost surely non-atomic to strengthen Lemma [7.5.1
and deduce that the limit rate of decay of the Euclidean radii along the random walk exists. The key
idea is to use a circle packing in the upper half-plane normalised by the limits of two independent
random walks.

Fix some circle packing C in D, so that, by Theorem the limit points 24 = limy,—, 10 2(X,,)
exist and are distinct almost surely. Let ®x be a Mobius transformation that maps ID to the upper
half-plane H and sends Z4 to 0 and Z_ to co. We consider the upper half-plane packing C=a x(C).

Similarly to the proof of non-atomicity in Section we now have two boundary points 0
and oo fixed by the graph G and the path (X,,), so that the resulting circle packing is unique up
to scaling. Now, however, the packing depends on both G and the random walk, so that this new
situation is not paradoxical (as it was in Section where we ruled out the possibility that the

exit measure has a single atom).

Proof of Theorem [7.1.4. We prove the equivalent statement for (G, p) reversible with E[deg(p)] <
00, and may assume that (G, p) is ergodic. We fix a circle packing C = ®x(C) in H as above,
with the doubly infinite random walk from oo to 0. Let 7(v) be the Euclidean radius of the circle
corresponding to v in C. The ratio of radii #(X,)/#(X,_1) does not depend on the choice of C, so
these ratios form a stationary ergodic sequence. By the Sharp Ring Lemma, E[|log(#(X1)/7(p))|] <
CE[deg(p)] < oo, so that the Ergodic Theorem implies that

_l o 72(X”> :_l = o f(XZ) a.s. o f(Xl)
T 7(p) n§121 & H(Xie1) nooo E [1 ) } : (7.6.1)

Now, since C is the image of C through the Mobius map ® x, and since @ x is conformal at =,

(Xn)

>

(X)) — |9 (E4) | > 0. (7.6.2)

Therefore | x s x
lim 108" (Xn) _ [— log . 1)] (7.6.3)

n 7(p)

and by Lemma this limit must be positive. This establishes the rate of decay of the radii.

Next, we relate this to the distance of z(X,,) from dD. By the triangle inequality, 1 — |2(X,,)|
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is at most the length of the path formed by drawing straight lines between the Euclidean centres

of the circles along the random walk path starting at X,,:

L 2(Xa)] < 1— 2(X)] < 30 2r(X).

>n
Since the radii decay exponentially, taking the limits of the logarithms,

—log (1 — \zh(Xn)D > Jim = logr(Xy,)
n = n '

lim inf

(7.6.4)

To get a corresponding upper bound, note that, since every circle neighbouring X, is contained
in the open unit disc, 1 — |z, (X,,)| is at least the radius of the smallest neighbour of X,,. Applying
the Sharp Ring Lemma, we have

1- ’Zh(Xn)’ > T<Xn) exp(—Cdeg(Xn)).

Taking logarithms and passing to the limit,

lim sup 08 ( 2 )D < lim Zo8MAn) r(Xn) + lim 7(7 deg(X»)
n n n
i —1987(Xn) (7.6.5)
n

where the almost sure limit deg(X,)/n — 0 follows from E[deg(p)] < oo and Borel-Cantelli.

Combining (7.6.4) and (7.6.5) gives the almost sure limit

—log (1 — X -1 X
i Z1oB (L= (X)) | —logr(Xa)

n n

Finally, to relate this to the speed in the hyperbolic metric, recall that distances from the origin in

the hyperbolic metric are given by
dpyp(0, 2) = 2tanh ™! |z|
and hence

.1 o1
lim Edhyp(zh(p% zp(Xy)) = lim Edhyp(oa 20 (Xn))
2
= lim = tanh ™! |2, (X,,)|
n

1
= lim —— log(1 — |21 (Xn)])- O
mn

179



7.7. Extensions

7.7 Extensions

We now discuss two basic extensions of our main results beyond simple triangulations. These are
to weighted and to non-simple triangulations. The latter are of particular interest since the PSHT
is not simple. Some of our results hold for much more general planar maps, which are treated in
[20].

Weighted networks. Suppose (G, p,w) is a unimodular random rooted weighted triangulation.
As in the unweighted case, if E[w(p)] is finite then biasing by w(p) gives an equivalent random
rooted weighted triangulation which is reversible for the weighted simple random walk [7, Theorem
4.1]. Our arguments generalise with no change to recover all our main results in the weighted

setting provided the following conditions are satisfied.
1. EJw(p)] < co. This allows us to bias to get a reversible random rooted weighted triangulation.

2. E[w(p) deg(p)] < oo. After biasing by w(p), the expected degree is finite, allowing us to apply
the Ring Lemma together with the Ergodic Theorem as in the proofs of Lemma and
Theorem [7.1.4]

3. A version of Theorem holds. That is, there exists a percolation w such that the induced
network w has positive Cheeger constant almost surely. Two natural situations in which this

occurs are

(a) when all the weights are non-zero almost surely. In this situation, we may adapt the
proof of Theorem by first deleting all edges of weight less than 1/M and all vertices

of total weight greater than M before continuing the construction as before.

(b) when the subgraph formed by the edges of non-zero weight is connected and is itself
invariantly non-amenable. This occurs when we circle pack planar maps that are not

triangulations by adding edges of weight 0 in non-triangular faces to triangulate them.

Non-simple triangulations. Suppose G is a one-ended planar map. The endpoints of any
double edge or loop in G disconnect G into connected components exactly one of which is infinite.
The simple core of G, denoted core(G), is defined by deleting the finite component contained
within each double edge or loop of G before gluing the double edges together or deleting the loop
as appropriate. See Figure for an example, and [24] for a more detailed description. When
G is a triangulation, so is its core. The core can be seen as a subgraph of G, with some vertices
removed, and multiple edges replaced by a single edge. The induced random walk on the core, is
therefore a random walk on a weighted simple triangulation.

In general, it is possible that all of GG is deleted by this procedure, but in this case there are
infinitely many disjoint vertex cut-sets of size 2 separating each vertex from infinity, implying that
G is VEL parabolic and hence invariantly amenable. When G is invariantly non-amenable, the
conclusions of Theorem hold with the necessary modifications.
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X

Figure 7.5: Extracting the core of a non-simple map. Left: part of a map. Right: corresponding
part of its core.

Theorem 7.7.1. Let (G, p) be an invariantly non-amenable, one-ended, unimodular random rooted
planar triangulation with E[deg?(p)] < co. Then core(G) is CP hyperbolic. Let C be a circle packing
of core(G) in D, and let (Yn)nen be the induced random walk on core(G). The following hold

conditional on (G, p) almost surely:

1. 2(Yyn) and zp(Yy) both converge to a (random) point denoted = € 0D,
2. The law of = has full support and no atoms.

3. 0D is a realisation of the Poisson boundary of G. That is, for every bounded harmonic

function h on G there exists a bounded measurable function g : 0D — R such that
h(v) = BF[9(2)].

Since the additional components needed to prove this are straightforward, we omit some of the
details.

Sketch of proof. First, (core(G), p) is unimodular when sampled conditional on p € core(G): essen-
tially, a mass transport on core(G) gives a mass transport on G which is 0 for all deleted vertices.
The mass transport principle for G implies the principle for core(G).

Second, core(G) is CP hyperbolic. Since (G, p) is invariantly non-amenable, it is VEL hyperbolic
(see the proof of Theorem [7.1.1)). Because the infimum over paths in the definition of the vertex
extremal length is the same as the infimum over paths in the core, the vertex extremal length from
v € core(G) to oo is the same in G and core(G). (Alternatively, one could deduce non-amenability
of core(@) from non-amenability of G, and apply Theorem [7.1.1])

Now, since core(G) is a weighted CP hyperbolic unimodular simple triangulation (and the
second moment of the degree of the root is finite), by Theorem the random walk on core(Q)
converges to a point in the boundary, the exit measure has full support and no atoms, and 9D is a
realisation of the Poisson boundary of core(G).

Finally, by the Optional Stopping Theorem, the bounded harmonic functions on core(G) are in
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one-to-one correspondence with the bounded harmonic functions on G by restriction and extension:

ha — hcore(G) = hG’core(G)v hcore(G) = he(v) = EvG [hcore(G) (XNO)}'

Thus, the realisation of 9D as the Poisson boundary of core(G) extends to G. O]

7.8 Open problems

Problem 7.8.1. Can the identification of the Poisson and geometric boundaries be strengthened
to an identification of the Martin boundary? This was done in [17] for CP hyperbolic triangulations
with bounded degrees. Specifically, we believe the following.

Conjecture 7.8.2. Let (G, p) be an infinite simple, one-ended, CP hyperbolic unimodular random
rooted planar triangulation with E[deg(p)] < oo, and let C be a circle packing of G in the unit disc.
Then almost surely for every point £ € OD there exists a unique positive harmonic function he on
G such that he(p) = 1 and he is bounded on {v : |z(v) — &| > €} for every ¢ > 0. Moreover,
the function §& — he almost surely extends to a homeomorphism from z(V) U 0D to the Martin

compactification of G.

Problem 7.8.3 (Holder continuity of the exit measures). In the setting of Theorem do there

exist positive constants ¢ and C' such that
G /=
Pr(zel)<C|

for every interval I C 0D?

Problem 7.8.4 (Dirichlet energy of z). In the bounded degree case, by applying the main theorem
of [12], convergence to the boundary may be shown by observing that the Dirichlet energy of the

centres function z is finite:

E(z) = (2(u) — 2(v))> <> 2deg(v)r(v)* < 2max{deg(v)}.
u~v
Is the Dirichlet energy of z almost surely finite for a unimodular random rooted CP hyperbolic

triangulation? This may provide a route to weakening the moment assumption in our results.

Problem 7.8.5 (Other embeddings). How does the canonical embedding of the Poisson-Delaunay
triangulation differ from the embedding given by the circle packing? Is there a circle packing so
that dpyp(v, 2z, (v)) is stationary?

The conformal embedding of a triangulation is defined by forming a Riemann surface by
gluing equilateral triangles according to the combinatorics of the triangulation before mapping the
resulting surface conformally to D or C. Is it possible to control the large scale distortion between
the conformal embedding and the circle packing? In general the answer is no, but in the unimodular

case there is hope.
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Regardless of the answer to this question, our methods should extend without too much difficulty
to establish analogues of Theorem for these other embeddings, the main obstacle being to

show almost sure convergence of the random walk to a point in the boundary oD.

Problem 7.8.6. Reduce the moment assumption on deg(p) in Theorems [7.1.3| and |7.1.4. Finite

expectation is needed to switch to a reversible distribution on rooted maps, but perhaps the second

moment is not needed.
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Chapter 8

Boundaries of planar graphs: a

unified approach

Summary. We give a new proof that the Poisson boundary of a planar graph coincides with the
boundary of its square tiling and with the boundary of its circle packing, originally proven by
Georgakopoulos [100] and Angel, Barlow, Gurel-Gurevich and Nachmias [17] respectively. Our
proof is robust, and also allows us to identify the Poisson boundaries of graphs that are rough-
isometric to planar graphs.

We also prove that the boundary of the square tiling of a bounded degree plane triangulation
coincides with its Martin boundary. This is done by comparing the square tiling of the triangulation

with its circle packing.

8.1 Introduction

Square tilings of planar graphs were introduced by Brooks, Smith, Stone and Tutte [60], and
are closely connected to random walk and potential theory on planar graphs. Benjamini and
Schramm [48] extended the square tiling theorem to infinite, uniquely absorbing plane graphs (see
Section 8.2.2)). These square tilings take place on the cylinder R/nZ x [0, 1], where 7 is the effective
conductance to infinity from some fixed root vertex p of G. They also proved that the random
walk on a transient, bounded degree, uniquely absorbing plane graph converges to a point in the
boundary of the cylinder R/nZ x {1}, and that the limit point of a random walk started at p is
distributed according to the Lebesgue measure on the boundary of the cylinder.

Benjamini and Schramm [48] applied their convergence result to deduce that every transient,
bounded degree planar graph admits non-constant bounded harmonic functions. Recall that a

function h : V' — R on the state space of a Markov chain (V, P) is harmonic if
h(u) =Y P(u,v)h(v)

for every vertex u € V, or equivalently if (h(X,,))n>0 is a martingale when (X,,),>0 is a trajectory

of the Markov chain. If G is a transient, uniquely absorbing, bounded degree plane graph, then for
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each bounded Borel function f : R/nZ — R, we define a harmonic function h on G by setting

f (nlglgo 9()@)]

for each v € V, where E, denotes the expectation with respect to a random walk (X),>0 started

h(v) = E,

at v and 0(v) is the horizontal coordinate associated to the vertex v by the square tiling of G (see
Section [8.2.3). Georgakopoulos [100] proved that moreover every bounded harmonic function on
G may be represented this way, answering a question of Benjamini and Schramm [48]. In other
words, Georgakopoulos’s theorem identifies the geometric boundary of the square tiling of G with
the Poisson boundary of G (see Section . Probabilistically, this means that the tail o-algebra
of the random walk (X,,),>¢ is trivial conditional on the limit of §(X,,).

In this paper, we give a new proof of Georgakopoulos’s theorem. We state our result in the
natural generality of plane networks. Recall that a network (G,c) is a connected, locally finite
graph G = (V, E), possibly containing self-loops and multiple edges, together with a function
¢: E — (0,00) assigning a positive conductance to each edge of G. The conductance ¢(v) of a
vertex v is defined to be the sum of the conductances of the edges emanating from v, and for each
pair of vertices u,v the conductance c(u,v) is defined to be the sum of the conductances of the
edges connecting u to v. The random walk on the network is the Markov chain with transition
probabilities p(u, v) = ¢(u,v)/c(u). Graphs without specified conductances are considered networks
by setting c(e) = 1. We will usually suppress the notation of conductances, and write simply G
for a network. Instead of square tilings, general plane networks are associated to rectangle tilings,
see Section See Section for detailed definitions of plane graphs and networks. For each
vertex v of G, I(v) C R/nZ is an interval associated to v by the rectangle tiling of G.

Theorem 8.1.1 (Identification of the Poisson boundary). Let G be a plane network and let S, be
the rectangle tiling of G in the cylinder R/nZ x [0,1]. Suppose that 0(X,,) converges to a point in
R/nZ and that length(I(X,)) converges to zero almost surely as n tends to infinity. Then for every
bounded harmonic function h on G, there exists a bounded Borel function f :R/nZ — R such that

f ( Tim. 9(&))] -

for every v € V. That is, the geometric boundary of the rectangle tiling of G coincides with the

h(v) = E,

Poisson boundary of G.

The convergence theorem of Benjamini and Schramm [48] implies that the hypotheses of The-
orem are satisfied when G has bounded degrees.
8.1.1 Circle packing

An alternative framework in which to study harmonic functions on planar graphs is given by

the circle packing theorem. A circle packing is a collection C of non-overlapping (but possibly
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Figure 8.1: The square tiling and the circle packing of the 7-regular hyperbolic triangulation.

tangent) discs in the plane. Given a circle packing C, the tangency graph of C is defined to be
the graph with vertices corresponding to the discs of C and with two vertices adjacent if and only
if their corresponding discs are tangent. The tangency graph of a circle packing is clearly planar,
and can be drawn with straight lines between the centres of tangent discs in the packing. The
Koebe-Andreev-Thurston Circle Packing Theorem [156, 221] states conversely that every finite,
simple (i.e., containing no self-loops or multiple edges), planar graph may be represented as the
tangency graph of a circle packing. If the graph is a triangulation (i.e., every face has three sides),
its circle packing is unique up to Mobius transformations and reflections. We refer the reader to
[215] and [202] for background on circle packing.

The carrier of a circle packing is defined to be the union of all the discs in the packing together
with the bounded regions that are disjoint from the discs in the packing and are enclosed by the
some set of discs in the packing corresponding to a face of the tangency graph. Given some planar
domain D, we say that a circle packing is in D if its carrier is D.

The circle packing theorem was extended to infinite planar graphs by He and Schramm [121],
who proved that every proper plane triangulation admits a locally finite circle packing in the plane
or the disc, but not both. We call a triangulation of the plane CP parabolic if it can be circle
packed in the plane and CP hyperbolic otherwise. He and Schramm also proved that a bounded
degree simple triangulation of the plane is CP parabolic if and only if it is recurrent for the simple
random walk.

Benjamini and Schramm [47] proved that, when a bounded degree, CP hyperbolic triangulation
is circle packed in the disc, the simple random walk converges to a point in the boundary of the disc
and the law of the limit point is non-atomic and has full support. Angel, Barlow, Gurel-Gurevich
and Nachmias [17] later proved that, under the same assumptions, the boundary of the disc is a

realisation of the Poisson boundary of the triangulation. These results were extended to unimodular
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random rooted triangulations of unbounded degree by Angel, Hutchcroft, Nachmias and Ray [21].
Our proof of Theorem is adapted from the proof of [21], and also yields a new proof of the

Poisson boundary result of [17], which follows as a special case of both Theorems [8.1.2| and 8.1.3|

below.

8.1.2 Robustness under rough isometries

The proof of Theorem is quite robust, and also allows us to characterise the Poisson boundaries
of certain non-planar networks.

Benjamini and Schramm [47] proved that every transient network of bounded local geometry
that is rough isometric to a planar graph admits non-constant bounded harmonic functions. In
general, however, rough isometries do not preserve the property of admitting non-constant bounded
harmonic functions [47, Theorem 3.5], and consequently do not preserve Poisson boundaries.

Our next theorem establishes that, for a bounded degree graph G roughly isometric to a bounded
degree proper plane graph G’, the Poisson boundary of G coincides with the geometric boundary
of a suitably chosen embedding of G’, so that the same embedding gives rise to a realisation of the
Poisson boundaries of both G and G’. See Section for the definition of an embedding of a
planar graph.

Theorem 8.1.2 (Poisson boundaries of roughly planar networks). Let G be a transient network
with bounded local geometry such that there exists a proper plane graph G' with bounded degrees and
a rough isometry ¢ : G — G'. Let (X,,)n>0 be a random walk on G. Then there exists an embedding
z of G' into D such that z o $(X,,) converges to a point in 0D and the law of the limit point is
non-atomic. Moreover, for every such embedding z and for every bounded harmonic function h on
G, there exists a bounded Borel function f : 0D — R such that

h(v) = E,

f (JE&Z o </>(Xn)>] :

for every v € V.. That is, the geometric boundary of the disc coincides with the Poisson boundary
of G.

The part of Theorem concerning the existence of an embedding is implicit in [47].

A further generalisation of Theorem concerns embeddings of possibly irreversible planar
Markov chains: The only changes required to the proof of Theorem in order to prove the

following are notational.

Theorem 8.1.3. Let (V, P) be a Markov chain such that the graph
G= (V,{(u, v) € V?: P(u,v) > 0or P(v,u) > O})

is planar. Suppose further that there exists a vertex p € V such that for every v € V there exists
n such that P"(p,v) > 0, and let (X;,)n>0 be a trajectory of the Markov chain. Let z be a (not
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necessarily proper) embedding of G into the unit disc D such that (2(Xy))n>0 converges to a point
in 0D almost surely and the law of the limit point is non-atomic. Then for every bounded harmonic
function h on (V, P), there exists a bounded Borel function f : 0D — R such that

7 (1 z(Xn>)] .

h(v) = E,

for everyv € V.

8.1.3 The Martin boundary

In [17] it was also proven that the Martin boundary of a bounded degree CP hyperbolic triangulation
can be identified with the geometric boundary of its circle packing. Recall that a functiong: V — R

on a network G is superharmonic if

g(u) > (1u S e, v)g(v)

) o

for every vertex u € V. Let p be a fixed vertex of G and consider the space &T of positive
superharmonic functions g on G such that g(p) = 1, which is a convex, compact subset of the
space of functions V' — R equipped with the product topology (i.e. the topology of pointwise
convergence). For each v € V, let P, be the law of the random walk on G started at v. We can
embed V into &T by sending each vertex u of G to its Martin kernel

E, [#(visits to u)] _ Py(hit u)

Mu(v) = E, [#(visits to u)] ~ P,(hit u)’

The Martin compactification M(G) of the network G is defined as the closure of {M,, : u € V'}
in &%, and the Martin boundary dM(G) of the network G is defined to be the complement of

the image of V,
OM(G) = M(G)\{M, :ueV}.

See [84, 201, 229] for background on the Martin boundary.
Our next result is that, for a triangulation of the plane with bounded local geometry, the

geometric boundary of the square tiling coincides with the Martin boundary.

Theorem 8.1.4 (Identification of the Martin boundary). Let T' be a transient, simple, proper plane
triangulation with bounded local geometry. Let S, be a square tiling of T in a cylinder R/nZ x [0, 1].
Then

1. A sequence of vertices (vp)n>0 in T converges to a point in the Martin boundary of T if and

only if y(v,) — 1 and O(v,) converges to a point in R/nZ.

2. The map
M :60+—— My:= li_}m M,, where (8(vn),y(vn)) — (6, 1),
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which is well-defined by (1), is a homeomorphism from R/nZ to the Martin boundary OM(T)
of T.

That is, the geometric boundary of the rectangle tiling of G coincides with the Martin boundary of
G.

This will be deduced from the analogous statement for circle packings [17, Theorem 1.2] together
with the following theorem, which states that for a bounded degree triangulation 7', the square

tiling and circle packing of T define equivalent compactifications of 7.

Theorem 8.1.5 (Comparison of square tiling and circle packing). Let T' be a transient, simple,
proper plane triangulation with bounded local geometry. Let S, be a rectangle tiling of T in the

cylinder R/nZ x [0,1] and let C be a circle packing of T in D with associated embedding z. Then

1. A sequence of vertices (vn)n>0 in T converges to a point in D if and only if y(v,) — 1 and

0(v,) converges to a point in R/nZ.

2. The map
& — lim 6(v;) where z(v;) — &,

1—00

which is well-defined by (1), is a homeomorphism from 0D to R/nZ.

Theorem also allows us to deduce the Poisson boundary results of [100] and [17] from each
other in the case of bounded degree triangulations.
Theorem has the following immediate corollaries by standard properties of the Martin

compactification.

Corollary 8.1.6 (Continuity of harmonic densities). Let T' be a transient proper simple plane
triangulation with bounded local geometry, and let S, be a rectangle tiling of T' in the cylinder
R/nZ x [0,1]. For each vertex v of T, let w, denote the harmonic measure from v, defined by

W) = Pv( lim 0(X,) € %)

n—oo

for each Borel set &/ C R/nZ, and let A\ = w, denote the Lebesgue measure on R/nZ. Then for

every v of T', the density of the harmonic measure from v with respect to Lebesque is given by

dwy,

dA

(0) = Mp(v)

which is continuous with respect to 0.

Corollary 8.1.7 (Representation of positive harmonic functions). Let T be a transient proper
simple plane triangulation with bounded local geometry, and let S, be a rectangle tiling of T' in the
cylinder R/nZ x [0,1]. Then for every positive harmonic function h on T, there exists a unique

measure j1 on R/nZ such that

h(v) = My (v) dpu(0).
R/nZ
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8.2. Background

for everyv € V.

8.2 Background

8.2.1 Notation

We use e to denote both oriented and unoriented edges of a graph or network. An oriented edge e
is oriented from its tail e~ to its head e™. Given a network G and a vertex v of G, we write P, for

the law of the random walk on G started at v and E, for the associated expectation operator.

8.2.2 Embeddings of planar graphs

Let G = (V, E) be a graph. For each edge e, choose an orientation of e arbitrarily and let I(e) be an
isometric copy of the interval [0, 1]. The metric space G = G(G) is defined to be the quotient of the
union | J, I(e) UV, where we identify the endpoints of I(e) with the vertices e~ and e* respectively,
and is equipped with the path metric. An embedding of G into a surface S is a continuous,
injective map z : G — S. The embedding is proper if every compact subset of S intersects at most
finitely many edges and vertices of z(G). A graph is planar if and only if it admits an embedding
into R?. A plane graph is a planar graph together with an embedding G(G) — R? or some other
surface homeomorphic to R? such as the open disc; it is a proper plane graph if the embedding
z is proper. A (proper) plane network is a (proper) plane graph together with an assignment of
conductances ¢ : E — (0,00). A proper plane triangulation is a proper plane network in which
every face (i.e connected component of R?\ z(G)) has three sides.

A set of vertices W C V is said to be absorbing if with positive probability the random walk
(Xn)n>0 on G is contained in W for all n greater than some random N. A plane graph G is said
to be uniquely absorbing if for every finite subgraph G of G, there is exactly one connected
component D of R?\ J{z(I(e)) : e € Gp} such that the set of vertices {v € V : z(v) € D} is

absorbing.

8.2.3 Square tiling

Let G be a transient, uniquely absorbing plane network and let p be a vertex of G. For each v € V'

let y(v) denote the probability that the random walk on G started at v never visits p, and let

=y clp,u)y(u).

ur~p

Let R/nZ be the circle of length 7. Then there exists a set
S,={5(e):ec £}

such that:
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8.3. The Poisson boundary

1. For each oriented edge e of G such that y(e™) > y(e™), S(e) C R/nZ x [0,1) is a rectangle of

the form

where I(e) C R/nZ is an interval of length

length (I(e)) := c(e) (y(e+) - y(ef)) .

If e is such that y(e™) < y(e™), we define I(e) = I(—e) and S(e) = S(—e). In particular, the

aspect ratio of S(e) is equal to the conductance c(e) for every edge e € E.
2. The interiors of the rectangles S(e) are disjoint, and the union (J, S(e) = R/nZ x [0, 1).

3. For every vertex v € V, the set I(v) =

I(e) is an interval and is equal to | I(e).

e~ =v et=v

4. For almost every § € C' and for every t € [0,1), the line segment {6} x [0,t] intersects only

finitely many rectangles of S,,.

Note that the rectangle corresponding to an edge through which no current flows is degenerate,

consisting of a single point. The existence of the above tiling was proven by Benjamini and Schramm

[48]. Their proof was stated for the case ¢ = 1 but extends immediately to our setting, see [100].
Let us also note the following property of the rectangle tiling, which follows from the construc-

tion given in [48].

(5) For each two edges e; and ez of G, the interiors of the vertical sides of the rectangles S(eq)
and S(e2) have a non-trivial intersection only if e; and es both lie in the boundary of some

common face f of G.

For each v € V, we let (v) be a point chosen arbitrarily from I(v).

Let G be a uniquely absorbing proper plane network. Benjamini and Schramm [48] proved
that if G has bounded local geometry and (X,),>0 is a random walk on G started at p, then
0(X,) converges to a point in R/nZ and the law of the limit point is Lebesgue (their proof is
given for bounded degree plane graphs but extends immediately to this setting). An observation
of Georgakopoulos [100, Lemma 6.2] implies that, more generally, whenever G is such that 6(X,,)
converges to a point in R/nZ and length(I(X,)) converges to zero almost surely, the law of the

limit point is Lebesgue.

8.3 The Poisson boundary

Let (V,P) be a Markov chain. Harmonic functions on (V, P) encode asymptotic behaviours of a

trajectory (Xp)n>0 as follows. Let 2 denote the path space
Q= {<$i>z’20 e N sp(zi,xiqp1) >0 Vi> 0}
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8.3. The Poisson boundary

and let B denote the Borel o-algebra for the product topology on ). Let Z denote the invariant
o-algebra
1= {JZV eB: <xi>i20 € o +— <xi+1>,‘20 € of V<xi>i20 S Q}

Assume that there exists a vertex p € V' from which all other vertices are reachable:
Vv € V' 3k > 0 such that pg(p,v) >0

which is always satisfied when P is the transition operator of the random walk on a network G.
Then there exists an invertible linear transformation H between L*°(§,Z, P,) and the space of

bounded harmonic functions on G defined as follows [55, 173, Proposition 14.12]:

H:f—Hf(v) =E, {f (<Xn>n20)}
H':h— iL (<$z>220) = zll)lilo h(a;z) (831)

where the above limit exists for P,-a.e. sequence (z;);>0 by the martingale convergence theorem.

Proposition 8.3.1 (Path-hitting criterion for the Poisson boundary). Let (V, P) be a Markov chain
and let (Xn)n>0 be a trajectory of the Markov chain. Suppose that i : V. — M is a function from
V' to a metric space M such that 1¥(X,,) converges to a point in M almost surely. For each k > 0,
let <ZJ]?>]~20 be a trajectory of the Markov chain started at X}, that is conditionally independent of
(Xpn)n>0 given Xy, and let P denote the joint distribution of (X,)n>0 and each of the (ZX)m>o.
Suppose that almost surely, for every path (vi)i>0 € Q started at p such that lim; o Y (v;) =
limy, o0 (X)), we have that

lim sup IP (<Zﬁz>m20 hits {v; 11 > 0} ) (Xn>n20) > 0. (8.3.2)

k—o00

Then for every bounded harmonic function h on G, there exists a bounded Borel function f : Ml — R

such that
f ( Tim. wom)]

Note that it suffices to define f on the support of the law of lim,,_,~ 1 (X},), which is contained

h(v) = E,

for every v € V.

in the set of accumulation points of {i(v) : v € V'}.
A consequence of the correspondence (8.3.1) is that, to prove Proposition m, it suffices to
prove that for every invariant event o € 7, there exists a Borel set 8 C M such that

P, <%A{ li_>m P(Xy) € @}) = 0 for every vertex v € V.
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8.3. The Poisson boundary

Proof of Proposition|8.53.1. Let o/ € T be an invariant event and let A be the harmonic function
h(v) := Py,({Xn)n>0 € &).

Lévy’s 0-1 law implies that
hMXn) —2 1 ((Xp)n>o € )

n—oo

and so it suffices to exhibit a Borel set 4 C M such that

P, <527A{ lim (X,) € @})
=P, <{1i£r;s£p h(Xn) > 0}A{ lim 9 (X,) € %}) =0.

We may assume that P,(.</) > 0, otherwise the claim is trivial.

Let dp; denote the metric of M. For each natural number m > 0, let N(m) be the smallest

natural number such that
1
P, (Eln > N(m) such that dy <¢(Xn),klim ¢(Xk)) > > <™,
—00 m

For each n, let m(n) be the largest m such that n > N(m), so that m(n) — oo as n — oo.
Borel-Cantelli implies that, for all but finitely many m, there does not exist an n > N(m) such
that

doe (006, i v(%0)) >
and it follows that .
dm (w(X”)’kh_{I;o ¢(Xk)> < mn)

for all but finitely many n almost surely.
Define the set & C M by

2 c M 3 a path (v;)i>0 in G with vy = p such that dy(¢(vi), ) < 1/m(i)

=< : =
for all but finitely many ¢ and inf;>0h(v;) >0

To see that & is Borel, observe that it may be written in terms of closed subsets of M as follows

3 a path (v;)_, in G with vy = p such that

=) J{zeM: du(®(v),z) <1/m(i) for all j <i < I and
h20920127 h(v) > 1/k for all 0 < i < I

It is immediate that lim, . ¥(X,) € % almost surely on the event that h(X,) converges to 1:
simply take (v;)i>0 = (X;)i>0 as the required path. In particular, the event {lim, . ¥(X,) € £}
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8.3. The Poisson boundary

has positive probability.

We now prove conversely that lim inf,, o, A(X,) > 0 almost surely on the event that lim,,_,~ ¥ (X,,) €
2. Condition on this event, so that there exists a path (v;);>0 in G starting at p such that
lim; o0 ¥ (vi) = limy, 00 (X)) and inf;>o h(v;) > 0. Fix one such path. Applying the optional
stopping theorem to (h(ZF))m>0, we have

B(Xk) > P ((Z5)mzo hits {v; i > 0} ] (Xa)uzo) - inf{h(vi) : i > 0}
and so, by our assumption (8.3.2), we have that

limsup h(Xy) > limsup P ((Z,’?n>m20 hits {v; : i > 0} ’ (Xn>n20) Sinf{h(v;) 1 i > 0}

k—o0 k—oo

is positive almost surely. d

We remark that controlling the rate of convergence of the path in the definition of % can be
avoided by invoking the theory of universally measurable sets.

We now apply the criterion given by Proposition to prove Theorem and Theo-
rem

Proof of Theorem[8.1.1. Let (X, )n>0 and (Y,)n>0 be independent random walks on G started at
p, and for each k > 0 let <ZJ’?>j20 be a random walk on G started at X} that is conditionally
independent of (X,)n>0 and (Y),>o given X;. Let P denote the joint distribution of (X,,),>0,
(Yin)n>0 and all of the random walks <an>m20. Given two points 01,02 € R/nZ, we denote by
(01,02) C R/nZ the open arc between #; and 65 in the counter-clockwise direction. For each such
interval (01,62) € R/nZ, let

o (0) = P, (Jim 0X) € (81.82) )

be the probability that a random walk started at v converges to a point in the interval (61, 6s).

Since the law of lim,_,~ 6(X,,) is Lebesgue and hence non-atomic, the two random variables
0% = lim, 00 0(X,) and 6 := lim,,_,o 0(Y},) are almost surely distinct. We can therefore write
R/nZ \ {67,0} as the union of the two disjoint non-empty intervals R/nZ x {1} \ {07,607} =
(0T,07)U(0~,07). Let

Qk = qo- o+)(Xg) =P <T&i_{ﬂoo9(zfn) € (607,07) | (Xn)n>0, <Yn>n20>

be the probability that a random walk started at X}, that is conditionally independent of (X,,)n>0
and (Y,,)n>0 given X, converges to a point in the interval (6—,6%).
We claim that the random variable @, is uniformly distributed on [0, 1] conditional on (X, )%_,

and (Y,,)n>0. Indeed, since the law of 6 given X}, is non-atomic, for each s € [0,1] there existﬂ

9In the present setting, #° is unique since the ;aw of 8% given X} has full support.
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(0,07

Figure 8.2: Illustration of the proof. Conditioned on the random walk (X,),>0, there exists a
random e > 0 such that almost surely, for infinitely many k, a new random walk (ZF),,>¢ (red)
started from X} has probability at least € of hitting the path (v;);>0 (blue).

0% = 0°(Xy, 0~ ) € R/nZ such that

P (e+ € (67,0°)

X, 0_) =s.
The claim follows by observing that

P (Qu € [0, (Xuhoo, (Yauzo ) =B (6% € (67,6°) | X0, 67) = .

As a consequence, Fatou’s lemma implies that for every ¢ > 0,

P(Qk € [e,1 — €] infinitely often) = E [lim supl (Q € [e,1 — 5])]

k—o0

> limsupP (Qy € [5,1 —¢]) =1 — 2¢.
k—o0
and so

lim sup min{Qy, 1 — Qx} > 0 almost surely. (8.3.3)

k—ro0
Let (v;)i>0 be a path in G started at p such that lim; , 0(v;) = 07 and the height y(v;) tends
to 1. Observe (Figure 1) that for every k > 0, the union of the traces {v; : i« > 0} U{Y,, : n > 0}
either contains X}, or disconnects X}, from at least one of the two intervals (0—,0%) or (6%,07).
That is, for at least one of the intervals (6~,0%) or (67,07), any path in G started at X}, that
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converges to this interval must intersect {v; : i > 0} U{Y,, : n > 0}. It follows that
P <<Zﬁq>m20 hits {Ui 1> 0} U {Yn n> 0} ’ <Xn>n207 <Yn>n20) > min{Qk, 1-— Qk}

and so, applying (8.3.3),

lim sup P <<Z,’;;>m20 hits {v; 14 > 0} U {Y, :n > 0} ‘ (X )n0, (Yn>n20) >0 (8.3.4)

k—o0
almost surely. We next claim that

P ((an>m20 hits {Y,, : n > 0} ‘ (Xm0, <Yn)n20> LN (8.3.5)

k—o00

Indeed, we have that

P (<Z{;>m20 hits {Y,, : n > 0} ] (X )ns0, <Yn>n20)
=P ({Zh) w0 hits (¥ 10 2 0} | (Xa)hiog, (Ya)uzo)
_p (<Xm>m2k hits {Y, 1 n > 0} } XV, <Yn)n20> .

The rightmost expression converges to zero almost surely by an easy application of Lévy’s 0-1 law:
For each kg < k, we have that

P ((Zh)mo hits {¥a 212 0} (Xu)uzo, (Ya)uz)
<P ((Xumhmzro hits {Ya 1= 0} | (Xa)h o, (Ya)no)

2 T((Xom)m>k, hits {Y;, 1 n > 0}),

k—o0

and the claim follows since 1((X)m>k, hits {Y;, : n > 0}) — 0 a.s. as kg — oo.

Combining (8.3.4) and (8.3.5), we deduce that

limsup P ((an>m20 hits {v; : ¢ > 0} ’ (Xn>n20)

k—o0

= limsup P (<Z§m>m20 hits {v; : i > 0} | (Xyn)n>0, <Yn>n20) >0

k—00

almost surely. Applying Proposition with ¢ = (0,y) : V — R/nZ x [0,1] completes the
proof. O

8.3.1 Proof of Theorem

Proof. Let G = (V, E) be a transient network with bounded local geometry such that there exists
a proper plane graph G' = (V’/,G’) with bounded degrees and a rough isometry ¢ : V. — V'.

Then G’ is also transient [173, §2.6]. We may assume that G’ is simple, since ¢ remains a rough
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isometry if we modify G’ by deleting all self-loops and identifying all multiple edges between each
pair of vertices. In this case, there exists a simple, bounded degree, proper plane triangulation
T’ containing G’ as a subgraph [47, Lemma 4.3]. The triangulation 7" is transient by Rayleigh
monotonicty, and since it has bounded degrees it is CP hyperbolic by the He-Schramm Theorem.
Let C be a circle packing of T” in the disc D and let z be the embedding of G’ defined by this circle
packing, so that for each v € V', z(v') is the center of the circle of C corresponding to v’, and each
edge of G’ is embedded as a straight line between the centers of the circles corresponding to its
endpoints.
Recall that the Dirichlet energy of a function f : V — R is defined by

1 2

Ea(f) =5 Y ele) |fe) = f(e)
The following lemma is implicit in [212].

Lemma 8.3.2. Let ¢ : V — V' be a rough isometry from a network G with bounded local geometry

to a network G' with bounded local geometry. Then there exists a constant C such that

Ea(f o ¢) < CEq(f). (8.3.6)

for all functions f: V' — R.

For each pair of adjacent vertices u and v in G, we have that d'(¢(u),p(v)) < a + 3, and so
there exists a path in G’ from ¢(u) to ¢(v) of length at most o + 3. Fix one such path ®(u,v) for

each u and v.

Proof. Since there at most a + § edges of G in each path ®(u,v), and the conductances of G are

bounded, there exists a constant C7 such that

Ea(fo6) =Y ele) (Fod(e) ~ fosen)) =S ee)( X2 5~ 7))
e e'ed(e)
2

<o} Y (fet) - fe) (8.3.7)
e eed(e)
Let € be an edge of G’. If e; and ey are two edges of G such that ®(e],ef) and ®(ey,e]) both
contain €', then d'(¢(e; ), p(e;)) < 2(a+ ) and so

dley,e5) < a (d’ (gb(el_), qs(e;)) + ,8> < a2a + 3p).
Thus, the set of edges e of G such that ®(e~, e") contains €’ is contained a ball of radius «(2a+ 33)

in G. Since G has bounded degrees, the number of edges contained in such a ball is bounded by

some constant Cy. Combining this with the assumption that the conductances of G’ are bounded
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below by some constant Cs, we have that

foo) <y S (fe (e'*))2

e eed(e)

< 10y Z (f(€/+) - f(el_)>2 < C1CC3Eq (). O

6/

The proofs of Lemmas and below are adapted from [17].

Lemma 8.3.3. Let (X,,)n>0 denote the random walk on G. Then z o ¢(X,) converges to a point

in D almost surely.

Proof. Ancona, Lyons and Peres [12] proved for every function f of finite Dirichlet energy on a
transient network G, the sequence f(X,) converges almost surely as n — oco. Thus, it suffices to
prove that each coordinate of z o ¢ has finite Dirichlet energy. Applying the inequality ,
it suffices to prove that each coordinate of z has finite energy. For each vertex v’ of G', let r(v')

denote the radius of the circle corresponding to v in C. Then, letting z = (21, 22),

for(e0) + () = 3 [oe?) —ste” ]—02( (o))’

< 2max (deg(v Cz 2 <20 max (deg(v')) < o0

since > 7r(v)? < 7 is the total area of all the circles in the packing. O
Lemma 8.3.4. The law of lim,, o 2 0 ¢(X,,) does not have any atoms.

Proof. Let By(p) be the set of vertices of G at graph distance at most k& from p, and let G be
the subnetwork of G induced by By (p) (i.e. the induced subgraph together with the conductances
inherited from G). Recall that the free effective conductance between a set A and a set B in

an infinite graph G is given by
(A< B; G) =min {E(F): F(a) =1Va€ A, F(b)=0Vbe B}.

The same variational formula also defines the effective conductance between two sets A and B in
a finite network G, denoted (A <> B;G). A related quantity is the effective conductance from

a vertex v to infinity in G
Get(V = 00; G) = klirn Ch(v & V\ Br(p); G) = hrn Ch(v & V\ Br(p); Gry1),
—00

which is positive if and only if G is transient. See [173, §2 and §9] for background on electrical
networks. The inequality (8.3.6) above implies that there exists a constant C' such that

(A< B; G) < CC4% (60(A) « ¢(B); G') (8.3.8)
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for each two sets of vertices A and B in G.
Let p € V and £ € 0D be fixed, and let

A€) = {veV:lzog(v) — &l <e}.

In [17, Corollary 5.2], it is proven that
lim G (6(p) ¢ $(A:(€)); T') = 0.

Applying (8.3.8)) and Rayleigh monotonicity, we have that

Gux (0 A(£); G) < CCl (8(p) > D(A(8)); G)

< CE (9(p) © 9(A:(9): T') —> 0. (8.3.9)

The well-known inequality of [173, Exercise 2.34] then implies that

Gett (p <+ Ac(€) N By(p); Grg1)
ot (p < AUV \ Bi(p); Gis1)
o Cen (p & Ac(€) N Br(p); Gryr)
T G (P V\Bi(p);Gry1)

P,(hit A.(§) before V' \ By(p)) <

Applying the exhaustion characterisation of the free effective conductance [173, §9.1], which states
that
€5 (A < B;G) = lim .5(A < B;Gy),
k—o0

we have that

P, (hit A.(¢)) = kli_}n;o P,(hit A.(§) before V' \ By(p))
Get (p > Ac(§) N Bi(p); Ges1) B (p < Ac(€); G) '

< lim = 8.3.10
k—ro0 Cgeﬁ (p ~V \ Bk(p); Gk—H) Cott (p — OQ; G) ( )

Combining (8.3.9) and (8.3.10) we deduce that
P, (nlggo zop(X,) = 5) < lim P, (hit A<(¢)) =0. O

This concludes the part of Theorem concerning the existence of an embedding.

Remark 8.3.5. The statement that P(hit A.(£)) converges to zero as € tends to zero for every
¢ € OD can also be used to deduce convergence of z o ¢(X,,) without appealing to the results of
[12]: Suppose for contradiction that with positive probability z o ¢(X,,) does not converge, so that
there exist two boundary points &1, &2 € dD in the closure of {z 0 ¢(X,,) : n > 0}. It is not hard to
see that in this case the closure of {z o ¢(X,,) : n > 0} must contain one of the boundary intervals

[€1,&2] or [£2,&1]. However, if the closure of {z o ¢(X,) : n > 0} contains an interval of positive
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length with positive probability, then there exists a point £ € 0D that is contained in the closure
of {z 0 ¢(X,) : n > 0} with positive probability. This contradicts the convergence of P(hit A.(£))

to zero.

Proof of Theorem identification of the Poisson boundary. Let (X,)n>0 and (Y,)n>0 be
independent random walks on G started at p, and for each k > 0 let (Zf) j>0 be a random walk on
G started at X}, that is conditionally independent of (X,,),,>0 and (Y),>0 given Xj. Let P denote
the joint distribution of (X,,),>0, (Yn)n>0 and all of the random walks (ZX),,>¢.

Suppose that z is an embedding of G’ in D such that zo¢(X,,) converges to a point in 9D almost
surely and the law of the limit is non-atomic. Since the law of lim,,_,~, z 0 ¢(X,,) is non-atomic, the
random variables £ = lim,, 00 2 0 ¢(X},) and £~ = lim, 0 2 © ¢(Y;,) are almost surely distinct.
Let

Q=P (ﬂ}gnooz 0 d(Zy) € (67,67) [ {(Xn)nz0, <Yn>n20> :

Using the non-atomicity of the law of lim, o z © ¢(X,,), the same argument as in the proof of
Theorem also shows that

lim sup min{Qg, 1 — Qx} > 0 almost surely. (8.3.11)

k—o00

We now come to a part of the proof that requires more substantial modification. Let (v;);>0 be
a path in G starting at p such that z o ¢(v;) — €7

Given a path (u;);>0 in G, let ®((u;);>0) denote the path in G’ formed by concatenating the
paths ®(u;, u;11) for i > 0. For each k > 0, let 7 be the first time ¢ such that the path ®(ZF |, ZF)
intersects the union of the traces of the paths ®((v;)i>0) and ®((Y;)n>0). Since the union of the
traces of the paths ®((v;);>0) and ®((Y,,)n>0) either contains ¢(X}) or disconnects ¢(Xy) from at
least one of the two intervals (£7,&T) or (€1,£7), we have that

P (Tk < o0 ‘ <Xn>n20> <Yn>n20) > miH{Qk, 1- Qk}

and so
limsup P (73, < 00 | (Xn)n>0, (Ya)nz0) >0 (8.3.12)

k—o0

almost surely by (8.3.11)).

On the event that 7y is finite, by definition of ®, there exists a vertex u € {v; : i > 0} U {Y), :
n > 0} such that d'(4(Z;), d(u)) < 2a+ 23, and consequently d(Z;,u) < a(2a + 33) since ¢ is a
rough isometry. Since G has bounded degrees and edge conductances bounded above and below,

c(e)/c(u) > 6 for some 6 > 0. Thus, by the strong Markov property,

P (<Z{;>m20 hits {v; 17> 0} U{Yp : 1 > 0} | (Xo)ns0, (Yi)nsos {7k < oo})
> §o20438) 5 0 (8.3.13)
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8.4. Identification of the Martin boundary

for all kK > 0. Combining (8.3.12)) and (8.3.13) yields

lim sup P ((Z,’mmzo hits {v; i > 0} U {Y, :n >0} ) (Xm0, <Yn>n20) >0 (8.3.14)

k—o0

almost surely. The same argument as in the proof of Theorem also implies that

P (<Z{;>m20 hits {Y,, : n > 0} ‘ (Xm0, (Yn>n20> LN (8.3.15)
k—o0

We conclude by combining (8.3.14]) with (8.3.15)) and applying Proposition to) =z0¢:V —
D U oD. [

8.4 Identification of the Martin boundary

In this section, we prove Theorem and deduce Theorem We begin by proving that
the rectangle tiling of a bounded degree triangulation with edge conductances bounded above and

below does not have any accumulations of rectangles other than at the boundary circle R/nZ x {1}.

Proposition 8.4.1. Let T be a transient, simple, proper plane triangulation with bounded local
geometry. Then for every vertex v of T and every € > 0, there exist at most finitely many vertices

u of T such that the probability that a random walk started at u visits v is greater than €.

Proof. Let C be a circle packing of T" in the unit disc D, with associated embedding z of T'. Benjamini
and Schramm [47, Lemma 5.3] proved that for every £ > 0 and x > 0, there exists 6 > 0 such that
for any v € V with |z(v)| > 1 — 6, the probability that a random walk from v ever visits a vertex
such that |z(u)] < 1— k is at most €. (Their proof is given for ¢ = 1 but extends immediately to
this setting.) By setting x = 1 — |2(v)|, it follows that for every € > 0, there exists § > 0 such that
for every vertex u with |z(u)| > 1 — 4, the probability that a random walk started at w hits v is at

most €. The claim follows since |z(u)| > 1 — § for all but finitely many vertices u of T'. O

Corollary 8.4.2. Let T be a transient proper plane triangulation with bounded local geometry, and
let S, be a rectangle tiling of T'. Then for every t € [0,1), the cylinder R/nZ x [0,t] intersects only
finitely many rectangles S(e) € S,.

We also require the following simple geometric lemma.

Lemma 8.4.3. Let T be a transient proper plane triangulation with bounded local geometry, and
let S, be the square tiling of T' in the cylinder R/nZ x [0,1]. Then for every sequence of vertices
(Un)n>0 such that y(vy,) — 1 and O(v,) — 6y for some (6p,y0) as n — oo, there exists a path
(Yn)n>0 containing {vy, : n > 0} such that y(vn) — 1 and 6(y,) — 6y as n — oo.

Proof. Define a sequence of vertices (v],),>0 as follows. If the interval I(v,) is non-degenerate (i.e.
has positive length), let v, = v,,. Otherwise, let (1););>0 be a path from v, to p in T, let j(n) be the

smallest j > 0 such that the interval I(n;(,)) is non-degenerate, and set vl = Nj(n)- Observe that
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8.4. Identification of the Martin boundary

y(vl) = y(vy,), that the interval I(v],) contains the singleton I(v,), and that the path 7™ = <77;‘>§(:n0)
from vy, to v}, in T satisfies (I1(7;), y(7;)) = (L(vn),y(vy)) for all j < j(n).

Let ¢'(v],) € I(vy,) be chosen so that the line segment ¢, between the points (6'(v},), y(v),)) and
(0" (vy,41), y(v},41)) in the cylinder R/nZ x [0, 1] does not intersect any degenerate rectangles of S, or
a corner of any rectangles of S, (this is a.s. the case if §'(v],) is chosen uniformly from I(v,) for each
n). The line segment ¢,, intersects some finite sequence of squares corresponding to non-degenerate

rectangles of S,, which we denote e7,...,ef,). Let ¢ be oriented so that y(elt) > y(el™) for

n)’
every i and n. For each 1 <14 <[(n) — 1, either
1. the vertical sides of the rectangles S(ej') and S(ej, ;) have non-disjoint interiors, in which

case e and e, lie in the boundary of a common face of T', or

2. the horizontal sides of the rectangles S(e’) and S(ej, ;) have non-disjoint interiors, in which

case e;' and e}, ; share a common endpoint.

n— )
i1 for each ¢

and n. We define a path 4" by alternatingly concatenating the edges e}’ and the edges connecting

In either case, since T is a triangulation, there exists an edge in 7' connecting e;” toe

el to ejr1 as i increases from 1 to [(n). Define the path v by concatenating all of the paths

it oo (=" )

where —7"*! denotes the reversal of the path 771,

Let M be an upper bound for the degrees of T" and for the conductances and resistances of the
edges of T'. For each vertex v of T, there are at most M rectangles of S, adjacent to I(v) from
above, so that at least one of these rectangles has width at least length(I(v))/M. This rectangle
must have height at least length(I(v))/M?. It follows that

length(I(v)) < M2 (1 —y(v)) (8.4.1)

for all v € T, and so for every edge e of T,
1
) —yleh)] < — ) <M1 —yle” 4.
(™) ()| < plength (1)) < M7 (1= (7)) (8.4.2)

~n—+1

By construction, every vertex w visited by the path 7”0y o(—7""") has an edge emanating from

it such that the associated rectangle intersects the line segment ¢,,, and consequently a neighbouring
vertex w’ such that y(w’) > min{y(vy,), y(vnt1)}. Applying (8.4.2), we deduce that

y(w) > (1+ M) min{y(va), y(vns1)} = M

for all vertices w visited by the path 7" o v o (—7"*1), and consequently y(yx) — 1 as k — oco.

The estimate (8.4.2) then implies that length(I(vx)) — 0 as k — oo. Since I(w) intersects the
projection to the boundary circle of the line segment /¢, for each vertex w visited by the path

i7" 04" o (—7"*t1), we deduce that 6(y;) — 6p as k — oo. O]
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8.4. Identification of the Martin boundary

We also have the following similar lemma for circle packings.

Lemma 8.4.4. Let T' be a CP hyperbolic plane triangulation, and let C be a circle packing of T
in D with associated embedding z. Then for every sequence (vn)n>0 such that z(v,) converges as
n — oo, there exists a path (Yn)n>0 n T containing {vy : n > 0} such that z(7y,) converges as

n — 0.

Proof. The proof is similar to that of Lemma[8.4.3, and we provide only a sketch. Draw a straight
line segment in I between the centres of the circles corresponding to each consecutive pair of
vertices v, and v,4+1. The set of circles intersected by the line segment contains a path ™ in T
from v, to vp41. (If this line segment is not tangent to any of the circles of C, then the set of
circles intersected by the segment is exactly a path in 7.) The path ~ is defined by concatenating
the paths ™. For every € > 0, there are at most finitely many v for which the radius of the circle
corresponding to v is greater than e, since the sum of the squared radii of all the circles in the
packing is at most 1. Thus, for large n, all the circles corresponding to vertices used by the path v"
are small. The circles that are intersected by the line segment between z(v,,) and z(v,41) therefore

necessarily have centers close to & for large n. We deduce that z(vy;) — & as i — oo. ]

Proof of Theorem |[8.1.5. Let (X,),>0 be a random walk on 7. Our assumptions guarantee that
0(X,) and z(X,,) both converge almost surely as n — oo and that the laws of these limits are both
non-atomic and have support R/nZ and 0D respectively.

Suppose that v is a path in T that visits each vertex at most finitely often. We claim that 6(~;)
converges if and only if z(7;) converges if and only if X,, almost surely does not hit ~; infinitely
often. We prove that 6(-y;) converges if and only if X,, almost surely does not hit ~; infinitely often.
The proof for z(+;) is similar.

If O(v;) converges, then X, almost surely does not hit 7; infinitely often, since otherwise
lim; o0 0(y;) would be an atom in the law of lim,_,~ 6(X,). Conversely, if #(;) does not con-
verge, then there exist at least two distinct points 61,602 € R/nZ such that 6, x {1} and 02 x {1} are
in the closure of {(8(7:),y(7:)) : » > 0}. Let (Y,,)n>0 be a random walks started at p independent
of (Xp)n>0. Since the law of lim, o 6(X,,) has full support, we have with positive probability
that lim,, . 0(Xy) € (01,02) and lim,_, 0(Y,) € (02,01). On this event, the union of the traces
{X,, :n>0}U{Y,, : n > 0} disconnects 0; x {1} from 6, x {1}, and consequently the path (7;)n>0
must hit {X,, : n >0} U{Y, : n > 0} infinitely often. By symmetry, there is a positive probability
that (X,)n>0 hits the trace {7; : n > 0} infinitely often as claimed.

We deduce that for every path « in T that visits each vertex of T at most finitely often, 6(~;)
converges if and only if z(~y;) converges. It follows from this and Lemmas and that for any
sequence of vertices (v;);>o in T that includes each vertex of 7" at most finitely often, the sequence
0(v;) converges if and only if z(v;) converges, and hence that the map & — 0(§) = lim, ()¢ 0(v)
is well defined. To see that this map is a homeomorphism, suppose that &, is a sequence of points

in 0D converging to £. For every n, there exists a vertex v, € V such that |£, — z(v,)| < 1/n and
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8.4. Identification of the Martin boundary

10(&n) — 0(vn)| < 1/n. Thus, 2(v,) — € and we have
16(€) = 6(a)| < 16(6) = 6(va)| + 16(vn) — 0(6n)| —— 0.

The proof of the continuity of the inverse is similar. O

Proof of Theorem|[8.1.4 By [17, Theorem 1.2], a sequence of vertices (v;);>0 converges to a point

in the Martin boundary of T" if and only if z(v;) converges to a point in dD, and the map
§ = M¢ := lim M,, where z(v;) = &
1— 00

is a homeomorphism from ID to OM(T). Combining this with Theorem completes the
proof. O
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Chapter 9

Hyperbolic and parabolic unimodular

random maps

Summary. We show that for infinite planar unimodular random rooted maps, many global geo-
metric and probabilistic properties are equivalent, and are determined by a natural, local notion
of average curvature. This dichotomy includes properties relating to amenability, conformal ge-
ometry, random walks, uniform and minimal spanning forests, and Bernoulli bond percolation.
We also prove that every simply connected unimodular random rooted map is sofic, that is, a

Benjamini-Schramm limit of finite maps.

9.1 Introduction

In the classical theory of Riemann surfaces, the Uniformization Theorem states that every simply
connected, non-compact Riemann surface is conformally equivalent to either the plane or the disc,
which are inequivalent to each other by Liouville’s theorem. The dichotomy provided by this
theorem manifests itself in several different ways, relating to analytic, geometric and probabilistic
properties of surfaces. In particular, if S is a simply connected, non-compact Riemann surface,

then either

S is parabolic: it is conformally equivalent to the plane, admits a compatible Rieman-
nian metric of constant curvature 0, does not admit non-constant bounded harmonic

functions, and is recurrent for Brownian motion,
or else

S is hyperbolic: it is conformally equivalent to the disc, admits a compatible Rieman-
nian metric of constant curvature —1, admits non-constant bounded harmonic functions,

and is transient for Brownian motion.

In the 1990’s, a discrete counterpart to this dichotomy began to develop in the setting of bounded
degree planar graphs [35, 47, 48, 121, 122]. A milestone in this theory was the work of He and
Schramm [121, 122], who studied circle packings of infinite triangulations of the plane. They proved
that every infinite triangulation of the plane can be circle packed, either in the unit disc or in the
plane, but not both. A triangulation is called CP hyperbolic or CP parabolic accordingly. He

and Schramm also connected the circle packing type to isoperimetric and probabilistic properties
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of the triangulation, showing in particular that, in the bounded degree case, CP parabolicity is
equivalent to the recurrence of simple random walk. Later, Benjamini and Schramm [47, 48]
provided an analytic aspect to this dichotomy, showing that every bounded degree, infinite planar
graph admits non-constant bounded harmonic functions if and only if it is transient for simple
random walk, and that in this case the graph also admits non-constant bounded harmonic functions
of finite Dirichlet energy. Most of this theory fails without the assumption of bounded degrees, as
one can easily construct pathological counterexamples to the theorems above.

The goal of this paper is to develop a similar theory for unimodular random rooted maps,
without the assumption of bounded degree. In our earlier work [21], we studied circle packings
of, and random walks on, random plane triangulations of unbounded degree. In this paper, we
study many further properties of unimodular random planar maps, which we do not assume to
be triangulations. Our main result may be stated informally as follows; see Theorem for a

complete and precise statement.

Theorem (The Dichotomy Theorem). FEvery infinite, planar, unimodular random rooted planar
map is either hyperbolic or parabolic. The map is hyperbolic if and only if its average curvature
1s negative and is parabolic if and only if its average curvature is zero. The type of a unimodular

random rooted map determines many of its properties.

The many properties we show to be determined by the type of the map are far-reaching, relating
to aspects of the map including amenability, random walks, harmonic functions, spanning forests,
Bernoulli bond percolation, and the conformal type of associated Riemann surfaces. The seeds of
such a dichotomy were already apparent in [21], in which we proved that a unimodular random
rooted plane triangulation is CP parabolic almost surely if and only if the expected degree of the
root is six (which is equivalent to the average curvature being zero), if and only if the triangu-
lation is invariantly amenable — a notion of amenability due to Aldous and Lyons [7] that is
particularly suitable to unimodular random rooted graphs. A notable property that is not a part of
Theorem is recurrence of the random walk: while every hyperbolic unimodular random rooted
map is transient, not every parabolic unimodular random rooted map is recurrent. (Theorem
can be combined with the work of Gurel-Gurevich and the third author [107] to deduce that a
parabolic unimodular random planar map is recurrent under the additional assumption that the
degree of the root has an exponential tail.)

A map is a proper (i.e., locally finite) embedding of a graph into an oriented surface viewed
up to orientation preserving homeomorphisms of the surface. (Other definitions extend to non-
orientable maps, but we shall not be concerned with those here.) A rooted map is a map together
with a distinguished root vertex. The map is called planar if the surface is homeomorphic to an
open subset of the sphere, and is simply connected if the surface is homeomorphic to the sphere
or the plane. (In particular, every simply connected map is planar.) A random rooted map is
said to be unimodular if it satisfies the mass-transport principle, which can be interpreted as
meaning that ‘every vertex of the map is equally likely to be the root’. See Section for precise

definitions of each of these terms.
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The curvature of a map is a local geometric property, closely related to the Gaussian curvature
of manifolds that may be constructed from the map; see Section for a precise definition. For

one natural manifold constructed from the map by gluing together regular polygons, the curvature
W T
deg i

where the sum is taken over faces of the map incident to v, and a face is counted with multiplicity

at each vertex v is

if more than one of the corners of the face are located at v. We can define the average curvature of
(M, p) to be the expectation E[x(p)]. Theorem states that the average curvature is a canoni-
cal quantity associated to the random map, in the sense that any unimodular way of associating a
manifold to the map will result in the same average curvature. Observe that the average curvature
of a unimodular random triangulation is equal to (6 — E[deg(p)])7/3, so that a unimodular trian-
gulation has expected degree greater than six if and only if it has negative average curvature. This
relates the dichotomy described in [21] to that of Theorem [9.1.1]

Classical examples of unimodular random maps are provided by Voronoi diagrams of stationary
point processes [37] and (slightly modified) Galton-Watson trees [7, Example 1.1}, as well as lattices
in the Euclidean and hyperbolic planes, and arbitrary local limits of finite maps. Many local
modifications of maps, such as taking Bernoulli percolation or uniform or minimal spanning trees,
preserve unimodularity, giving rise to many additional examples. Unimodular random maps, most
notably the uniform infinite planar triangulation (UIPT) [24] and quadrangulation (UIPQ) [73,157],
have also been studied in the context of 2-dimensional quantum gravity; see the survey [98] and
references therein. More recently, hyperbolic variants of the UIPT have been constructed [23, 75].
Many of these examples do not have uniformly bounded degrees, so that the deterministic theory
is not applicable to them.

Our results also have consequences for unimodular random maps that are not planar, which we
develop in Section

9.1.1 The Dichotomy Theorem

Since many of the notions tied together in the following theorem are well known, we first state the

theorem, and defer detailed definitions to individual sections dealing with each of the properties.

Theorem 9.1.1 (The Dichotomy Theorem). Let (M, p) be an infinite, ergodic, unimodular random
rooted planar map and suppose that Eldeg(p)] < co. Then the average curvature of (M, p) is non-
positive and the following are equivalent:

1. (M, p) has average curvature zero.
(M, p) is invariantly amenable.
Every bounded degree subgraph of M is amenable almost surely.
FEvery subtree of M is amenable almost surely.

Every bounded degree subgraph of M is recurrent almost surely.

S vt o e

FEvery subtree of M is recurrent almost surely.

207



9.1. Introduction

7. (M, p) is a Benjamini-Schramm limit of finite planar maps.

8. (M, p) is a Benjamini-Schramm limit of a sequence (My)n>0 of finite maps such that

genus(My,)

0.
#{vertices of My} n—oo

9. The Riemann surface associated to M s conformally equivalent to either the plane C or the

cylinder C/Z almost surely.

10. M does not admit any non-constant bounded harmonic functions almost surely.

11. M does not admit any non-constant harmonic functions of finite Dirichlet energy almost
surely.

12. The laws of the free and wired uniform spanning forests of M coincide almost surely.

13. The wired uniform spanning forest of M is connected almost surely.

14. Two independent random walks on M intersect infinitely often almost surely.

15. The laws of the free and wired minimal spanning forests of M coincide almost surely.

16. Bernoulli(p) bond percolation on M has at most one infinite connected component for every
p € [0,1] almost surely (in particular, p. = py).

17. M is vertex extremal length parabolic almost surely.

In light of this theorem, we call a unimodular random rooted map (M, p) with E[deg(p)] < oo
parabolic if its average curvature is zero (and, in the planar case, clauses (1)—(17) all hold), and

hyperbolic if its average curvature is negative (and, in the planar case, the clauses all fail).

As one might guess from the structure of Theorem the proof consists of many separate
arguments for the different implications. Some of the implications are already present in the
literature, and part of this paper is spent surveying the earlier works that form the individual
implications between the long list of equivalent items in Theorem [9.1.1l For the sake of completeness
we also include proofs of several standard technical results from the ergodic theory literature using
probabilistic terminology.

Some of the implications in Theorem hold in any graph. For example, implies
for any graph, and and are always equivalent (see [44]). Other implications hold for any
planar graph. For example is equivalent to , see [40]. We do not provide a comprehensive
list of the assumptions needed for each implication, but some of this information is encoded in
Figure 9.1

Most of the paper is dedicated to proving the theorem under the additional assumption that M
is simply connected; the multiply-connected case is easier and is handled separately in Section
The logical structure of the proof in the simply connected case is summarized in Figures and

Figure also shows which implications were already known and which are proved in the present

paper.
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Figure 9.1: The logical structure for the proof of Theorem in the simply connected case.
Implications new to this paper are in red. Blue implications hold for arbitrary graphs; the orange
implication holds for arbitrary planar graphs, and green implications hold for unimodular random
rooted graphs even without planarity. A few implications between items that are known but not

used in the proof are omitted.
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9.1.2 Unimodular planar maps are sofic

Let (Gn)n>0 be a sequence of (possibly random) finite graphs. We say that a random rooted
graph (G, p) is the Benjamini-Schramm limit of the sequence (G),),>0 if the random rooted
graphs (G, pn) converge in distribution to (G, p) with respect to the local topology on rooted
graphs (see Section , where p,, is a uniform vertex of GG,,. Benjamini-Schramm limits of finite
maps and networks are defined similarly, except that the local topology takes into account the
additional structure. When G,, is a uniformly chosen map of size n, this construction gives rise to
the aforementioned UIPT and UIPQ.

It is easy to see that every (possibly random) finite graph with conditionally uniform root is
unimodular. Moreover, unimodularity is preserved under distributional limits in the local topology.
It follows that every Benjamini-Schramm limit of finite random graphs is unimodular. A random
rooted graph that can be obtained in this way is called sofic. It is a major open problem to
determine whether the converse holds, that is, whether every unimodular random rooted graph
is sofic [7, Section 10]. The next theorem answers this question positively for simply connected

unimodular random maps.
Theorem 9.1.2. Every simply connected unimodular random rooted map is sofic.

The proof of Theorem relies on the corresponding result for trees, which is due to Bowen
[56], Elek [85], and Benjamini, Lyons and Schramm [46]. As was observed by Elek and Lippner [86],
it follows that treeable unimodular graphs (that is, unimodular graphs that exhibit an invariant
spanning tree) are sofic, and so the key new step is proving the connectivity of the free uniform
spanning forest.

Note that the finite maps converging to a given infinite unimodular random rooted map (M, p)
need not be planar. Indeed, Theorem characterises the Benjamini-Schramm limits of finite
planar maps exactly as the parabolic unimodular random rooted maps. Moreover, if (M;),>0 is a
sequence of finite maps converging to an infinite hyperbolic unimodular random rooted map, then
the approximating maps M,, must have genus comparable to their number of vertices as n tends

to infinity.

9.2 Unimodular maps

9.2.1 Maps

We provide here a brief background to the concept of maps, and refer the reader to [160, Chapter
1.3] for a comprehensive treatment. Let G = (V, E) be a connected graph, which may contain
self-loops and multiple edges. An embedding of a graph in a surface S is a drawing of the graph
in the surface with non-crossing edges. Given an embedding, the connected components of the
complement of the image of G are called faces. An embedding is said to be proper if the following

conditions hold:
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1. it is locally finite (every compact set in S intersects finitely many edges),
2. every face is homeomorphic to an open disc, and

3. for every face f, if we consider the oriented edges of GG that have their right hand side incident
to f, and consider the permutation that maps each such oriented edge to the oriented edge
following it in the clockwise order around the face, then this permutation has a single orbit.

(Note that an edge can have the same face both to its right and its left.)

For example, the complete graph on three vertices can be properly embedded in the sphere but
not in the plane. If S is simply connected or compact, then any embedding that satisfies (1) and
(2) must also satisfy (3). For this reason, the condition (3) is not included in many references that
deal primarily with finite maps. An example of an embedding that satisfies (1) and (2) but not (3)
is given by drawing Z along a straight line in an infinite cylinder.

We define a (locally finite) map M to be a connected, locally finite graph G together with
an equivalence class of proper embeddings of G into oriented surfaces, where two embeddings are
equivalent if there is an orientation preserving homeomorphism between the two surfaces that
sends one embedding to the other. If M is a map with underlying graph G, we refer to any proper
embedding of G that falls into the equivalence class of embeddings corresponding to M as an
embedding of M. A map is said to be planar if it is embedded into a surface homeomorphic to
an open subset of the sphere, and is said to be simply connected if it is embedded into a simply
connected surface (which is necessarily homeomorphic to either the sphere or the plane).

Let M be a map with underlying graph G and let z be a proper embedding of M into a surface
S. If every face of M has finite degree, the dual map of M, denoted MT is defined as follows.
The underlying graph of M, denoted GT, has the faces of M as vertices, and has an edge drawn
between two faces of M for each edge in M that is incident to both of the faces. We define an
embedding 2! of GT into S by placing each vertex of GT in the interior of the corresponding face of
M and each edge of GT so that it crosses the corresponding edge of G but no others. We define M
to be the map with underlying graph G represented by the pair (S, z'): Although the embedding =
is not uniquely defined, every choice of z! defines the same map. The construction gives a canonical
bijection between edges of G and edges of GT. We write ef for the edge of GT corresponding to e.
If e is an oriented edge, we let ef be oriented so that it crosses e from right to left as viewed from
the orientation of e.

Despite their topological definitions, maps and their duals can in fact be defined entirely com-
binatorially. Given any graph, we consider each edge as two oriented edges in opposite directions.
We write E = E7(G) for the set of oriented edges of a graph. For each directed edge e, we have
a head e' and tail e~, and write —e for the reversal of e. Given a map M and a vertex v of M, let
oy = 0y(M) be the cyclic permutation of the set {e € E™ : e~ = v} of oriented edges emanating
from v corresponding to counter-clockwise rotation in S. This procedure defines a bijection between

maps and graphs labelled by cyclic permutations.
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Figure 9.3: Different maps with the same underlying graph. The two maps both have Ky as their
underlying graph, but the left is a sphere map while the right is a torus map. Both maps are
represented both abstractly as a graph together with a cyclic permutation of the edges emanating
from each vertex (left) and as a graph embedded in a surface (right).

Theorem 9.2.1 ([160]). Given a connected, locally finite graph G and a collection of cyclic per-

mutations o, of the sets {e € E7 : e~ = v}, there exists a unique map M with underlying graph G

such that o(M) = o.

In light of Theorem 9.2.1}, we identify a map M with the pair (G, o). Given such a combinatorial
specification of a map M as a pair (G, o), we may form an embedding of the map into a surface
S(M) by gluing topological polygons according to the combinatorics of the map (see Figures
and . The faces of a map M = (G, o) can be defined abstractly as orbits of the permutation
of : E7 — E7 defined by of(e) = 071 (—e) for each e € E~. The dual e of a directed edge e
is defined to have the orbit of e as its tail and the orbit of —e as its head, so that we again have
a bijection between directed edges of M and their duals. Using this bijection, we can consider
ol to acts on dual edges, and the dual map M7 is then constructed abstractly as MT = (GT,oT).
We define maps with infinite degree vertices, and duals of maps with infinite degree faces, directly
through this abstract formalism.

If e is an oriented edge in a map, we write e for the face of M to the left of e and e” for the
face of M to the right of e, so that e/ = (e~ and e” = (ef)*. Given a map M, we write f L v
if the face f is incident to the vertex v, that is, if there exists an oriented edge e of M such that
e~ =v and e/ = f. When writing a sum of the form f1y> We use the convention that a face f is
counted with multiplicity according to the number of oriented edges e of M such that e~ = v and
e! = f. Similarly, when writing a sum of the form Y up We count each vertex u with multiplicity
according to the number of oriented edges e of M such that e~ = v and e™ = u. The degree of a
face is defined to be the number of oriented edges with e" = f, i.e., the degree of the face in the
dual.

9.2.2 Unimodularity and the mass transport principle

As noted, a rooted graph (G, p) is a connected, locally finite (multi)graph G = (V, E') together
with a distinguished vertex p, called the root. A graph isomorphism ¢ : G — G’ is an isomorphism
of rooted graphs if it maps the root to the root.

The local topology (see [50]) is the topology on the set G, of isomorphism classes of rooted
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graphs induced by the metric
dioc ((G, P)> (Gla Pl)) = e_Ra

where

R=R((G,p),(G,p)) =sup{R >0: Br(G,p) = Br(G',p)},

i.e., the maximal radius such that the balls Br(G,p) and Bgr(G’,p’') are isomorphic as rooted
graphs.

A random rooted graph is a random variable taking values in the space G, endowed with
the local topology. Similarly, a doubly-rooted graph is a graph together with an ordered pair
of distinguished (not necessarily distinct) vertices. Denote the space of isomorphism classes of
doubly-rooted graphs equipped with this topology by Gee-

The spaces of rooted and doubly-rooted maps are defined similarly and are denoted M, and
Mo respectively. For this, an isomorphism ¢ of rooted maps is preserves the roots and the map
structure, so that ¢ o o = ¢’ o ¢ for vertices inside the balls.

A further generalisation of these spaces will also be useful. A marked graph (referred to by
Aldous and Lyons [7] as a network) is defined to be a locally finite, connected graph together with
a function m : E UV — X assigning each vertex and edge of G a mark in some Polish space X,
referred to as the mark space. The local topology on the set of isomorphism classes of rooted

graphs with marks in X is the topology induced by the metric
dioc((G, p,m), (G, pl ) = ™"

where R((G,p,m),(G',p',m')) is the largest R such that there exists an isomorphism of rooted
graphs ¢ : (Bg(p,b),m, p) — (Ba(p',b), p') such that dx(m/(¢(z)), m(x)) < 1/R for every vertex
or edge = of Bg(p,n), and dx is a metric compatible with the topology of X. The space of
isomorphism classes of rooted marked graphs with marks in X is denoted GX. The space of rooted
marked maps is defined similarly.

It is possible to consider rooted maps and rooted marked maps as rooted marked graphs by
encoding the permutations o, in the marks — in particular, this means that any statement that
holds for all unimodular random rooted marked graphs also holds for all unimodular random rooted
marked maps. See |7, Example 9.6].

A mass transport is a Borel function f : Gee — [0,00]. A random rooted graph (G, p) is said

to be unimodular if it satisfies the Mass Transport Principle: for every mass transport f,

E| 1G] =B T f(Goun]. (MTP)

veV ueV
That is,
Ezxpected mass out equals expected mass in.

A probability measure P on G, is said to be unimodular if a random rooted map with law P is
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unimodular. Unimodular probability measures on rooted maps, marked graphs and marked maps
are defined similarly.

The Mass Transport Principle was first introduced by Héaggstrom [110] to study dependent
percolation on Cayley graphs. The formulation of the Mass Transport Principle presented here was
suggested by Benjamini and Schramm [50] and developed systematically by Aldous and Lyons [7].
The unimodular probability measures on G, form a weakly closed, convex subset of the space of
probability measures on G, so that weak limits of unimodular random graphs are unimodular. In
particular, a weak limit of finite graphs with uniformly chosen roots is unimodular: such a limit
of finite graphs is referred to as a Benjamini-Schramm limit. It is a major open problem to
determine whether all unimodular random rooted graphs arise as Benjamini-Schramm limits of
finite graphs [7, §10].

We will make frequent use of the fact that unimodularity is stable under most reasonable ways
of modifying a graph locally without changing its vertex set. The following lemma is a formalization
of this fact.

Lemma 9.2.2. Let X; and Xg be polish spaces. Let (G,p, m) be a unimodular random rooted
Xy-marked graph, and suppose that (G',p,m') is a random rooted marked graph with the same
verter set as GG, such that, for every pair of vertices u,v in G, the conditional distribution of
(G',u,v,m') given (G, p,m) coincides a.s. with some measurable function of the isomorphism class

of (G,u,v,m). Then (G',p,m') is unimodular.

Proof. Let f: G2 — [0,00] be a mass transport. For each pair of vertices u, v in G, the conditional
expectation
F(G,u,v,m)=E [f(G’,u,v,m’) | (G, p, m)]

coincides a.s. with a measurable function of (G,u,v,m), and so is itself a mass transport. Since

(G, p,m) is unimodular we deduce that

EZf(G',p,v,m/) :EZF(G,p,U,m)

= EZF(G,v,p, m) = EZf(G/,u,pjm’), (9.2.1)

verifying that (G’, p,m’) satisfies the Mass Transport Principle. O

Later in the paper, we will often claim that various random rooted graphs obtained from
unimodular random rooted graphs in various ways are unimodular. These claims can always be
justified either as a direct consequence of Lemma|9.2.2| or otherwise by applying the Mass-Transport
Principle to the conditional expectation as in eq. .
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9.2.3 Reversibility

Recall that the simple random walk on a locally finite graph G = (V, E) is the Markov process
(Xn)n>0 on the state space V' with transition probabilities p(u, v) defined to be the fraction of edges
emanating from u that end in v. A probability measure P on G, that is supported on rooted graphs
with more than one vertex is said to be stationary if, when (G, p) is a random rooted graph with
law P and (X,,)n>0 is a simple random walk on G started at the root, (G, p) and (G, X,,) have the

same distribution for all n. The measure P is said to be reversible if furthermore
d
(Ga P, Xn) = (G7 Xm P)

for all n. A random rooted graph is said to be reversible if its law is reversible. Reversible random
rooted maps, marked graphs and marked maps are defined similarly. Every reversible random
rooted graph is clearly stationary, but the converse need not hold in general [36, Examples 3.1 and
3.2].

Let G., be the space of isomorphism classes of connected, locally finite graphs equipped with
a distinguished (not necessarily simple) bi-infinite path, which we endow with a natural variant of
the local topology. If (G, p) is a reversible random rooted graph and (X,,),>0 and (X_,)n>0 are

independent simple random walks started from p, then the sequence

<(G’ <Xn+k:>n€Z)>k€Z

of G.,-valued random variables is stationary.
The following correspondence between unimodular and reversible random rooted graphs is im-
plicit in [7] and was proven explicitly in [38]. Similar correspondences also hold between unimodular

and reversible random rooted maps, marked graphs and marked maps.

Proposition 9.2.3 ([7,38]). Let P be a unimodular probability measure on Ge that is supported on
rooted graphs with more than one vertex and has P[deg(p)] < oo, and let Py, denote the deg(p)-
biasing of P, defined by

Pldeg(p)1((G, p) € )]
Pldeg(p)]

Piev((G,p) € ) :=

for every Borel set &7 C G,. Then P, is reversible. Conversely, if P is a reversible probability

measure on G, then biasing P by deg(p)~! yields a unimodular probability measure on Ge.

9.2.4 Ergodicity

A probability measure P on G, is said to be ergodic if P(«7) € {0, 1} for every event «# C G, that

is invariant to changing the root in the sense that

(G,p) e & <= (G,v) € & forallveV.
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A random rooted graph is said to be ergodic if its law is ergodic. Aldous and Lyons [7, §4] proved
that the ergodic unimodular probability measures on G, are exactly the extreme points of the
weakly closed, convex set of unimodular probability measures on. It follows by Choquet theory
that every unimodular random rooted graph is a mixture of ergodic unimodular random rooted
graphs, meaning that the graph may be sampled by first sampling a random ergodic unimodular
probability measure on G, from some distribution, and then sampling from this randomly chosen
measure. In particular, to prove almost sure statements about unimodular random rooted graphs,
it suffices to consider the ergodic case. Analogous statements hold for unimodular random rooted

maps, marked graphs, and marked maps.

9.2.5 Duality

Let P be a unimodular probability measure on M, such that MT is locally finite P-a.s., and let
(M, p) be a random rooted map with law P.,. Conditional on (M, p), let n be an oriented edge of
M sampled uniformly at random from the set E;), and let pf = n". We define PIEV to the law of
the random rooted map (M, pf).

Proposition 9.2.4 (Aldous-Lyons [7, Example 9.6]). Let P be a unimodular probability measure
on M, such that M is locally finite P-a.s. and P[deg(p)] < co. Then Plov is a reversible probability

measure on Ma,.

Intuitively, under the measure P, the edge n is ‘uniformly distributed’” among the edges of
M. Since the map sending each edge to its dual is a bijection, it should follow that n' is uniformly
distributed among the edges of M, making the measure IF’IGV reversible also.

We define P! to be the unimodular measure on M, obtained as the deg(p)_l—biasing of IF’IeV.
We refer to P! as the dual of P and say that P is self-dual if P = P. We write Ejev, Eiev, and Ef

for the associated expectation operators. We may express P! directly in terms of P by

PH(MT,ph) € o) = E[Z deg(f)_l} _11&[2 deg(f)~'1 ((MT, f) e sz) } (9.2.2)

flp flp

for every Borel set &/ C M,. In particular, we can calculate

-1
Ef[deg(p")] = E [ > deg(f)‘l} E [ > deg(f)! deg(f)}

flp flp
-1
= E[Zdeg(f)_l} E[deg(p)] < 0. (9.2.3)
flp

The factor E[3 ;) , deg(f)~1]! may be thought of as the ratio of the number of vertices of M to

the number of faces of M.

Example 9.2.5. Let M be a finite map and let P be the law of the unimodular random rooted map

(M, p) where p is a vertex of M chosen uniformly at random. Then P is the law of the unimodular
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random rooted map (M7, pT) obtained by rooting the dual M of M at a uniformly chosen face p
of M.

9.3 Percolations and invariant amenability

9.3.1 Markings and percolations

Let (G, p) be a unimodular random rooted graph with law P. Given a random rooted graph (G, p)
and a polish space X, an X-marking of (G, p) is a random assignment m : EUV — X of marks to
the edges and vertices of (G, p) (possibly defined on some larger probability space) such that the
random rooted marked graph (G, p,m) is unimodular. A percolation on (G, p) is a {0, 1}-marking
of (G, p), which we think of as a random subgraph of G consisting of the open edges satisfying
w(e) = 1, and open vertices satisfying w(v) = 1. We assume without loss of generality that if an
edge is open then so are both of its endpoints. We call w connected if the subgraph of w spanned
by the vertices {v € V : w(v) = 1} is connected. We call w a bond percolation if w(v) = 1
for every vertex v € V almost surely. The cluster K, (v) of w at the vertex v is the connected
component of v in w. A percolation is said to be finitary if all of its clusters are finite almost
surely.

Let us gather here the following simple and useful technical lemmas concerning markings and

percolations.

Lemma 9.3.1. Let (G,p,m) be a unimodular random marked graph. Let w be a percolation
on (G,p,m) and let m|g,(,) denote the restriction of m to Ky(p). Then the conditional law of
(Kw(p); p,mlK,)p)) given that w(p) =1 is also unimodular. In particular, if w is finitary, then p is

uniformly distributed on its cluster.

Proof. Let f be a mass transport, and let g be the mass transport
g(G7u7 v, m,w) =1 (w(u) = w(v) = 17 v e Kw(u)) f(Kw(’UJ),’U,, Uam‘Kw(u))'
Then, applying the Mass Transport principle for (G, p,w), we have

E > f(Kulp)pomli,p) =E Y 9(Gpomw) =E > g(Gv,p,m,w)

vEK,(p) veV(G) veV(G)
=K Z f(Kw(p)7U7p7m|Kw(p))' O
vEKWL(p)

Lemma 9.3.2 (Coupling markings I). Let (G,p) be a unimodular random rooted graph and let
{m; : i € I} be a set of markings of (G,p) indexed by a countable set I and with mark spaces
{X; i € I}. Then there exists a [ [;c; Xi-marking m of (G, p) such that (G, p, m;om) and (G, p,m;)
have the same distribution for all i € I, where m; denotes the projection of [[;,c; X onto X; for each
1el.
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Proof. One such marking is given by first sampling (G, p) and then sampling the markings m;
independently from their conditional distributions given (G, p). The details of this construction are

are omitted. O

Lemma 9.3.3 (Coupling markings IT). Let (G, p) be a unimodular random rooted graph, let w be a
connected percolation on (G, p), and let m be an X-marking of the unimodular random rooted graph
given by sampling (K, (p), p) conditional on w(p) = 1. Then there exists a X-marking m of (G, p)
such that the laws of (Kw(p), p, M|k, (p)) and (Ku(p), p,m) coincide.

Proof. One such marking is given as follows: First sample (K, (p),p) from its conditional distri-
bution given w(p) = 1. Then, independently, sample (G, p) and m independently conditional on
(Ku(p),p). Extend m to the vertices and edges of G not present in w by setting m to be some
constant xg € X on those vertices. This yields the law of a random rooted network (G, p,w, m)
in which the root always satisfies w(p) = 1. Now, for each vertex u of G, let v(u) be chosen uni-
formly from the set of vertices of w closest to u, independently from everything else. (In particular,
v(u) = u if w(u) = 1.) Let p’ be chosen uniformly from the set {u : v(u) = p}. Sampling the
network (G, p/,w, m) biased by [{u : v(u) = p}| yields the desired coupling. The details of this

construction are omitted. O

9.3.2 Amenability

Recall that the (edge) Cheeger constant of an infinite graph G = (V, E) is defined to be

|OEW|
W

ip(G) = inf{ WcVv ﬁnite}
where O W denotes the set of edges with exactly one end in W. The graph is said to be amenable
if its Cheeger constant is zero and nonamenable if it is positive.

Non-amenability is often too strong a condition to hold for random graphs. For example, it is
easily seen that every infinite cluster of a Bernoulli-(1 — ) percolation on a nonamenable Cayley
graph is almost surely amenable, since the cluster will contain ‘bad regions’ that contain sets of
small expansion. In light of this, Aldous and Lyons introduced the following weakened notion
of non-amenability for unimodular random graphs. (Another way to overcome this issue is to
use anchored expansion, which is less relevant in our setting. See [7] for a comparison of the two
notions.) The invariant Cheeger constant of an ergodic unimodular random rooted graph (G, p)
is defined to be

‘8EKw(p)‘

i™(G, p) = inf {E [ o (p)]

} : w a finitary percolation on G} . (9.3.1)

(This is a slight abuse of notation: i™ (G, p) is really a functions of the law of (G, p).) An ergodic
unimodular random rooted graph (G, p) is said to be invariantly amenable if i"*(G, p) = 0 and

invariantly nonamenable otherwise. More generally, we say that a unimodular random rooted
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graph is invariantly amenable if its ergodic decomposition is supported on invariantly amenable
unimodular random rooted graphs, and invariantly nonamenable if its ergodic decomposition is
supported on invariantly nonamenable unimodular random rooted graphs. This is a property of
the law of (G, p) and not of an individual graph. Invariant amenability and non-amenability is
defined similarly for ergodic unimodular random rooted maps, marked graphs and marked maps.
Let (G, p) be a unimodular random rooted graph and let w be a finitary percolation on G. Let

deg,(p) denote the degree of p in w and let
a(G, p) = sup {E[degw(p)] : w a finitary percolation on G} . (9.3.2)

An easy application of the mass transport principle [7, Lemma 8.2] shows that

| vk () 980 (V)
Eldeg,,(p)] = E ! IKz(p)l ] (9.3.3)
It follows that, if E[deg(p)] < oo,
i"™(G, p) = E[deg(p)] — a(G, p). (9.3.4)

Similarly, if (G,p) is an ergodic unimodular random rooted graph with E[deg(p)] = oo, then

sinv

a(G, p) < oo is a sufficient condition for i"™ (G, p) to be positive.

9.3.3 Hyperfiniteness

A unimodular random rooted graph (G, p) is said to be hyperfinite if there exists a {0,1}"-
marking (w;);>1 of (G, p) such that each of the percolations w; is finitary, w; C w11 almost surely,
and J;>; wi = G almost surely. We call such an (w;);>0 a finitary exhaustion for (G, p). The
followin:g is standard in the measured equivalence relations literature and was noted to carry through

to the unimodular random rooted graph setting by Aldous and Lyons [7].

Theorem 9.3.4 ([7, Theorem 8.5]). Let (G, p) be a unimodular random rooted graph with E[deg(p)] <
oo. Then (G, p) is invariantly amenable if and only if it hyperfinite.

Since a complete proof is not provided in [7], we provide a proof below for completeness.

Proof. First suppose that (G, p) is hyperfinite, and let (w;);>0 be a finitary exhaustion for (G, p).
By the monotone convergence theorem, E[deg,, (p)] — E[deg(p)], so that

a(G, p) = limsup E[deg,, (p)] = E[deg(p)]

1—00

and hence (G, p) is invariantly amenable. Suppose conversely that (G, p) is invariantly amenable.
For each i > 1, there exists a finitary percolation w; on G such that E[deg(p) — deg,, (p)] < 27" By
Lemma W, there exists {0, 1}-marking (w;);>1 of (G, p) such that E[deg(p) — deg,, (p)] < 27°
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for each i > 1. For each i > 1, let @; = ();5; w;. Clearly (@;}i>1 is a {0, 1}N-marking of (G, p), and

w; € @W;qq for every ¢ > 1. Furthermore, by construction,

E[deg(p) — deg;, (p)] < Y E[deg(p) — deg,, (p)] < 27"+

Jji

and hence, by Borel-Cantelli, p is in the interior of its cluster K, (p) for all sufficiently large 4
almost surely. It follows by unimodularity that | Jw; = G, so that (@;);>0 is a finitary exhaustion
for (G, p). O

Remark 9.3.5. Invariantly amenable unimodular random rooted graphs are always hyperfinite
whether or not E[deg(p)] < co. However, the graph obtained by replacing each edge of the canopy
tree (i.e., the Benjamini-Schramm limit of the balls in a 3-regular tree) at height n by 2" parallel

edges is hyperfinite but nonamenable.

Corollary 9.3.6 (Theorem [9.1.1] implies (7).). Let (M, p) be a hyperfinite ergodic random

rooted map. Then (M, p) is a Benjamini-Schramm limit of finite planar maps.

Proof. Let (w;)i>1 be a finitary exhaustion for (M, p). Let M; be the finite map with underlying
graph K, (p) and map structure inherited from M. Then (M;, p;) is a finite unimodular random

rooted map, and converges to (M, p) almost surely as i — oo. O

Theorem 9.3.7 (Theorem implies (2))). Let (M, p) be an ergodic unimodular random

planar map that is a Benjamini-Schramm limit of finite planar maps. Then (M, p) is hyperfinite.

This proposition follows as a corollary to the Lipton-Tarjan planar separator theorem [167]; see
[21] for details. Similarly, it is possible to deduce that item (8]) of Theorem implies item

as an application of the low-genus separator theorem of Gilbert, Hutchinson, and Tarjan [102].

9.3.4 Ends

Recall that an infinite connected graph G = (V, F) is said to be k-ended if k is minimal such that
for every finite set of vertices W in G, the graph induced by the complement V' \ W has at most
k distinct infinite connected components. In particular, an infinite tree is one-ended if it does not
contain a simple bi-infinite path, and is two-ended if it contains a unique bi-infinite path.

The following proposition, due primarily to Aldous and Lyons [7], connects the number of ends

of a unimodular random rooted graph to invariant amenability.

Proposition 9.3.8 (Ends and Amenability [7, 21]). Let (G, p) be an infinite ergodic unimodular
random rooted graph with E[deg(p)] < oo. Then G has either one, two, or infinitely many ends
almost surely. If G has infinitely many ends, then (G, p) is invariantly nonamenable. If G has two

ends almost surely, then it is almost surely recurrent and (G, p) is invariantly amenable.

Similarly, a connected topological space X is said to be k-ended if over all compact subsets K

of X, the complement X \ K has a maximum of k£ connected components that are not precompact.
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Lemma 9.3.9. Let M be a map. Then the underlying graph of M has at least as many ends as
the associated surface S = S(M).

Proof. For each compact subset K of S, let Wi be the set of vertices of M that are adjacent to
an edge intersecting K. Since every face of M in S is a topological disc, each non-precompact
connected component of S\ K contains infinitely many edges of M, and there are no connections
in M \ Wk between these components, so that M \ Wg has at least as many infinite connected

components as S\ K has non-precompact connected components. ]

Note however that the 3-regular tree is infinitely-ended while its associated surface is homeo-
morphic to the plane and hence one-ended.

Finally, let us note the following simple topological fact.

Lemma 9.3.10. Let M be a map. Then the underlying graph of M has at least as many ends as
M has faces of infinite degree.

9.3.5 Unimodular couplings and soficity

Let (Gi,p1) and (G2, p2) be unimodular random rooted graphs. A unimodular coupling of
(G, p1) and (G, p2) is a unimodular random rooted {0, 1}2-marked graph (G, p,w1,ws) such that
wy and we are both connected almost surely and the law of the subgraph (w;,p) conditioned on
the event that w;(p) = 1 is equal to the law of (G;, p;) for each i. We say that two unimodular
random rooted graphs (G1, p1) and (Gg, p2) are coupling equivalent if they admit a unimodular
coupling. (It is not difficult to show that this is an equivalence relation, arguing along similar lines
to Lemmas and ) Unimodular couplings and coupling equivalence are defined similarly
for unimodular random rooted maps, marked graphs and marked maps. Coupling equivalence is
closely related to the notion of two graphings generating the same equivalence relation in the theory

of measured equivalence relations (see [7, Example 9.9]).

Example 9.3.11. Let (G, p) be a unimodular random rooted graph and let w be a bond percolation

on G that is connected almost surely. Then (G, p) and (w, p) are coupling equivalent.

Example 9.3.12. Let (M, p) be a unimodular random rooted map with locally finite dual. Then
(M, p) is coupling equivalent to its unimodular dual: both (M, p) and its dual can be represented
as percolations of the graph formed by combining M and its dual by adding a vertex wherever
a primal edge crosses a dual edge, as well as keeping the original primal and dual edges (see [7,

Example 9.6] for a similar construction).

The main use of unimodular coupling will be that hyperfiniteness and strong soficity are both
preserved under unimodular coupling. The corresponding statements for measured equivalence

relations are due to Elek and Lippner [86].

Proposition 9.3.13. Let (G1,p1) and (Ga, p2) be coupling equivalent unimodular random rooted

graphs. Then (Ga, p2) is hyperfinite if and only if (G1,p1) is.
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Proof. 1t suffices to prove that if (G, p) is a unimodular random rooted graph and w is a perco-
lation on (G, p) that is almost surely connected, then (G, p) is hyperfinite if and only if (w,p) is
hyperfinite. Suppose first that (G, p) is hyperfinite and let (@;);>1 be a finitary exhaustion for G.
By Lemma , we may couple w and (w;);>1 so that (G, p, (w, (@;)i>1)) is unimodular. Under
such a coupling, (wN@;);>1 is a finitary exhaustion for (w, p), and consequently (w, p) is hyperfinite.
Suppose conversely that (w, p) is hyperfinite, and let (@;);>1 be a finitary exhaustion for (w, p). By
Lemma 9.3.3, we may assume that (G, p, w, (@;)i>1) is unimodular. For each vertex v of G, let w(v)
be a chosen uniformly from the set of vertices of w minimising the graph distance to v in G. For

each i, define a subgraph @; of G by

A~

Wi(e) =1 <= w(e”) and w(e™) are connected in @;. (9.3.5)

Then (w;)i>1 is a finitary exhaustion for (G, p). O

Remark 9.3.14. It can be deduced from Proposition 9.3.13/and [7, Theorem 8.9] that a unimodular
random rooted graph with finite expected degree is hyperfinite if and only if it is coupling equivalent
to Z.

One useful application of Proposition [9.3.13|is the following.

Lemma 9.3.15. Let (M, p) be an ergodic unimodular random rooted map. The number of infinite

degree faces is either 0, 1, 2, or oo, and if it is 1 or 2 then (M, p) is hyperfinite.

Proof. By applying Proposition [9.3.8 and Lemma [9.3.10], it suffices to prove that if M has a non-
zero but finite number of infinite degree faces almost surely, then (M, p) is hyperfinite. Suppose
that M has finitely many infinite degree faces almost surely. Conditional on (M, p), choose one such
face, f, uniformly at random. If for every edge e of M incident to f there exists a vertex v of M
such that e is contained in a finite component of M \ {v}, then inductively there exists a sequence
of vertices (vp)n>1 of M such that v, is contained in a finite connected component of M \ {vy41}
for every n > 1. We deduce in this case that M is hyperfinite by taking as a finitary exhaustion the
sequence of random subgraphs (Wp,)m>1 induced by the standard monotone coupling of Bernoulli
1 — 1/m site percolations on M, all of the clusters of which are almost surely finite due to the
existence of the cutpoints (vp)n>1.

Otherwise, define a percolation w on (M, p) by setting an edge e of M to be open if and only if
exactly one side of e is incident to f and there does not exist a vertex v of M such that e is contained
in a finite connected component of M \ {v}, and setting a vertex v of M to be open if and only if it
is incident to an open edge. Then w is connected and is isomorphic to the bi-infinite line graph Z. It
follows that (G, p) is coupling equivalent to (Z,0) and hence hyperfinite by Proposition O

Remark 9.3.16. An alternate proof in the case that E[deg(p)] < oo is as follows. Suppose that M
has finitely many infinite degree faces almost surely. Conditional on (M, p), choose one such face,
f, uniformly at random. We will use the boundary of this face to construct a unimodular coupling
between M and Z. let {(e;(f));ez be the set of oriented edges of M with el(f) = f, enumerated so
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that e;(f)" = e;,,(f) for all i € Z. (this enumeration is unique up to translations of the indices,
and this choice will not matter). Let G = (V, E) be the underlying graph of M, and consider the
graph G’ with vertex set V/ = V UZ and edges given by the edges of G, the edges of Z, and an
edge connecting v € V to i € Z if and only if v = ¢;(f)~. Let p’ be chosen uniformly from the set
{p}U{i:e;(f)” = p}. It is easy to verify that the graph (G’, p) is unimodular when sampled biased
by 14 [{i : e;(f)” = p}|, which has finite expectation by assumption. Thus, we have constructed
a unimodular coupling between (G, p) and Z, so that the claim follows by Proposition

We call a sofic unimodular random rooted graph (G, p) strongly sofic if (G, p,m) is sofic for
every marking m of (G, p). The main input to Theorem is the following, which was proven
for Cayley graphs of free groups by [56].

Theorem 9.3.17 (Bowen [56]; Elek [85]; Elek and Lippner [86]; Benjamini, Lyons and Schramm

[46]). Every unimodular random rooted tree is strongly sofic.

The following theorem is an adaptation of a related theorem of Elek and Lippner [86] in the
setting of group actions. Even in our setting, it is well-known to experts that treeable unimodular
random graphs (i.e., unimodular random graphs admitting a unimodular random spanning tree)

are sofic.

Theorem 9.3.18. Let (G1,p1) and (Ga,p2) be coupling equivalent unimodular random rooted
graphs. Then (G1, p1) is strongly sofic if and only if (Ga, p2) is strongly sofic.

The proof can be summarised as follows: Suppose (G1,p1) is strongly sofic, and let m be a
marking of (Ga, p2). We can encode both the structure of G2 and the marks m as a marking m
of (G1,p1). The strong soficity of (G, p1) allows us to approximate (Gy,p1,m) by a sequence of
finite graphs. We then use this sequence to define an approximating sequence for (Ga, p2, m). This

argument takes some care to make rigorous.

Proof. Since (G1,p1) and (Ga,p2) can both be considered as percolations on some unimodular
random graph (G, p), it suffices to prove that if (G, p) is a unimodular random rooted graph and
w is an almost surely connected percolation on G, then (G, p) is strongly sofic if and only if the
unimodular random rooted graph (H,p’) obtained from (w,p) by conditioning on w(p) = 1 is
strongly sofic.

First suppose that (G, p) is strongly sofic and let m be a marking of (H, p). By Lemma[9.3.3]
there exists a marking m of G such that (G, p,w,m) is unimodular and such that the law of
(H, p',m) coincides with the law of (w, p, m) conditional on w(p) = 1. Since (G, p) is strongly sofic,
there exists a sequence of finite unimodular random marked graphs (G, pp, wn, my,) converging to
(G, p,w,m) in distribution. Let (Hy, p),, my) be the unimodular random rooted graph obtained
from (wp, pn, my) by conditioning on w(p) = 1. The sequence (Hy, p,, m,) converges to (H, p',m)
and, since m was arbitrary, (H, p') is strongly sofic.

Suppose conversely that (H,p') is strongly sofic and let m be an X-marking of (G,p). By
Lemma we may assume that (G, p,w, m) is unimodular. For each vertex u of G, let v(u)
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be chosen uniformly from the set of vertices in w that minimize the graph distance to u, and for
each vertex v of w let U, = {v(u) = v}. Transporting mass 1 from u to v(u) for every vertex u
of G shows that E|U,| < oo, and in particular U, is finite for every vertex v of w almost surley.
Conditional on (G, p,w,m), let {U(v) : v € V}U{U(e) : e € E} be a collection i.i.d. uniform [0, 1]
random variables indexed by the vertices and edges of GG, and for each vertex v of G such that
w(v) =1, define

m(v) = {(U(u),m(u), {(U(e),m(e)) : e is an edge incident to u in G}) 1 u € Uv} .

If we denote the space of finite subsets of the metric space X by X*, then m takes values in the
metric space

([o, 1] % X x ([0,1] x)*)*

By conditioning on w(p) = 1, we obtain a unimodular random rooted marked graph (H, p,m). Since
(H, p) is strongly sofic, there exists a sequence of finite unimodular random rooted marked graphs
(Hy, pn,my) converging in distribution to (H, p,m), and we may assume that E|m,(p,)| < oo
for each n > 1. For each ¢ > 0 and R € N, bias (Hy, pn,™y) by |m(p)| and construct a finite

unimodular random rooted marked graph (G&, pp, mi®) from (H,, pl,, 1) as follows.

1. Let the vertex set of GE° be the union Uven, M(v), and let p, be chosen uniformly from

m(pl,). For each vertex u of GE# let u = (u',u?,u3) be the three coordinates of u, and let

m(u) = u?.

2. Draw an edge between two vertices u; and ug of G,If € if and only if
(a) up € my(v1) and ug € my,(vy) for some vertices v1 and vy of H,, that are at distance at

most R in H,, and

(b) there exists a pair of points
(t,z) € u® C [0,1] x X and (s,) € u® C [0,1] x X

such that the distance between (¢,z) and (s,y) is less than ¢ in the product metric. If

there are multiple such pairs, we draw multiple edges as appropriate.

3. Let {Z,(e)} be a collection of i.i.d. Bernoulli-1/2 random variables indexed by the edges of
GI. For each edge e of GEF, let (¢,2) and (s, y) be the matching pair of points in [0,1] x X
that led us to draw e in step (2), and let mi<(e) = z if Zn(e) = 0 and mi<(e) = y if
Zn(e) = 1.

This construction is continuous for the local topology, and hence for each fixed € and R, the finite
networks (GE°, pp, mi®) converge to the network (GF<, p, mf<) defined by applying the same
procedure to (H, p/,7m). Taking € — 0, we obtain the network (G, p, mf) which consists of those

edges of (G, p) whose endpoints are of distance at most R in w. Finally, taking R — oo we recover
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(G, p,m). Thus, (G, p,m) is a weak limit of sofic unimodular random rooted marked graphs, and
it follows that (G, p,m) is sofic. O

Proof of Theorem [9.1.2. Let (M, p) be a simply connected unimodular random rooted map, let
(G, p) be the underlying graph of M, and let § be a sample of FUSF;;. By Theorem 3§ is
connected almost surely, and so (G, p) is coupling equivalent to the unimodular random rooted tree
(8, p). It follows from Theorems 9.3.17 and 9.3.18 that (G, p) is strongly sofic. By encoding the
map (M, p) as a marking of (G, p) as in Section and [7, Example 9.6], we conclude that the

unimodular random rooted map (M, p) is also sofic. O

9.3.6 Vertex extremal length and recurrence of subgraphs

Let G be an infinite graph. For each vertex v of G, the vertex extremal length from v to infinity
is defined to be
) (9.3.6)

VELg(v, 00) = sup
m

where the supremum is over measures m on the vertex set of G such that |m|*> = 3. m(u)? < oo,
and the infimum is over paths v from v to oo in G. A connected graph is said to be VEL parabolic
if VEL(v — o0) = oo for some vertex v of G (and hence for every vertex), and VEL hyperbolic
otherwise. The VEL type is easily seen to be monotone in the sense that subgraphs of VEL
parabolic graphs are also VEL parabolic.

Lemma 9.3.19 (He and Schramm [121]: Theorem implies (5))). Let G be a locally finite,
connected graph. If G is VEL hyperbolic, then it is transient. If G has bouneded degrees then the
converse also holds, so that G is transient if and only if it is VEL hyperbolic.

Lemma 9.3.20 (Theorem implies (6)). Let T' be a tree. Then T is transient if and only
if it is VEL hyperbolic.

Proof. Let G be an infinite connected graph. Recall that the effective resistance from a v to

infinity in a graph G is defined to be

where the supremum is over measures m on the edge set of G such that |m||? = > m(u)? < oo,
and the infimum is over paths v from v to co in G. Recall also that G is transient if and only if
the effective resistance from v to infinity is finite for some vertex (and hence every vertex) v of G.

Let T be a VEL parabolic tree, and let v be a vertex of T'. For every M > 1, there exists be a

measure m on the vertex set of T" such that
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For each edge e of T, let u(e) be the endpoint of e farthest to v, and define a measure 7 on the

edge set of T' by setting m(e) = m(u(e)) for every edge e of T. Then
[ = [m]? = m(v)®  and  i(y) =m(y) —m(v)

for every path 7 from v to co. Since ||m|? > m(v)?, it follows that

inf.. ()2 m(y) — m(v 2 2
Fi(v = 00) > Do MOV 5 (m(7) i ) ma)? ) o)
[ Yoo | yv=oo | [|m] |
2 2
g 7O o [y MO 6 ovar
oo Tml[Z “\ oo T
Since M was arbitrary, we deduce that T is recurrent. O

Vertex extremal length was introduced by He and Schramm [121] and is closely connected to
circle packing. Benjamini and Schramm [50] used circle packing to prove the following remarkable

theorem. See [21] for an alternative proof.

Theorem 9.3.21 (Benjamini-Schramm [50]: Theorem implies (17)). Let (M,p) be a
Bengjamini-Schramm limit of finite planar maps. Then M is VEL parabolic almost surely. In

particular, if M has bounded degrees, then it is almost surely recurrent for simple random walk.
The converse is provided by the following theorem.

Theorem 9.3.22 (Benjamini, Lyons and Schramm [45]; Aldous and Lyons [7]: Theorem
implies ) Let (G, p) be an invariantly nonamenable unimodular random rooted graph. Then
there exists a percolation w on G such that every connected component of w are nonamenable
almost surely, and there exists a constant M such that deg(v) < M for every vertex v of G such

that w(v) = 1. Furthermore, the percolation w can be taken to be a forest.

This theorem is also very useful for studying random walks on invariantly nonamenable uni-
modular random rooted graphs; see [21, Section 5.1]. See [21, Section 3.3.1] for a complete proof

of the first part of the theorem (in which w is not taken to be a forest).

9.4 Curvature

In this section, we introduce the average curvature of a unimodular random rooted map, and
establish some of its basic properties. We begin by giving a combinatorial definition of the average
curvature; in Section we show that show that the average curvature is a canonical quantity
associated to the random map, in the sense that any unimodular way of embedding the map in
a Riemannian manifold (satisfying certain integrability conditions) will result in the same average

curvature.
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Recall that the internal angles of a regular k-gon are given by (k —2)7/k. We define the angle

sum at a vertex v of a map M to be

This definition extends to maps with infinite faces, with the convention that (co—2)/o0 = 1. In the
case that every face of M has degree at least 3, we interpret 6(v) as the total angle of the corners
at v if we form M by gluing together regular polygons, where we consider the upper half-space
{x +iy € C:y > 0} with edges {[n,n + 1] : n € Z} to be a regular co-gon. Of course, M cannot
necessarily be drawn in the plane with regular polygons, and the angle sum at a vertex of M need

not be 2w. We define the curvature of M at the vertex v to be the angle sum deficit

k(v) = kp(v) =21 — 6(v)

and define the average curvature of a unimodular random rooted map (M, p), denoted K(M, p),

to be the expected curvature at the root

K(M, p) = E[x(p)] = 27 — E Zdefeg

Note that if E[deg(p)] is finite then K(M, p) is also finite.

Example 9.4.1 (Finite Maps). Let M be a finite map and let p be a vertex of M chosen uniformly

at random. Then

K(M,p) = 7 3t \VI<2”'V' 23 Yl _2>

veV veV flwv
1
= 7 (27r\V| erF(deg<f> - 2>7r>
L27r (IVI—-|E|+|F|) = LQ?T (2 — 2genus(M)) . (9.4.1)

V] V]

where the final equality follows from Euler’s formula. If g is a Riemannian metric on S(M) and

k() is the Gaussian curvature of (S, g) at z, then the Gauss-Bonnet formula implies that

K(M, p) = !Vll /S w(z) dz

so that the two notions of average curvature coincide. This is a special case of Theorem below.
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&t <

Figure 9.4: Left: A vertex with positive curvature 7/15. Centre: A vertex with zero curvature.
Right: A vertex with negative curvature —m/3.

Example 9.4.2 (k-angulations). If M is a k-angulation (i.e., every face of M has degree k), then

O(v) = ; 2 deg(v)m

for every vertex v of M. In particular, if M is an infinite plane tree, the angle sum at a vertex v of

M is simply 6(v) = 7 deg(v). Consequently, if (M, p) is a unimodular random k-angulation, then

K(1,p) = (2 5 2 Blaen(ol] ) .

Example 9.4.3 (Curvature of the dual measure). Let P be a unimodular probability measure on
M, such that P[deg(p)] < oo and M has locally finite dual P-a.s., and let PT be the dual measure.

Then, by (9:2.2),

w2 | S Sy

fLot

_ -1 1 deg(v) — 2
- ‘E% deg(fﬂ E[;} deg(f) 5;; dex(o ]”‘

Applying the Mass Transport Principle yields that

N ]

Ef [/@(pT)] =27 — E[

which can be rearranged to give

n-E[3 T ERG)
p

In particular, the average curvature of (M, p) under P has the same sign as that of (MT, p!) under
Pt

Example 9.4.4 (Self-dual maps). Let (M, p) be a self-dual unimodular random rooted map. Then
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(9.2.3) implies that E[> ", , deg(f)~!] =1 and so

K(M, p) = 27 — Z de(ig
= 27 — E[deg(p)|m + 2E[Z deg(f)*l]w = 47 — E[deg(p)|r.
flp

9.4.1 Curvature of submaps

Let M be a map with underlying graph G, and let z be a proper embedding of M into an orientable
surface S. A submap of M is a map represented by a triple (H, S, z), where H is a connected
subgraph of GG such that the restriction of z to H is a proper embedding of H into S. If M is simply
connected, then every connected subgraph of G is also a submap of M. This no longer holds if M is
not simply connected. For example, if M is the product Z x K3 of the integers Z with the triangle
graph (a.k.a. the complete graph on three vertices) properly embedded into the infinite cylinder,
then the subgraph Z x {v}, where v is one of the vertices of K3, does not correspond to a submap
of M.

Proposition 9.4.5 (Curvature of random submaps). Let (M, p) be a unimodular random rooted
map with E[deg(p)] < oo and let w be a connected bond percolation on M that is almost surely a
submap of M. Then

K(w, p) = K(M, p).

Proof. First suppose that M and w both have a locally finite duals a.s. In this case, every face of
w is a union of finitely many faces of M. Define a mass transport as follows. For each vertex v of
M and every face f of M incident to v, let f be the face of w containing f, and transport a mass

of
deg(f) —2

" deg(f) deg(f)

to each vertex u in the boundary of f , where as usual we count f with multiplicity if it has multiple
corners incident to v, and count u with multiplicity if it has multiple corners incident to f. The
total mass sent out by each vertex is 37 (v). For each face f of w, consider the subgraph G(f) of M
spanned by all the edges of M that are incident to a face of M that are contained in f . This graph

can be drawn in the plane so that its faces correspond to the faces of M contained in f , along with
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an outside face. Applying Euler’s formula to this graph, we have that

Z (deg(f) — 2) = 2|{edges of G(f)}| — 2|{faces of G(f)}| + 2

FEF(M),fCf
— |{edges with exactly one side incident to f}|
= 2|{vertices of G(f)}| — 2

— |{edges with exactly one side incident to f}|.
= deg(f) - 27

(This is similar to [9, Lemma 18].) It follows that the total mass received by each vertex v is given
by

Z Z - deg(f) —2 Z Z 27rdeg(f) - 2

ferfio rerangefuir  des(fdes(f) o S eringcp  des(f)

deg(f) —2
= Z 2r———— = 0,(v).
feF(w),fLlv deg(f)

The claim now follows by applying the mass-transport principle.

Next, suppose that M has locally finite dual but that w does not. For each infinite face f of w, let
(ei(f))icz be the set of oriented edges of w that have their left hand side incident to f, enumerated
in counterclockwise order around the boundary of f. For each n > 1, define a percolation w, by
letting e € wy, if and only if either e € w or if e~ and e™ are both in the boundary of some infinite
face f of w and e~ = el_(f) and et = ej(f) for some 14, j € Z with |i — j| > n. Observe that, since
M has locally finite dual, w,, has locally finite dual for every n > 1. Thus, it follows as above that
K(wp, p) = K(M, p) for every n > 1. The sequence of random variables |0, (p)| are bounded by
27 deg(p), and so it follows from the dominated convergence theorem that K(wy,,p) — K(w, p) as
n — 0o, completing the proof in this case.

Now suppose that the dual M is not locally finite. Let oo be the set of infinite degree faces
of M. For each n > 1, let the map M, be constructed from M as follows. For each infinite
face f of (M,p), let (e;(f))icz be the set of oriented edges of M with el(f) = f, enumerated in
counterclockwise order around the boundary of f. Conditional on (M, p), let {U;(f) : f € Fo,i €
N} be a collection of i.i.d. Bernoulli-1/2 random variables. For each infinite face f of G and each
n > 1, let Ky(f) =37, Uj(f)2’. For each n > 1, we form M, by drawing an edge between
e(f)k,, iom and e(f);(m+(i+1)2m for each i € Z and m > n. (Only M; is required for the current
proof, we include the definition of M,, here for later use.) See Figure 4 for an illustration. It is
clear that M, is almost surely a locally finite map with a locally finite dual, and it follows from
Lemma that (M, p) is unimodular.

For each oriented edge e emanating from p in M that is incident to an infinite face of M, the
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Figure 9.5: The map M; is defined by filling in each infinite face of M with a system of arcs. This
figure demonstrates this procedure applied to one of the infinite faces of Z.

expected number of additional arcs in M; drawn into the corner of this face at e is 2, so that

Blde, (9] < Eldes, ()] = Eldes()] + 28 | {e € B 1™ = p and dog(e) =

< 3E[deg(p)] < oo.

By Lemma we can consider both w and M to be percolations on M; that are almost surely
submaps, and we deduce from the above argument that K(w, p) = K(Mji, p) = K(M, p). O

Remark 9.4.6. A straightforward extension of Proposition is that, if w is a connected perco-
lation on (M, p) that is almost surely a submap, but might not include every vertex, then, letting
(N, p') be the unimodular random map obtained from (w, p) by conditioning on the event that p is

in w, we have that
K(N, p') = P(p € w)"K(M, p).

Proposition 9.4.7 (Upper semicontinuity of the average curvature). Let (M, p,) be a sequence of
unimodular random rooted maps with E[deg(py)] < oo converging weakly to a unimodular random

rooted map (M, p), and suppose that E[deg(p)] < co. Then

n—oo

Proof. Let p, be a uniformly chosen root vertex of M, for each n > 1. First suppose that none of the
maps M, have any faces of degree 1. In this case, y, (v) is positive for every n > 1, and the claim
follows from Fatou’s lemma. Otherwise, let (M, p) and (M,, p) be the unimodular random rooted

maps obtained by removing all self-loops from M and M,, respectively. Clearly (M, p,) converges
weakly to (M, p), and by Fatou we have that K(M, p) > lim, oo K(M,, pn) as above. We conclude
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by applying Proposition to deduce that K(M, p) = K(M, p) and K(M,, p,) = K(Mn,pn) for
every n > 1. O

Combining Proposition with the equation (9.4.1)) has the following immediate corollary.

Corollary 9.4.8 (Theorem implies (1)). Let (M, p) be a unimodular random rooted map
with E[deg(p)] < oo that is obtained as a Benjamini-Schramm limit of a sequence of finite maps

(Mp)n>1 such that
genus(M,,)

[V(Mp)| n—eo

Then K(M, p) > 0.

We will later prove that K(M,p) < 0 for any infinite, simply connected, unimodular random

rooted planar map with finite expected degree in Section

9.4.2 Invariance of the curvature

In this section, we consider unimodular embeddings of unimodular random rooted maps. We define a
notion of average curvature associated to the embedding and show that, under certain integrability
conditions, the average curvature associated to the embedding agrees with the average curvature
that we defined combinatorially. This shows that the average curvature is a canonical quantity.
Since this section is somewhat tangential to the rest of the paper, we will skip over some of the
technical details.

We define a metric surface embedded map (MSEM) to be a locally finite map M together
with a proper embedding z of M into an oriented metric surface S. A rooted MSEM is a MSEM
together with a distinguished root vertex. Two rooted MSEMs are isomorphic if they are isomorphic
as rooted maps, and there is an orientation preserving isometry between the two surfaces sending
one embedding to the other.

We define the local topology on the set of isomorphism classes of rooted MSEMs by a variation
on the local Gromov-Haussdorf topology: Namely, we set the distance between two rooted MSEMs
(M, p1,S1,21) and (Ma, p2, Sa, 22) to be e~", where r is maximal such that there is a rooted graph
isomorphism ¢ from the ball of radius r around p; in M; to the (graph distance) ball of radius
r about po in My such that ¢ preserved the cycling of the edges emanating from each vertex in
the interior of the ball, and there exist functions ; and 19 from the balls of (metric) radius r
around z1(p1) and z2(p2) in S; and Ss respectively, denoted Bj(r) and Ba(r), into some common
metric space X so that the Haussdorf distance between 1 (By) and 1(Bs) is at most 1/r, and the
Haussdorf distance between 1 (z1(e) N B1(r)) and ¥2(22(¢(e)) N Ba(r)) is at most 1/r for every
edge e contained in the graph distance ball of radius r around p;.

We define doubly rooted MSEMs, the local topology on the set of isomorphism classes of
doubly rooted MSEMs, and unimodular random rooted MSEMs similarly to the graph case. It
is straightforward (but rather tedious) to encode the structure of a MSEM as a marking of the

underlying map of the MSEM, so that all of the usual machinery of unimodularity transfers to this
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setting. If (M, p) is a unimodular random rooted map and (M, S, z, p) is a unimodular random
rooted MSEM with underlying map (M, p), we call (S, z) a unimodular embedding of M.

In practice, unimodular embeddings often arise as measurable, automorphism equivariant func-
tions of the map, such as the embeddings given by circle packing and the conformal embedding.
These are easily seen to be unimodular since every mass-transport on the associated MSEM is

induced by a mass-transport on the map.

Let us give an example of a unimodular embedding. Given a map M such that every face of
M has degree at least three, a natural way to embed it on a surface is as follows. We associate
to each face f of degree d a regular d-gon with sides of length 1. If two faces share an edge, we
identify the corresponding edges of the polygons. For infinite faces, the corresponding polygon is a
half-plane {z € C: Im(z) > 0} with edges {[n,n + 1] : n € Z} along the boundary, which we think
of as a regular co-gon. In this surface, there is no curvature on any of the faces, as they are all
flat pieces of R%. The surface is also smooth along the edges, as two faces are glued along straight
segments of unit length. Thus, all of the curvature of the surface is concentrated on the vertices,
and in fact the atom of curvature k4(v) at v (see below) is exactly the value x(v) that we defined
combinatorially at the beginning of this section.

One can more generally obtain a unimodular embedding by gluing together (possibly random)
shapes that are not necessarily polygons, and, in particular, can also extend the construction to
allow for faces of degree 1 and 2.

In what follows, we restrict ourselves to surfaces that have a smooth Riemannian metric, except
possibly for cone-like singularities at vertices of the map, and assume that the edges of the map are
embedded as smooth curves in the surface. We call a unimodular embedding of a map satisfying
these conditions a smooth embedding. Given a smooth embedding of a map M, for each oriented
edge e of M, we let ang(e) be the angle between e and the edge following e in the clockwise
ordering of the oriented edges emanating from e~. Every smooth Riemannian surface with cone-
like singularities has a Gaussian curvature s associated with its metric, which is a signed measure
on the surface (see e.g. [9]). The curvature measure s is absolutely continuous with respect to the
area measure on the surface except possibly at the cone-like singularities at the vertices. We let
ks(v) be the atom of curvature at a vertex v, and let x(f) be the total curvature of the face f,
which is well-defined if f has finite degree. Moreover, every oriented edge e of the map has a well
defined total geodesic curvature in the embedding, which we denote kg4(e). In a smooth embedding

of a map, the mass of the atom of curvature at a vertex is given by

ks(v) = 2w — Z ang(e).
ee” =v
Given a smooth embedding of a map with a locally finite dual, we define the total curvature at

a vertex v by

i 5(f)
0=+ 5
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We are now ready to state our “invariance of the average curvature” theorem.

Theorem 9.4.9. Let (M, p) be a unimodular random rooted map with locally finite dual and let
(S, z) be a smooth unimodular embedding of M. Suppose further that either

1. kg(e) =0 for every oriented edge e of M, and k(f) <0 for every face f of M, or
2. Y ee——p |Eg(e)] and [k(p)| both have finite expectation.

Then
Elx(p)] = K(M, p).

We shall require the following signed version of the mass-transport principle: If (G,p) is a

unimodular random rooted graph and ¢ is a measurable function from Gee to R such that
E > |6(G.pv)|| <o, then E Y (G pv)| =E|> 6(G,v,p)
veV veV veV

This follows easily from the usual mass-transport principle for ¢ non-negative. A similar signed

mass-transport principle holds for unimodular random rooted maps and MSEMs.

Proof. For each oriented edge e of M, let ang(e) be the angle between e and the edge o(e) following
e in the clockwise ordering of the oriented edges emanating from e~. The Gauss-Bonnet Theorem
(see e.g. [9, Chapter VI, Section 7]) implies that for any face f of M,

Z [r — ang(e)] + Z kg(e) + k(f) = 2m.

ee"=f ee"=f

We rewrite this identity as

(deg(f) —2)m = Z [ang(e) _h) %/ﬁg(e) — ;/ﬁg(—a(e))} : (9.4.2)

ee"=f

We now define a mass transport on M. Given a vertex u, for each face f that u belongs to, u

sends to each vertex v in the boundary of f (including u itself) the mass

Y(u, f) = degl(f) Z [ang(e) e ) §/~ag(e) - 559(—0(6))} ,

ece"=f e " =u

where, as usual, v receives a multiple of this mass if it is multiply incident to the face. Note that if
u and v share more than a single face, there is a term for each face containing the two, and there
is also mass sent from u to itself, with a term for each face incident to wu.

Let ¢(u,v) be the total mass sent from u to v. If condition (1) holds, then ¢ is positive.
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Otherwise, condition (2) holds, and we have that

Y lo(u,0) <Y deg(Hlw(u, )l < k)] + D |rgle)]

veV flu e:e”=u

and hence

E S [6(p.v)] < oc.

veV
We can apply the Mass-Transport Principle to ¢ in either case.

Let us consider the total mass sent out from v. The quantity corresponding to a face f L v
is sent to each of the deg(f) corners of f, which cancels the 1/deg(f) factor. The sum over faces
adjacent to v of ang(e) is precisely 27 — k4(v). Together with the sum over f of k(f)/deg(f) this
comes to 27 — k(v). Meanwhile, since kq4(e) = —r4(—e), the terms involving geodesic curvatures of
edges cancel when we sum over all faces incident to v. Thus, we have that the total mass sent out

by v is exactly x(v). On the other hand, the total mass received by a vertex v from vertices of a
face f L v is (deg(f) — 2)m/deg(f) by (9.4.2)), and so the result follows. O

Example 9.4.10 (Integrability conditions are necessary). Consider the map obtained by triangu-
lating each of the two infite faces of Z as in Figure[9.5. This map admits a unimodular embedding in
the hyperbolic plane, defined by drawing the edges of Z as segments of length one along a bi-infinite
geodesic, and drawing the other edges of the map as circular arcs. This embedding is a measurable
function of the map, and is therefore unimodular. However, it does not satisfy the integrability
requirements of Theorem Indeed, the conclusion of Theorem fails for this embedding:
the curvature rs(v) + >_ ;1 , k(f)/ deg(f) is negative for every vertex of the map, but it is easily
seen that the map is invariantly amenable and has finite expected degree, so that K(M, p) > 0 by

Corollary and Corollary

Example 9.4.11 (Voronoi diagrams and Delaunay triangulations of point processes). We say that
a set of points in the plane is in general position if no more than three points in the set lie on
any given circle or line. Given a such a set of points Z in general position in either the Euclidean
plane or the hyperbolic plane, the Delaunay triangulation of Z is the simple triangulation that
has the points of Z as its vertices, and, for each triple of distinct points u,v and w in Z, contains a
geodesic triangle with corners u, v and w if and only if the unique disc containing u,v and w in its
boundary does not contain any other points of Z. Suppose that Z is an isometry-invariant, locally
finite point process in either the Euclidean plane or the hyperbolic plane, and let Z be the Palm
version of Z that is conditioned to have a point at the origin. Then the Delaunay triangulation
of Z is unimodular when rooted at the point at the origin; see [37] for a study of the Poisson
case. This embedding satisfies condition (1) of Theorem , and we deduce that, unsurprisingly,
Delaunay triangulations of hyperbolic point processes are hyperbolic while Delaunay triangulations
of Euclidean point processes are parabolic. (This also follows from the methods of [21].) The dual
of the Delaunay triangulation is the Voronoi diagram of the point process, which can also be made
unimodular as in Section
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We remark that it is possible to use Theorem to prove Proposition by embedding M

in the polygonal manifold associated to w.

9.5 Spanning forests

9.5.1 Uniform spanning forests

Our primary way to relate the average curvature of a map M with the various probabilistic prop-
erties listed in Theorem is a formula relating the average degree of the free uniform spanning
forest of M to its average curvature. To this aim, we begin by succinctly discussing the topic of
uniform spanning forest, referring the reader to [44, 173] for a comprehensive treatment.

For each finite graph G, let UST g be the uniform measure on spanning trees of G (i.e. connected
subgraphs of G containing every vertex and no cycles), which is the law of a percolation on G. There
are two natural ways to define infinite volume limits of the uniform spanning tree. Let G = (V, E)
be an infinite, locally finite, connected graph. An exhaustion of G is an increasing sequence
(Va)n>1 of finite connected subsets of V' such that |J,~, Vs, = V. Given an exhaustion (V,,)n>1
of G, we define G,, to be the subgraph of G induced b_y V,, for each n > 1. The free uniform
spanning forest measure of G is defined as the weak limit of the uniform spanning tree measures
on the graphs G,,. That is, for each finite set S C F,

FUSFG(S € §) := lim USTg, (S C T),

where § is a sample of the FUSF of G and T is a sample of the UST of G,,. For each n > 1, we
also construct a graph G from G by identifying every vertex in V' \ V,, into a single vertex Oy,
and deleting all of the resulting self loops from 0, to itself. We then define the wired uniform
spanning forest measure of G to be the weak limit of the uniform spanning tree measures on the
graphs G;,. That is, for each finite set S C E,

WUSFg(S C 3) = ILm USTG;‘I (S C T),

where § is a sample of the WUSF of G and T is a sample of the UST of GG,,. The study of uniform
spanning forests was pioneered by Pemantle [190], who showed that both limits exist for any graph
G and in particular are independent of the choice of exhaustion.

The link between the USFs and amenability is the following.

Theorem 9.5.1 (|7, Proposition 18.14]: Theorem|9.1.1}, (2)) implies (12)). If (G, p) is an invariantly

amenable unimodular random rooted graph, then FUSFo = WUSFqg almost surely.
The USFs enjoy the following properties:
1. (Free dominates wired.) The measure FUSF; stochastically dominates the measure

WUSF¢ for every graph G.
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2. (Domination and subgraphs) let H be a connected subgraph of G. Then the FUSF of H
stochastically dominates the restriction of the FUSF of G to H.

3. (Expected degree of the WUSF.) The expected degree in the WUSF of the root of any

unimodular random rooted graph is 2 [7, Proposition 7.3].

Note that, since a connected spanning forest cannot be strictly contained in another spanning

forest, the stochastic domination (1) above has the following immediate consequence.

Proposition 9.5.2 (Theorem [9.1.1} implies (12)). Let G be a graph. If the wired uniform
spanning forest of G is connected almost surely, then the wired and free spanning forests of G

coincide.

If (G, p) is a unimodular random rooted graph and § is a sample of either WUSF4 or FUSFg,
then the marked graph (G, p,§) is also unimodular (i.e., § is a percolation on (G, p)): Since the
definitions of FUSF& and WUSF 4 do not depend on the choice of exhaustion, for each mass transport
f: g.{?’l} — [0, 00}, the expectations

(G, u,v) = FUSFg [f(G,u,v,&)] and  f"(G,u,v) = WUSF¢g [f(G, u,v,&)]

are also mass transports. Using this observation, we deduce the mass-transport principle for
(G, p,§) from that of (G, p).

Connections to random walk and potential theory.

Although the uniform spanning tree of each G,, or G, is connected, the limiting random subgraph
can be disconnected. Indeed, Pemantle [190] proved that WUSF and FUSF of Z? coincide for all
d > 1, and are connected if and only if d < 4. A complete characterisation of the connectivity of the
WUSF was given by Benjamini, Lyons, Peres and Schramm [44]. A connected, locally finite graph
is said to have the intersection property if the traces of two independent simple random walks
started from any two vertices of the graph have infinite intersection almost surely (or, equivalently,
if the two traces have non-empty intersection almost surely). A graph is said to have the non-
intersection property if the traces of two independent simple random walks on the graph have

finite intersection almost surely.

Theorem 9.5.3 (Benjamini, Lyons, Peres and Schramm [44]: Theorem equivalence of
and ) Let G be an infinite, locally finite, connected graph and let § be a sample of WUSFg.
Then § is connected almost surely if and only if G has the intersection property. If G has the

non-intersection property, then § has infinitely many connected components almost surely.

In general, a graph need not have either of the intersection or non-intersection properties. For
example, the graph formed by connecting two disjoint copies of Z3 by a single edge between their
origins does not have either property. However, it is easily seen that this is not the case for reversible

random rooted graphs.
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Lemma 9.5.4. Let (G,p) be a unimodular random rooted graph with Eldeg(p)] < co. Then G

either has the intersection property or the non-intersection property almost surely.

Proof. By biasing by the degree we may assume that (G, p) is reversible. We may assume also that
(G, p) is ergodic, otherwise taking an ergodic decomposition. Let (X,)n>0 and (X_,)n>0 be inde-
pendent random walks on G started at p. Then the event that the traces of (X,,),>0 and (X_p)n>0
have infinite intersection is an invariant event for the stationary sequence ((G, (X, 1k )nez)kez and

therefore has probability either zero or one by ergodicity. O
Thus, the WUSF of a unimodular random rooted graph with finite expected degree is either
connected or has infinitely many connected components almost surely.

Recall that a function h : V' — R defined on the vertex set of a graph G = (V, E) is said to be

harmonic if

h(v) = degl(v) S h(u)

u~v
for every vertex v of G, or equivalently if (h(X,,))n>0 is a martingale when (X,,),>0 is a random
walk on G. A graph is said to be Liouville if it does not admit any non-constant bounded
harmonic functions, and non-Liouville otherwise. The following proposition, which follows from

the martingale convergence theorem, is well-known (see [173, Exercise 14.28]).

Proposition 9.5.5 (Theorem implies (10)). Let G be a connected graph. If G has the

intersection property, then G is Liouville.

The converse of Proposition does not hold for general graphs. For example, Z¢ is Liouville
for all d > 1 but has the intersection property only for d < 4. However, Benjamini, Curien and

Georgakopoulos [40] proved that the converse does hold for planar graphs.

Theorem 9.5.6 ([40] Theorem 9.1.1} implies (14)). / Let G be a planar graph. Then G is

Liowville if and only if it has the intersection property.
The Dirichlet energy of a function f : V — R defined on the vertex set of G is defined to be

=5 X (1) -seh) .

ecE—
The following is classical; see [173, Exercise 9.43].

Proposition 9.5.7 (Theorem implies (11)). Let G be a connected graph. Then the
bounded harmonic functions of finite Dirichlet energy are dense in the space of harmonic func-
tions of finite Dirichlet energy. In particular, if G admits a non-constant harmonic function of
finite Dirichlet energy, then G admits a bounded non-constant harmonic function of finite Dirichlet

energy.

Benjamini, Lyons, Peres and Schramm [44] related analytic properties of G to the WUSF and
FUSF of G.
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Theorem 9.5.8 (Benjamini, Lyons, Peres and Schramm [44]: Theorem equivalence of items
and ) Let G be an infinite connected graph. Then the measures FUSFg and WUSF¢g are

distinct if and only if G admits harmonic functions of finite Dirichlet energy.

In general, the FUSF is not nearly as well understood as the WUSF: no criterion for its connec-
tivity is known, nor is it known whether the number of components of the FUSF is non-random in
every graph. However, for simply connected maps, the FUSF is relatively well understood thanks
to the following duality: Given a map M and a set W C E, let W' := {ef € ET : e ¢ W} be the
set of dual edges whose corresponding primal edges are not contained in W. Observe that if ¢ is a
spanning tree of a finite planar map M, then the dual ¢! is a spanning tree of MT — it is connected
because t has no cycles, and has no cycles because ¢ is connected. This observation leads to the

following.

Proposition 9.5.9 (USF Duality [44, Theorem 12.2]). Let M be a simply connected map with
locally finite dual Mt and let § be a random variable with law FUSFy;. Then § has the law
of WUSF /1.

In general, if M is an infinite simply connected map and § is an essential spanning forest of M
(that is, a spanning forest such that every component is infinite), then §' is an essential spanning
forest of MT — it is a forest because every component of § is infinite, and is essential because § has
no cycles. Moreover, the forest § is connected if and only if every component of ' is one-ended.

Furthermore, we have the following.

Proposition 9.5.10 (Aldous-Lyons [7, Theorem 8.9]: Theorem implies (2)). Let (G, p)
be a unimodular random rooted graph with E[deg(p)] < oo and let § be a sample of WUSFq. If §

is connected almost surely, then (G, p) is invariantly amenable.

Proof. Suppose that § is connected almost surely. Since § has at most two ends almost surely by

[7, Theorem 6.2], [7, Theorem 8.9] implies that (G, p) is invariantly amenable. O

9.5.2 Results

The first main result of this section relates the average curvature and the expected degree of the

FUSF in a simply connected unimodular random rooted map.

Theorem 9.5.11. Let (M, p) be an infinite, simply connected unimodular random map, and suppose
that E[deg(p)] < 0o, and let § be a sample of FUSFyr. Then

Eldegg (o) = ~El0(p)] =2~ ~K(M, p) (9.5.1)

As an easy consequence we get the following component of Theorem [9.1.1].

Corollary 9.5.12 (Theorem non-positivity of average curvature and equivalence of (1)) and
(12)). Let (M, p) be an ergodic, unimodular random graph with E[deg(p)] < co. Then the average

curvature P[k(p)] is non-positive and is zero if and only if FUSFy; = WUSF; almost surely.
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Proof. Let § be a sample of FUSFj;. Since the expected degree of the WUSF in any unimod-
ular random rooted graph is two, and FUSFj; stochastically dominates WUSFj;, we have that
E[degz(p)] > 2 and that the measures FUSFy; and WUSFj differ almost surely if and only if this
inequality is strict. We conclude by applying Theorem ]

Theorem 9.5.11|follows as an immediate corollary of Proposition and the following theorem,
which is the second main result of this section. In Section we give an alternative, duality-
based proof of Theorem [9.5.11] that does not rely on Theorem [9.5.13] or Proposition [9.4.5, and also

applies to the free minimal spanning forest.

Theorem 9.5.13 (Connectivity of the FUSF). Let (M, p) be a simply connected unimodular ran-
dom rooted map with E[deg(p)] < oo. Then the free uniform spanning forest of M is connected

almost surely.

Since the measure FUSF4 stochastically dominates WUSF for every graph G, we deduce the

following immediate corollary.

Corollary 9.5.14 (Theorem equivalence of and (13)). Let (M, p) be a simply connected
unimodular random map with E[deg(p)] < co. Then FUSFy; = WUSF ;s if and only if the wired

uniform spanning forest of M is connected almost surely.

If M has locally finite dual almost surely, then, by Proposition Theorem is equiv-
alent to the statement that every component of the WUSF of M is one-ended almost surely.
Fortunately, it is known that every component of the WUSF is one-ended almost surely in several
large classes of graphs: The following was proven by the second author [127, 128] and followed ear-

lier works by Pemantle [190], Benjamini, Lyons, Peres, and Schramm [44], and Aldous and Lyons

[7].

Theorem 9.5.15 ([127, 128]). Let (G, p) be a transient unimodular random rooted graph. Then

every component of the wired uniform spanning forest of G is one-ended almost surely.

In the case that the dual MT is locally finite, Theorem follows as a corollary to Theo-
rem[9.5.15, The case that dual is not locally finite is contained in Proposition and is handled
by a separate argument. Theorem is complemented by concurrent work by the second and
third authors [130], who prove the corresponding theorem for deterministic simply connected maps
with bounded degrees. See [170] for further one-endedness results in the deterministic setting.

It is an open question whether the WUSF is one-ended almost surely in every one-ended uni-
modular random rooted graph (G, p) with E[deg(p)] < oo, without the assumption of transience.

The final result of this section is to prove that this is holds in the planar case.

Theorem 9.5.16. Let (M, p) be a recurrent unimodular random rooted planar map with E[deg(p)] <
co. Then the WUSF of M has the same number of ends as M almost surely (which is either one

or two since M is recurrent).
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When M has locally finite dual, Theorem [9.5.16| follows immediately by duality and the fact
that the WUSF of a reversible random rooted graph is either connected or has infinitely many
connected components almost surely; our contribution is to handle the case that M has infinite

faces.

9.5.3 Proof of Theorem and Theorem

Proof of Theorem when the dual is locally finite. Let (M, p) be a unimodular random rooted
map with P[deg(p)] < oo, and suppose that the dual MT is locally finite almost surely. We may
assume that (M, p) is ergodic, otherwise taking an ergodic decomposition. Let § be a sample of
FUSF)s and let §' be the dual forest. Since E[deg(p)] < oo, the law of (MT, pT) is equivalent to
the law of a reversible random rooted map by Proposition . If MT is almost surely transient,
Theorem implies that every component of F' is one-ended almost surely, and we deduce that
§ is connected almost surely. If M1 is almost surely recurrent, then §' is connected almost surely,
and consists of a single tree with at most two ends. It follows that the measures FUSF,,;; and
WAUSF,;+ coincide and hence the measures FUSF); coincide WUSF,; by duality. If the single tree
of § were two-ended then § would have exactly two components, contradicting Lemma ]

The remainder of this section is dedicated to the proof of Theorems [9.5.13| and [9.5.16| in the

presence of infinite faces. We begin by developing a variant of Wilson’s algorithm that allows us to

sample the dual of the FUSF using random walks when the dual is not locally finite.

Given a graph G and a path v in GG that is either finite or transient, i.e. visits each vertex of G at
most finitely many times, the loop-erasure LE(7) is formed by erasing cycles from ~ chronologically
as they are created. Formally, LE(7y); = 74, where the times ¢; are defined recursively by ¢ty = 0
and t; = 1 + max{t > t;_1 : 7%+ = Y, , . The loop-erasure of a simple random walk is known as
loop-erased random walk and was first studied by Lawler [161].

Wilson’s algorithm [228] is a method of sampling a uniform spanning tree of a finite graph by
joining together loop-erased random walk paths. Benjamini, Lyons, Peres and Schramm [44] later
introduced a variant of Wilson’s algorithm for sampling the WUSF of an infinite transient graph,
known as Wilson’s algorithm rooted at infinity. Let G = (V, E)) be a connected, locally finite
graph and let (v; : 4 > 1) be an enumeration of the vertex set V. We sample a sequence of forests

(§i)i>0 in G recursively as follows:

1. If G is finite or recurrent, fix a vertex vy of G and let §o = {v}. Otherwise G is transient and
we set §o = 0.

2. Given §;, start a simple random walk from f; in M independently of everything we have

already sampled, stopped if and when it first hits a vertex already included in §;.

3. Take the loop-erasure of this random walk path, and let §;+; be the union of §; and this
loop-erased path.
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4. Let § = UiZO i

This procedure is referred to as Wilson’s algorithm rooted at vy when G is finite or recurrent,
and Wilson’s algorithm rooted at infinity when G is transient: The resulting random forest
has law UST¢ when G is finite [228] and WUSFg when G is infinite [44].

Now suppose that M is a simply connected map with at least one infinite degree face. Let
Fan = {f € F(M) : deg(f) < oo} be the set of finite degree faces of M and let F, = F'\ Fgy, be
the set of infinite degree faces of M. Let (f; : i > 1) be an enumeration of Fg,. We sample an

increasing sequence of forests (SZ :i > 1) in M recursively as follows:
1. Let §) = Fx.

2. Given SI, start a simple random walk from f; in MT independently of everything we have

already sampled, stopped if and when it first hits a vertex already included in S’I

3. Take the loop-erasure of this random walk path, and let SI 41 be the union of SZT and this
loop-erased path.

4. Let § = U2 3.
We call this procedure Wilson’s algorithm rooted at {oco} U F.

Proposition 9.5.17. Let M = (V, E,0) be a simply connected map with dual Mt and let Ft be
a random subset of ET sampled by Wilson’s algorithm rooted at {oo} U Fs,. Then § = ()T is a
sample of FUSF ;.

Proof. Let (Vy,)n>0 be an exhaustion of V' such that the submap of M induced by V'\ V;,, denoted
M,,, does not have any finite connected components for any n. The dual of M,, may be constructed
from M' by identifying every face f of M that does not have all of its constituent vertices included
in M, into a single vertex 0,, and deleting all the self-loops that are created. In particular, all
infinite faces of M are identified with 0,, for every n > 1. Note also that if we start a simple random
walk (Xp)n>0 on MY, started at some face f € Fg, and stopped the first time it hits Fso, then,
since every time the walk revisits f it has a constant, positive probability of hitting F., before
revisiting f, the stopped random walk path is either finite or transient almost surely. Given these
observations, the rest of the proof proceeds similarly to the usual proof of the veracity of Wilson’s
algorithm rooted at infinity [44, Theorem 5.1].

Let H be a finite set of edges of MT, and let fi, ..., f; be an enumeration of the set of faces f of
M that are endpoints of at least one of the edges in H. Let <(X;»>j20 :i=1,...,1) be a collection
of independent random walks in MT, where the walk <X]’> j>0 is started at f; and stopped the first
time that it hits an infinite face of M. Run Wilson’s algorithm in Mﬂ:, rooted at 0, and starting
with the faces f1,..., f; in that order, using the random walks <Xj’:>j20: For each ¢ € [l], let 7* be

the first time that the random walk <X;) j>0 Visits the portion of the spanning tree generated up

243



9.5. Spanning forests

to time ¢ — 1, so that
l
UST, (H CT) = P(H ay LE(<X;>;;O)).
i=1
Now, similarly, run Wilson’s algorithm on M1 rooted at {oco}UF,, starting with the faces fi,..., f;
in that order and using the random walks (X}>j20, and let 7; be the first time that the random
walk <X;> j>0 visits the portion of the spanning tree generated up to time ¢ — 1 (which might now

be infinite). Since the walks <XJ’) j>o0 are finite or transient almost surely, we have that
7l — 7 and LE((XH)75,) — LE((XD)7)

almost surely as n — oo. It follows that

!
FUSFy (H c §%) = an;o UST i (H CT) = lim IP(H - U LE((X})]T-;o))

n—00 im1
—P(H C O LE((X])7) )
1=1

completing the proof. O

In the case that M has faces of infinite degree, Theorems 9.5.13| and [9.5.16 follow immediately
from the following proposition. (The case of Theorem [9.5.16|in which M is not simply connected

is trivial, since in this case M and § must both have two ends.)

Proposition 9.5.18. Let (M,p) be a simply connected, unimodular random rooted map with
Pldeg(p)] < oo and suppose that the dual MT contains a vertex of infinite degree almost surely.
Let § be a sample of FUSFy. Then every connected component of §'\ Fu is finite almost surely,

and consequently § is connected almost surely.
The main ingredient of Proposition |9.5.18|is the following simple lemma.

Lemma 9.5.19. Let (M,n) be a simply connected reversible random edge-rooted map and suppose
that the dual MT contains a vertex of infinite degree almost surely. Let f € Fqn and let (Xn)n>o be
a random walk on M' started at f and stopped at T, , the first time it visits Fog. Then T, < 00

almost surely.

Proof. If there are almost surely no edges ef € ET with both endpoints in Fg, then the result is
trivial, so suppose not. Form a (possibly disconnected) graph Gt with edge set ET by, for each
edge ef € ET with an endpoint in F., replacing this endpoint with a vertex of degree one. For
each edge ef € ET, let GiT denote the connected component of G containing ef. The vertex set
of G* may be written as Fg, U L, where L is the set of degree one vertices of G corresponding
to edges of M incident to an infinite degree face. It is clear that the random edge-rooted graph

(G%, n') is reversible. Every connected component of G} contains a vertex in L and consequently,
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Figure 9.6: The maps Ty (left) and My (right).

by stationarity, a random walk on G visits L infinitely often almost surely. We conclude by noting
that the random walk on M1 started at a vertex f € Fgn and stopped when it first hits Fiy, can be
coupled with the random walk on G started at the same f € Fg, and stopped when it first hits L
so that the two hitting times agree. O

Proof of Proposition[9.5.18. Generate §' with Wilson’s algorithm rooted at {00} U Fi. It follows
from Lemma 9.5.19| that for every face f of M, there exists a path in §' connecting f to F., and

t ¢ Fi,, transport

this path is easily seen to be unique. For each oriented edge e of M with e
mass one from e~ to d~, where d' is the last edge of the unique path connecting e’ to F in F'.
Then each vertex u sends a mass of at most deg(u), so that the expected mass sent by the root is
finite. For each connected component of el \ Fwo, there exists an edge el € §' that connects this
infinite connected component to Fi,, and the vertex e~ receives mass equal to at least the number
of edges in the component. Thus, the existence of an infinite connected component of F'\ Fy

would contradict the mass transport principle. O

9.5.4 Finite expected degree is needed

Example 9.5.20. Let T}, be a binary tree of height n drawn in the plane. The Benjamini-Schramm
limit of 7}, as n tends to infinity is known as the canopy tree, and can be thought of as an ‘infinite
binary tree viewed from a leaf’. Let M, be the finite map obtained by drawing two copies of T},
so that one is the reflection of the other, and attaching these two copies together at their leaves
(see Figure 5). Then the Benjamini-Schramm limit of M,, exists and is formed of two canopy trees
attached together at their leaves. Let T) be the map formed from T, by replace each edge at
distance k from the leaves of T}, by 3 parallel edges, and let M, be the map obtained by drawing
two copies of T, so that one is the reflection of the other, and attaching these two copies together
at their leaves. These strong drifts ensure that, in the Benjamini-Schramm limit M’ of the maps
M, the distance between a simple random walk (X} );>o and the set of former leaves of the canopy
tree will increase linearly in k£ almost surely, and the walk therefore gets stuck in one of the two
trees almost surely. Since the walk can get stuck in either of the two trees, we obtain a bounded

harmonic function on M defined by letting h(v) be the probability starting from v that the random
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walk gets stuck in the first tree. Moreover, Wilson’s algorithm shows that the WUSF of M’ has

exactly two components, corresponding to the two trees of M’.

9.5.5 Percolation and minimal spanning forests

While the uniform spanning forests are related to random walks, the minimal spanning forests are
related to bernoulli bond percolation. Recall that a Bernoulli-p bond percolation on GG, denoted
wp, is a random subgraph of G defined by keeping each edge of G independently with probability
p and deleting the rest. The Bernoulli bond percolations {wp}pE[O,l] on a graph G may be coupled
monotonically by letting {U(e) }ecr be a collection of i.i.d. Uniform(]0, 1]) random variables indexed
by the edge set of G and setting wy(e) = 1(U(e) < p) for every e € E and p € [0,1]. The critical
probability of G is defined by

pe(G) :=inf {p : P(w, has an infinite connected component) =1} .

It is well-known [7, 187] that if (G, p) is an ergodic unimodular random rooted graph, then for each
p € [0,1] the number of infinite connected components of w, for any is in {0,1, 00} almost surely
and is non-random. Moreover, if (G, p) is a unimodular random rooted graph and p is such that
wp has a unique infinite cluster almost surely, then w,, has a unique infinite connected component
almost surely for every p’ > p [7, 113, 176]. In light of this, the uniqueness threshold of a graph
G is defined to be

pu(G) = inf{p : P(w, has a unique infinite connected component) = 1} > p.(G).

Note that if (G, p) is an ergodic, infinite unimodular random rooted graph, then the quantities p.(G)
and p,(G) are non-random. It is of interest to determine which graphs have a non-uniqueness phase
for Bernoulli bond percolation. For example, p. = p,, for every amenable transitive graph, while a
long standing conjecture of Benjamini and Schramm [51] asserts conversely that every nonamenable

transitive graph has p. < py.

Lyons, Peres and Schramm [175] related the non-uniqueness phase to minimal spanning forests.
Given a finite graph G and an injective function U : E(G) — R assigning weights to the edges of
(G, the minimal spanning tree of G with respect to U is defined to be the spanning tree T of GG
minimising the total weight > ., U(e). Equivalently, an edge e of G is contained in T if and only
if there does not exist a simple cycle in G containing e such that e maximises U(e) among the edges
in this cycle. We write MST for the distribution on spanning trees of G obtained by letting T be
the minimal spanning tree of G with respect to weights {U(e)}ecr given by i.i.d. Uniform(|0, 1])
random variables. As for the uniform spanning trees, given an exhaustion (V;,),>0 of an infinite

graph G, we the free and wired minimal spanning forests as the weak limits

FMSFo(S CT) := li_)m MST¢q, (S CT)
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and
WMSFq(S CT) := ILm MSTg: (S C T).

The limits do not depend on the choice of exhaustion and, if (G, p) is a unimodular random rooted
graph and § is a sample of either WMSF or FMSF¢, then § is a percolation on (G, p). Unlike in
the uniform case, both of the minimal spanning forests may also be defined directly on the infinite
graph G as follows. Let {U(e) : e € E} be a collection of i.i.d. Uniform([0,1]) random variables
indexed by the edge set of G. An edge e of GG is included in free minimal spanning forest of G if
and only if it is not the heaviest edge in any simple cycle in G. An edge e of G is included in the
wired minimal spanning forest of G if and only if it is not the heaviest edge in any simple cycle in
G or in any bi-infinite simple path (or ‘cycle through infinity’) in G.

Lyons, Peres and Schramm [175] proved that an infinite connected graph G has FMSFg =
WMSF¢ if and only if for w, has a unique infinite cluster for Lebesgue-a.e. p € [0,1]. Combining

this with uniqueness monotonicity [7, 113, Theorem 6.7] yields the following.

Theorem 9.5.21 ([7, 113, 175]: Theorem equivalence of and (16)). Let (G,p) be an
infinite unimodular random rooted graph with E[deg(p)] < co. Then p.(G) < pu(G) if and only if
FMSF¢ # WMSFe.

The minimal spanning forests share several properties with their uniform cousins:

1. (Free dominates wired.) The measure FMSFs stochastically dominates the measure
WMSF for every graph G.

2. (Domination and subgraphs) let H be a connected subgraph of G. Then the FMSF of H
stochastically dominates the restriction of the FMSF of G to H.

3. (Expected degree of the WMSF.) The expected degree in the WMSF of root of any

unimodular random rooted graph is two [7, Proposition 7.3].

4. (Amenability and boundary conditions.) If (G,p) is an invariantly amenable random
rooted graph, then FMSFo = WMSF¢ almost surely [7, Proposition 18.14].

5. (Planar duality.) If M is a simply connected map with locally finite dual MT and § is a
sample of FMSF ), then ' has law WMSF ;4 [173, §11.5].

Combining items 1 and 2 above, we deduce that if (G, p) a unimodular random rooted graph, the
measures FMSF& and WMSF 4 coincide almost surely if and only if the expected degree of p in the
FMSF of G is two.

By using the properties above, the proof of Theorem also yields a formula relating the
expected degree of the FMSF to the average curvature.

Theorem 9.5.22 (Theorem equivalence of and (15)). Let (M, p) be an infinite simply
connected unimodular random rooted map with E[deg(p)] < oo and let § be a sample of FMSF ;.
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Then )
Eldegz(p)] =2~ _K(M, p).

In particular, FMSFyr = WMSF s almost surely if and only if K(M, p) = 0.

The equivalence of and in Theorem can also be proven directly as follows. Let
(M, p) be a hyperbolic simply connected unimodular random rooted map. If (M, p) has locally
finite dual, we deduce that p.(M) < p, (M) by applying the following two results.

Theorem 9.5.23 (Benjamini, Lyons, Peres and Schramm [36, 43|; Aldous and Lyons [7]). Let
(G, p) be an invariantly nonamenable unimodular random rooted graph with E[deg(p)] < co. Then

wp,. does not contain any infinite connected components almost surely.

Theorem 9.5.24 (Benjamini and Schramm [49, Theorem 3.1]). Let (M, p) be an invariantly non-
amenable, simply connected unimodular random rooted map with locally finite dual Mt and suppose
that Eldeg(p)] < oo. Then wy, has a unique infinite connected component if and only if every

component of w}; 1s finite. It follows that
pu(M) =1- pc(MT)

almost surely and that w,, contains a unique infinite connected component almost surely.

Benjamini and Schramm proved their theorem for transitive planar graphs, but their proof
extends immediately to our setting.
If M does not have locally finite dual, then it must have infinitely many infinite faces by

Lemma [9.3.15, so that the underlying graph of M is infinitely ended. In this case, we have that

pu(M) =1 almost surely (see Proposition |9.7.7), while p.(M) < 1 by Theorem [9.5.23|
Thus, we have the following.

Corollary 9.5.25 (Theorem implies (16)). Let (M, p) be a simply connected, invariantly
nonamenable, unimodular random rooted map with Eldeg(p)] < co. Then p.(M) < pu(M) almost

surely.

9.5.6 Expected degree formula

We prove Theorem [9.5.22,. Every property of the minimal spanning forests that we use also holds
for the uniform spanning forests, so that we also obtain an alternative proof of Theorem [9.5.11] that

does not rely on Theorem [9.5.13

Proof of Theorem |9.5.11|.

Locally finite dual case. Let w be a percolation on (M, p), and let w! = {ef € ET : e ¢ w}.
As in Section [9.2.5] let n be chosen uniformly at random from the set £, of oriented edges of M
emanating from p, let p = 7", and let P*" be the deg(p)-biasing of P and let P' be the deg(p’)~!
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biasing of P™, so that (MT, p) is a unimodular random rooted map under PV, We write Ef for

the expectation operator associated to P1.

Lemma 9.5.26. The following equation holds.

E[deg,,(p)] = E[deg(p I E [deg, (p1)]. (9.5.2)

Z deg(f

flp

Proof. Observe that, since 7 is uniformly distributed on E,* conditional on (M, p), we have

Bldee, ()] = Eldeg(p)101 € )] = E [deg(p) (1 - 1011 € D).
and so

Eldeg, ()] = Eldeg(p)] (1 P (o w*)) |

Similarly, since under the measure P and conditional on (MT, pT), n' is uniformly distributed on
E—>

pt?
Ef[deg,+(p")] = Ef[deg(p")]P™ (77T S w*) .
It follows that

E[deg,, (p)] = E[deg(p)] <1 - ET[deg(ZT]HET [deg,; (pT)]> :

Applying the expected degree formula (9.2.3), we deduce that

[Zprdeg(f) }
]

El[deg,, (p)] = E[deg(p)] (1 ~ E[deg(p)

Ef[deg,,i (/ﬂ]) 7

which rearranges to give the desired expression. O

Let § have law FMSF,;. By Proposition the dual forest ' is distributed according to
WMSF /. Since the expected degree at the root of the WMSF in any unimodular random rooted

graph is 2, we have Ef [deg+ (p1)] = 2 and consequently, by Lemma 9.5.26]

Eldegz(p)] = Eldeg(p)] — 2E

deg(f 1] = deg(f) =2 :2—lK(M,p).
le:p Jgp deg(f) G

This completes the proof in the case that the dual of M is locally finite.

Non-locally finite dual case. Observe that, if w is a percolation on a unimodular random map

(M, p) that is almost surely a spanning forest of M, then every component of w' is infinite, and it
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follows from [7, Theorem 6.1] that Ef[deg,(p")] > 2. Thus, we deduce from Lemma 9.5.26 that

Eldegg(p)] <2~ K(M,p). (9.5.3)

For each n > 1, let M,, be the locally finite map containing M as a submap that was defined in
the proof of Proposition and let §, be a sample of FMSF,; . Since (M,, p) has locally finite
dual, we have that

1 1
E[degg, (p)] =2 — ;K(Mmp) =2- ;K(M, p),

where the second equality follows from Proposition (9.4.5
Since the underlying graph of M is a subgraph of the underlying graph of M,,, the forest §

stochastically dominates the restriction §, N F for every n > 1, and so

E[degz(p)] > E[degg, (p)] — E[degyy, (p) — degs(p)]

=2- %K(M ,p) — E[degyy, (p) — degps(p)] —— 2 — %K(M , P)-

n—oo

(The limit can be deduced either by direct calculation or by invoking the dominated convergence
theorem.) To obtain a corresponding upper bound, consider § as a subgraph of Mj. Since § is a
spanning forest of M;, we can apply (9.5.3)) to deduce that

Eldegg(0)] <2~ K(My,p) =2~ K(M,p)

completing the proof. O

9.6 The conformal type

Given a map M such that every face of M has degree at least three, we may form a surface S(M)
by gluing regular unit polygons together according to the combinatorics of M, the boundaries of
these polygons becoming the edges of M embedded in S(M). As before, we consider the upper
half-space {x + iy € C: y > 0} with edges {[n,n+ 1] : n € Z} to be a regular co-gon. The surface

S(M) can be endowed naturally with a conformal structure by defining an atlas as follows.

e For each face f of M, we take as a chart the identity map from the interior of the regular

polygon corresponding to f to itself.

e For each edge e of M, we define an open neighbourhood of the interior of e in S by taking
the two triangles formed by the endpoints of e and the centres of the two faces adjacent
to e (if either face is infinite, we interpret this triangle to be the infinite strip starting at
e and perpendicular to the boundary of the face). To define a coordinate chart on this

neighbourhood, we simply place the two triangles next to each other in the plane. This chart
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is well defined even if both sides of e are incident to the same face.

4P | X

e For each vertex v of M, we define an open neighbourhood of v in S similarly by intersecting

the corners of the faces adjacent to v with open discs of radius 1/2 centred at v. We define a

chart on this neighbourhood by first laying the corners out in a (possibly overlapping) spiral

27 /6(v)

around the origin, and then applying the function z +— z , suitably interpreted to get

an injective map into the plane.

4
|

E—

ZQW/G(U)

S&
v

Lo
’
P

The coordinate changes are easily seen to be analytic, so that this atlas does indeed define a
Riemann surface structure on S(M). We denote this Riemann surface by R(M).

The definition of R(M) can be extended (somewhat arbitrarily) to maps containing faces of
degree 1 and 2 as follows: Given a map M, let M be obtained from M by adding a vertex inside
each face of M that has degree 1 or 2, and connecting this vertex to each of the corners of the
face. Every face of M has degree at least three, and we define R(M) = R(M). The map M can
be embedded in R(M) by restricting the natural embedding of M into R(M).

If M is simply connected, the uniformization theorem implies that R(M) is conformally equiv-
alent to the sphere, the plane or the disc, and we call M conformally elliptic, parabolic, or
hyperbolic accordingly. We refer to the embedding of M into the sphere, the plane, or the disc
given by uniformizing R (M), which is unique up to Mébius transformations of the sphere, plane or
disc as appropriate, as the conformal embedding of M. Conformal embeddings of unimodular
random planar maps are conjectured to play a key role in the theory of two-dimensional quantum
gravity, see [74] and references therein.

Gill and Rohde [103] proved that every Benjamini-Schramm limit of finite planar maps with
uniformly bounded codegrees is conformally parabolic almost surely. The main result of this section

generalises and, together with Corollary [9.3.6, provides a converse to their result.
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Theorem 9.6.1 (Theorem [9.1.1) equivalence of (9) and (2)). Let (M, p) be an infinite, ergodic,
simply connected unimodular random rooted map with E[deg(p)] < oco. Then M is conformally

parabolic almost surely if and only if (M, p) is hyperfinite.

Proof of Theorem [9.6.1: Conformally parabolic implies hyperfinite. Let (M, p) be a unimodular ran-
dom rooted map such that M is conformally parabolic a.s., and let z be the conformal embedding of
M into the plane, which is unique up to translation and scaling. We claim that (M, p) is hyperfinite.
We claim that if H and H' are two open half-planes that are disjoint from z(V'), then either H
is contained in H’', H' is contained in H, or H and H' are disjoint. Indeed, if this is not the case,
then the set z(V') is contained in some cone. It follows that there exists a unique, not necessarily
distinct, pair of angles 61,602 € [0,27) with |#2 — 61| mod 27 < 7 such that for every ¢ > 0 and

every point zg € C, the cone
{zeC:arg(z—20) €[bh —e,02+¢]}

contains all but finitely many points of z(V'), but, if ; # 62, then infinitely many points of z(V')
are not in the cone
{z e C:arg(z—29) € [6h +¢,00 — €]}

In particular, there exists a finite, nonempty set of vertices of z(V') that have maximally negative
inner product with e*1. This set of vertices does not depend on the choice of conformal embedding,
and so we obtain a contradiction by transporting a mass of one from each vertex of M to a uniformly
chosen element of this set.

If there are a.s. two disjoint open half-planes that are both disjoint from z(V'), let H; and Ha be
the two disjoint open half-planes disjoint from z(V') that are maximal in the sense that any open-
half-plane strictly containing either H; or Hy must intersect z(V). By translating, rotating, and
scaling, we may assume that H; is the lower half-plane {z € C : J(z) < 0} and H; is the half-plane
{z € C:3(z) > 1}. Let U be a uniform [0, 1] random variable, and consider the randomly shifted
real integers Z+ U C C. For each n € Z, let v(n) € V be chosen uniformly at random from among
those v € V such that z(v) is of minimal distance to n + U. Drawing an edge between v(n) and
v(n + 1) for every n € Z defines a unimodular coupling between (M, p) and Z, and it follows from
Proposition that (M, p) is hyperfinite in this case.

Now suppose that there is a unique open half-plane H disjoint from z(V') that is maximal in
the sense that any open-half-plane strictly containing H must intersect z(V'). By rotating and
translating, we may assume that H is the right half-plane, H = {z +iy € C : z > 0}. We will
use the linear structure of the boundary of H to show that (M, p) is coupling equivalent to Z, so
that it will follow from Proposition that (M, p) is hyperfinite. Since z(V) is locally finite,
there exists a vertex v such that the straight line {z + z(v) : x > 0} is disjoint from z(V') \ {z(v)}.
For any such vertex, again by local finiteness of z(V'), there exists a positive angle 6 such that
the cone Cy(v) = {z € C : arg(z — 2(v)) € [—6,0]} is disjoint from Cy(u) for every u € V with
Rz(u) > Rz(v). We say that v is f-exposed if this condition holds. By the above discussion, we
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may choose 6 > 0 such that p is #-exposed with positive probability, in which case it follows from
ergodicity and unimodularity that there are infinitely many #-exposed vertices a.s. Observe that,
again using the fact that z(V) is locally finite, for every bounded interval [a, b], there exist at most
finitely many #-exposed vertices v of M that have Jz(v) € [a,b]. Define a graph whose vertices are
the #-exposed vertices of M, and where we draw an edge between two distinct 6-exposed vertices u
and v if and and only if there is no f-exposed vertex w, distinct from u and v, such that Jz(w) lies
between Jz(u) and Jz(v). The above discussion implies that this graph is isomorphic to Z, and it
follows that (M, p) and Z are coupling equivalent as claimed.

Now suppose that z(V') intersects every open half-plane. We define D to be the Delaunay
tessellation with vertex set given by the set of points z(V). That is, D is the map that has
embedded vertex set z(V'), and has a straight line between two points z(u) and z(v) if and only if

there exists either a disc or a half-plane in the plane such that
1. the disc or half-plane does not have any points of z(V') in its interior,

2. z(u), 2(v), and at least one other point of z(V') lie on the boundary of the disc or half-plane,

and

3. z(u) and z(v) are adjacent in the cyclic ordering of the set of points of z(V') that intersect
the boundary of the disc or half-plane.

Note that the isomorphism class of (D, p) is independent of the choice of the conformal embedding.

If the dual of D is not locally finite, observe that the union of the finite degree faces of D is equal
to the convex hull of the set z(V'), and consequently any infinite face of D must contain a half-space
disjoint from z(V'). On the other hand, if D is not locally finite, it follows from the definition of
D that for every infinite degree vertex v of D, there exists an infinite sequence of vertices u; and
closed discs or half-planes C; such that C; contains both z(v) and z(u;) in its boundary and no
points of z(V) in its interior. By taking a subsequential limit, it follows from the fact that z(V)
is locally finite that there must exist a half-space containing z(v) in its boundary and no points of
z(V) in its interior.

Thus, we may assume that D is finite and has locally finite dual a.s. In this case, it follows from
the measurability of conformal embedding that (D, p) is a unimodular random rooted map, and
that (G, p) and (D, p) are coupling equivalent. Thus, by Proposition [9.3.13| it suffices to prove that
(D, p) is hyperfinite. Define a mass transport as follows. For each vertex u and face f of D incident
to u, let ang(f,u) be the angle of the corner of f at u. Transport a mass of ang(f,u)/deg(f) from
u to each of the vertices incident to f, including u itself. The mass sent out by each vertex w is 2,

while, since each face is a polygon in the plane, the mass received is

Z sum of internal angles of f Z deg(f

v deg(f) deg

Applying the mass-transport principle yields that the average curvature of (D, p) is zero, and it
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follows from the equivalence of items and of Theorem that (D, p) is hyperfinite as

claimed. O

Before proving the converse, our immediate goal is to prove the following lemma. Suppose M
is a conformally hyperbolic map. For each oriented edge e of M, let U, be the subset of R(M)
defined as follows. If the face e¢” to the right of e has finite degree, let U, be the quadrilateral in
the polygon corresponding to f that is formed from the first half of e, the first half of o(e) (i.e., the
next edge clockwise from e in the cyclic ordering of the edges emanating from e~ ), and the straight
lines between the center of f and the midpoints of these two edges. If deg(f) is infinite, let U, be
the infinite strip in the half-plane corresponding to f whose boundary is given by the first half of
e, the first half of o(e), and the two half-infinite straight lines that start at the midpoints of these

edges and are perpendicular to the boundary of f. For each vertex v of M, we define
U, = | J U
e =v

Given a subset K of a Riemann surface that is conformally equivalent to the hyperbolic plane,
we write areap(K) of the hyperbolic area of the image of K under a uniformizing map from the

Riemann surface to the hyperbolic plane.

Lemma 9.6.2. There exists a constant C such that the following holds. Let M be a conformally
hyperbolic, simply connected map such that every face of M has degree at least three. Then for
every vertex v of M,

areag(U,) < C deg(v).
Proof. We shall require the following classical facts about hyperbolic area.

1. Schwarz-Pick. If R is a Riemann surface that is conformally equivalent to the disc, D is a
simply connected open subset of R, and K is a Borel subset of D, then the hyperbolic area of
K considered as a subset of D is greater than or equal to the hyperbolic area of K considered
as a subset of R. (Schwarz-Pick is usually stated in terms of the metrics, but immediately

implies this statement.)

2. For every 0 < £ < 1, the hyperbolic area of the set {z € C : |z| < 1 — ¢}, considered as a

subset of the open unit disc, is given by

4r(1—e)? _2m

Ao S (9.6.1)

For each oriented edge e, let U}, ... , U2 be the following subsets of the polygon associated to

the face e”. See Figure 9.7 for an illustration.

1. U} is the 1/8 neighbourhood of the midpoint of e.

e
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Figure 9.7: The covering of U, (grey) by discs (dashed boundaries) used in the proof of Lemmam
Left: the case that ¢ has degree three. Right: the case that ¢” has infinite degree.

2. U2 is the 1/8 neighbourhood of the midpoint of the edge following e in the clockwise order
of the edges adjacent to e™.

3. U3 is the 7/16 neighbourhood of e~.

4. If " has finite degree, we define UZ is the intersection of U, with the disc that is centred at
the centre of the polygon corresponding to e” and that has distance 1/16 from the boundary
of the polygon corresponding to e”. If e” has infinite degree, we let U2 be the intersection
of U, with the upper half-plane that has distance 1/16 from the boundary of the half-plane

corresponding to e”.

It is easily verified by elementary trigonometry that the U, is contained in the union U?:l UL

We first claim that the hyperbolic areas of U} and U2 are bounded above by a constant. Recall
that in the chart at e, we simply place the two triangles formed by the endpoints of e and the centres
of the two faces adjacent to e next to each other (where the triangles become infinite strips if a
face has infinite degree). It is easily verified that the open ball of radius 1/4 around the midpoint
of e is always contained in the domain formed by placing the two triangles together. Since U} is
contained in the ball of radius 1/8 around the midpoint of e, it follows that the hyperbolic area of
Ul is bounded above by a constant (namely, 47/3) by and Schwarz-Pick. The corresponding
claim for U2 follows similarly.

We next claim that the hyperbolic area of UZ is bounded above by a constant. By Schwarz-Pick,
it suffices to prove that the hyperbolic area of UZ is bounded above by a constant when considered
as a subset of the polygon corresponding to e,. If e, has infinite degree, this area is the same as the
hyperbolic area of {z +iy € C:z € [0,1],y > 1/16} considered as a subset of the upper half-plane
{z +iy € C:y > 0}, which is finite (in fact, it is equal to 16). On the other hand, if e, has finite
degree, then we can consider the disc D centred at the centre of the polygon corresponding to e,
that has distance 1/16 to the boundary of the polygon. The radius of the disc D’ that is centred
at the centre of the polygon and just touches the boundary of the polygon is

1 + cos(2m/ deg(e")) < deg(e”)
4sin(r/deg(em)) — 2w
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Thus, it follows that the hyperbolic area of D considered as a subset of D’ is at most 16 deg(e").
We deduce that, by symmetry, the area of Uf considered at a subset of D’ is at most 16. The claim
now follows by applying Schwarz-Pick.

Finally, we claim that for every vertex v, the hyperbolic area of U2 := Ue-—s U2 is at most
C deg(v), where C is a universal constant. Observe that U2 is simply the set of points that are at
distance at most 7/16 from v in one of the polygons corresponding to a face incident to v. Under
the chart associated to v, this set gets mapped to a ball of radius (7/ 16)2”/ 9(v) while the set of all
points at distance at most 1/2 from v gets mapped to the ball of radius (1/2)?7/%() with the same

centre. It follows that the hyperbolic area of U2 considered as a subset of this larger ball is at most

27 <
1— (7/8)27r/0(v) -

CO(v) < mC deg(v),

where C is a constant. Verifying that such a constant exists is a simple calculus exercise. The
claim now follows from Schwarz-Pick.

The lemma follows by combining the three estimates given. O

Proof of Theorem [9.6.1: Conformally hyperbolic implies invariantly nonamenable. We may assume
that every face of M has degree at least three, since otherwise the map M used to define R(M)
can easily be rerooted and biased to be unimodular, and is coupling equivalent to M. Let ¢ be a
conformal equivalence between R(M) and the hyperbolic plane, let Z be a Poisson point process
of intensity 1 on the hyperbolic plane, and let D be the Delaunay triangulation associated to Z.
We form a graph G whose vertex set is V U Z, and has as edges the edges of M, the edges of
D, and an edge connecting each v € V' to every point z € Z N ¢(U,). We also mark the edges of
G according to which of these three types they come from. Note that the law of (G, p) does not
depend on the choice of ¢. It follows from Lemma that the expected number of points in
ZN¢(U,) is finite. It is easily verified, using the measurability of the conformal embedding, that if
we sample (G, p) biased by 1+ |Z N ¢(U,)| and then let 5 be uniform on the set {p} U (ZN¢(U,)),
then the resulting random rooted network (G, p) is unimodular. Similarly, if we sample (M, p) and
Z biased by |ZN¢(U,)|, and let p’ be uniform on the set ZN¢(U,), then the resulting graph (D, p')
is unimodular. Thus, we have defined a unimodular coupling between (M, p) and (D, p’). Since
D is a Poisson-Delaunay triangulation of the hyperbolic plane, (D, p’) is invariantly nonamenable
(see [37] and [21, Section 2]), and we conclude by applying Proposition [9.3.13| O

We remark that there are many other natural (and inequivalent) ways to associate Riemann
surfaces to maps. For example, we could associate to each face of M a disc of circumference k,
with boundary split into & arcs of length one corresponding to the edges, and glue adjacent faces
according to arc length along their shared edges. The proof of Theorem [9.6.1] extends to many of

these alternatively defined conformal embeddings with only minor modifications.
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Compact One Ended Two Ended Infinitely Ended
Planar
sphere disc cylinder Cantor tree
Not planar
_ infinite blossoming
g-holed torus prison window Jacob’s ladder Cantor tree

Figure 9.8: Possible topologies of a unimodular random map. The surface S(M) associated to a
unimodular random map (M, p) is almost surely homeomorphic to one of the above.

9.7 Multiply-connected and non-planar maps

9.7.1 The topology of unimodular random rooted maps.

In this section we study multiply-connected unimodular random rooted maps. We begin by classi-
fying the possible topologies of the surface associated to a unimodular random rooted map (M, p).
Biringer and Raimbault [54] classified the possible topologies of unimodular random rooted com-
plete, orientable, hyperbolic surfaces. Their methods readily generalise to our setting, yielding the
following theorem. In fact, the proof is slightly less technical in our setting, and we provide a quick
sketch below.

Theorem 9.7.1 (Topology of unimodular random rooted maps). Let (M, p) be an infinite uni-
modular random rooted map. Then the surface associated to M is almost surely homeomorphic to
one of the following surfaces: the plane, the cylinder, the Cantor tree, the infinite prison window,

Jacob’s ladder, or the blossoming Cantor tree.

Here, the Cantor tree is a ‘tree made of tubes’ that is homeomorphic to the complement
of the Cantor set in the sphere, the infinite prison window is ‘the lattice Z? made of tubes’,
Jacob’s ladder is ‘an infinite ladder made of tubes’, and the blossoming Cantor tree is a Cantor
tree with a handle attached near each bifurcation. See Figure 4 for illustrations. Be warned that
homeomorphism is an extremely weak notion here. For example, ‘the lattices Z? made of tubes’
are all homeomorphic to each other for all d > 2, as indeed are any two ‘one-ended infinite graphs
made of tubes’.

In [54], Biringer and Raimbault must also allow for the surfaces above to be punctured at a
locally finite set of points, corresponding to isolated ends of the surface. This does not occur in

our setting, as the surfaces corresponding to unimodular random rooted maps do not have isolated
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ends.

Sketch of proof. An end £ of an infinite graph G is a function that assigns a connected component
&k of G\ K to each finite set of vertices K of GG, and satifies the consistency condition that {x C &x
whenever K’ O K. The space of ends of G, denoted 0&(G) is the topological space with the
set of ends of GG as its underlying set and with a basis of open sets given by sets of the form
{¢ an end of G : g = W}, where K C V is finite and W C V is a connected component of G\ K.
Note that the basis sets are also closed, so that the space of ends is always zero-dimensional, that
is, its topology is induced by a basis of sets that are both open and closed. The space of ends of
a surface is defined similarly, replacing instances of the word ‘finite’ by ‘compact’ above, and are
also zero-dimensional.

It is well-known that every unimodular random rooted graph either has one, two, or infinitely
many ends, and, in the last case, the space of ends does not have any isolated points [7, Proposition
6.10]. Since the space of ends of any graph is also compact, it follows in the last case that the space
of ends is homeomorphic to the Cantor set (which, by Brouwer’s Theorem [61], is the only compact,
zero-dimensional Hausdorff space with no isolated points). A similar proof applies to show that if
(M, p) is a random rooted map with associated surface S = S(M), then S has either one, two, or
infinitely many ends and in the last case the space of ends of S is homeomorphic to a Cantor set.
Next, standard mass transport arguments show that if S contains handles, then the handles of S
accumulate towards every end of S. That is, if S has handles then, for every compact subset K of
S, every non-precompact connected component of S\ K contains a handle.

We next apply the classification theorem for non-compact surfaces due to Kerékjarté and
Richards [199], which states that if two non-compact orientable surfaces S; and S have the same
number of handles (which in our case will be zero or infinity) and there exists a homeomorphism
¢ : 08(S1) — 0&(S2) such that the handles of S; accumulate to £ € 9&(S;) if and only if the
handles of Sy accumulate to ¢(§), then S; and Se are homeomorphic and ¢ extends to a homeomor-
phism from the ends compactification of S7 to the ends compactification of Sy. Thus, by the above
discussion, the homeomorphism class of S = S(M) is determined almost surely by its number of
ends and by the existence or non-existence of handles. This yields the six different possibilities

listed in the statement of the theorem (see Figure 6). O

Example 9.7.2. The product 75 x H of the 3-regular tree T5 and the graph H consisting of 3
parallel edges between two vertices is planar but cannot be drawn in the plane without accumulation
points. By letting the cyclic ordering of the edges emanating from each vertex of T3 x H alternate
between T3-edges and H-edges, and making the cyclic ordering of the edges emanating from (v, 0)

and (v, 1) reflections of each other, we obtain a transitive quadrangulation of the Cantor tree.

The main result of this section is that the average curvature of a unimodular random rooted

map restricts the possible topologies of the map.

Theorem 9.7.3 (Topology from average curvature). Let (M, p) be an ergodic unimodular random

map. Then the almost sure conformal type of M is determined by its average curvature: Fither
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1. The average curvature of (M, p) is positive, in which case M is conformally elliptic and S(M)

is homeomorphic to the sphere almost surely,

2. the average curvature of (M, p) is zero, in which case M 1is conformally parabolic and S(M)

is homeomorphic to the plane, the cylinder, or the torus almost surely,
or else

(8) the average curvature of (M, p) is negative, in which case M is conformally hyperbolic S(M)
is homoemorphic to either the plane, the blossoming Cantor tree, Jacob’s ladder, the infinite

prison window, or a compact surface of genus at least two almost surely.

The theorem will follow by combining Theorem Theorem [9.7.1] and the notion of the

universal cover of a map.

Proof. Recall that a surjective, holomorphic function IT : S — S’ between two Riemann surfaces is
a holomorphic covering if it is locally a homeomorphism, that is, if for every x € S there exists
an open neighbourhood U of S such that the restriction of II to U is a homeomorphism between
U and its image. Given a Riemann surface S, the universal cover of S is a simply connected
Riemann surface S together with a covering IT : S — S. The universal cover exists for any S, and
is unique in the sense that if I : S — § is another simply connected Riemann surface covering S,
then there exists a conformal equivalence ¢ : S’ — S such that II' = I o ¢.

The universal cover of a map is defined analogously. Given a pair of maps M = (G, o) and
M’ = (G',0’), we say that a graph homomorphism ¢ : G — G’ is a map homomorphism if
o' o¢p = ¢ oo, and say that ¢ is a covering if for every vertex v and every face f of M, the
restriction of ¢ to each of {e € E7 : e~ = v} and {e € E™ : ¢" = f} is injective. The universal
cover of a map M is a simply connected map M together with a covering 7 : M — M. Every
map has a universal cover, and the universal cover of a map M is unique in the sense that if
7' M’ — M is a covering from a simply connected map M’ to M, there exists an isomorphism of
maps ¢ : M — M’ such that 7’ o ¢ = 7.

The universal cover m : M — M of M may be constructed by taking every lift of every edge
of M in the Riemann surface R(M) to the universal cover II : R(M) — R(M) of R(M) (see e.g.
[119, p. 60] for the topological notion of path lifting). In particular, if R(M) is the Riemann
surface associated to M, then there exists a conformal equivalence ® : R(M ) — R(M) such that
[Tod®oZz==zom (Seee.g. [215, Section 9.2] for a direct construction.) As for Riemann surfaces,
the universal cover of a map is easily seen to be unique in the sense that if 7’ : M’ — M is also a
universal cover of M then there exists an isomorphism of maps f : M’ — M such that 7/ = 7 o f.

The following is proven in [21, Section 4.1].

Lemma 9.7.4. Let (M, p) be a unimodular random rooted map. Let (M, ) be the universal cover
of M and let p be an arbitrary element of 7' (p). Then (M,p) is a unimodular random rooted

map.
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Observe that x;(p) = x(p) for any rooted map (M, p). Thus, we conclude by applying Theo-
rem [9.6.1] and the classical theory of Riemann surfaces to obtain that

e K(M,p) > 0 if and only if M is finite and simply connected and R(M) is conformally

equivalent to the sphere,

e K(M, p) = 0 if and only if R(M) is conformally equivalent to the plane, if and only if R(M)
is conformally equivalent to one of the plane C, the cylinder C/Z or a torus C/A for some
lattice A C C, and

e K(M, p) < 0 if and only if R(M) is conformally equivalent to the disc.

In the last case there are many possibilities for the conformal equivalence class R(M); anything
other than the sphere, the plane, the cylinder or a torus will do. We conclude by applying the
additional topological constraints on R(M) imposed by Theorem [9.7.1] O

We next connect the topology of S(M) to the number of ends of the underlying graph. Since
the number of ends of the underlying graph of a map M is at least the number of ends of S(M), it
follows that the underlying graph of M has infinitely many ends if S(M) is homeomorphic to the
Cantor tree or the blossoming Cantor tree, and at least two ends if S(M) is homeomorphic to the

cylinder or Jacob’s ladder.

Lemma 9.7.5. Let (M, p) be a unimodular random rooted map with E[deg(p)] < oo. If S(M) is
homeomorphic to the cylinder or to Jacob’s ladder almost surely, then the underlying graph of M

1s two-ended almost surely.

Proof. We bias by deg(p) and prove the equivalent statement for (M, p) reversible. We may also
assume that (M, p) is ergodic. Suppose for contradiction that M has more than two ends. In this
case, M has infinitely many ends almost surely, is invariantly nonamenable, and hence transient
almost surely. Since S(M) is two-ended almost surely, there exists some r and D such, with
positive probability, the ball B,.(M, X,,) of radius r about X,, in M has degree sum at most D
and the complement S(M)\ z(B,(M, X)) has two non-precompact connected components, each of
which is necessarily one-ended. Denote this event by «7,. By stationarity, <7, occurs for infinitely
many n almost surely. Let ng > 0 be the minimal such n, and denote the components of the
underlying graph of M that are contained in these two components of S\ z(B,(M, X,,)) by Wi
and Ws. Since M is transient almost surely, the simple random walk (X,),>0 eventually stays in
one of the W;, and so the subgraph of the underlying graph of M induced by this set W; must be
transient. However, taking a subsequence (X, )m>0 of the random walk such that <7, occurs for
every m > 0 and the balls B,(M, X,,,,) are all disjoint from each other yields an infinite collection
of disjoint cutsets of degree sum at most D separating p from infinity in the subgraph induced by

W;. Thus, this graph is recurrent by the Nash-Williams criterion [173], a contradiction. O
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9.7.2 Theorem [9.1.1] in the multiply-connected planar case

Suppose that (M, p) is an infinite, multiply-connected unimodular random planar map with E[deg(p)] <
oo. If K(M, p) = 0, then the proof of Theorem implies that R(M) is conformally equivalent to
the cylinder. Lemma then implies that the underlying graph of G is two-ended almost surely.
It follows that M is recurrent, and we immediately deduce from this that items , , , ,
, , @, and of Theorem hold for (M, p). The remaining items of Theorem
hold for (M, p) as a consequence of invariant amenability.

Now suppose that K(M, p) < 0. In this case, Theorem implies that S(M) is almost surely
homeomorphic to the Cantor tree and consequently that the underlying graph of M is infinitely-
ended almost surely by Lemma[9.3.9. The following are well-known to experts.

Proposition 9.7.6. Let (G, p) be a unimodular random rooted graph with E[deg(p)] < oo, and
suppose that G is infinitely ended almost surely. Then G admits non-constant harmonic functions

of finite Dirichlet energy almost surely.

Proposition 9.7.7. Let (G,p) be a unimodular random rooted graph with E[deg(p)] < oo, and
suppose that G is infinitely ended almost surely. Then p,(G) =1 almost surely.

Lemma 9.7.8. Let (G,p) be a unimodular random rooted graph, and suppose that G is infinitely
ended almost surely. Let (X,)n>0 be a random walk on G. Then for every finite set K C V and
every infinite connected component W of G\ K, there is a positive probability that X,, € W for all
sufficiently large n.

Proof. Suppose for contradiction that there exists a finite set K C V and an infinite connected
component W of G'\ K such that X, does not visit W infinitely often almost surely. It follows that
for every vertex v in W, a random walk started at v must hit the set K almost surely, and hence

that, for each vertex u of K, we have

inf P,(hit w) > inf P,(hit K)- inf P, (hit u) > 0.
Jnf, Po(bit u) 2 inf, Py (hit K) - fof P (hit v)
On the other hand, we must have that for every € > 0, there exist at most finitely many vertices
v € W such that P,(hit v) > e, since otherwise the random walk started at u would hit infinitely
many vertices of W with probability at least € by Fatou’s Lemma. The identity

deg(u) ano pn(u,u)

Py (hit u) = Py (hit v) deg(v) 2,50 Pn(v,0)

therefore implies that for every C' < oo, there exist at most finitely many vertices v of W with
deg(v) 3,50 Pl 1) < C.

Choose C' sufficiently large that deg(p) >_,,~oPn(p; p) < C with positive probability, and define
a mass transport by, for each vertex v of G, transporting a mass of 1 to the closest vertex to v that

has deg(w) >~ Pn(w, w) < C. If there are multiple choices of the vertex w, choose one uniformly.
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Then every vertex sends a mass of at most one but, in the situation described, there must be some

vertices that recieve an infinite amount of mass. This contradicts the Mass-Transport Principle. [

Proof of Proposition[9.7.6. Tt is well-known that if G is a graph and there exists a finite set K
such that G\ K has more than one transient connected component, then G admits a non-constant
harmonic Dirichlet function: The probability that the walk eventually stays in a particular one of

the connected components is such a function. See [173, Exercise 9.23]. O

An end € of a graph G is said to be thin if there exists a constant C' and a sequence ((K;, W;))i>1
of sets K; C V and connected components W; of G \ K; such that |K;| < M for all ¢ > 1,
diam(K;) < M for all i > 1, and

£ = ﬂ{g’ an end of G : £, = Wi},

i>1

Proposition 9.7.9. Let (G,p) be a unimodular random rooted graph with E[deg(p)] < oo, and
suppose that G is infinitely ended almost surely. Then the random walk on G converges almost
surely in the ends compactification to a thin end of G, and the law of the limiting end has no

atoms.

Proof. We bias by deg(p) to work in the reversible setting, and let (X,,),ecz be a bi-infinite random
walk started at p. Convergence in the space of ends follows immediately from transience. To see
that the limiting end is almost surely thin, observe that, by Lemma[9.7.8] there exists R < oo such
that, with positive probability, the random walks (X,)n>m and (X, )n<m are eventually in different
connected components of the complement G \ Br(G, X,) of the ball Br(G, X,,). By the ergodic

theorem, this event must occur for infinitely many m € Z. The claim now follows immediately. [

Proof of Proposition|9.7.7. We bias by deg(p) to work in the reversible setting, and let (X,,),>0 be
a random walk started at p. Let p € [0,1]. If w, has a unique infinite cluster almost surely, then

Harris’s inequality implies that

P(p is connected to Xy, in w,, | (G, p, X5,))
> P(p is in the unique infinite cluster of w, | (G, p))
-IP(X,, is in the unique infinite cluster of w, | (G, X,,)),

which does not converge to zero by stationarity.

However, Proposition implies that there almost surely exists an increasing sequence i,
with i, — 0o as n — o0, a constant C' < oo, and sequence of disjoint sets K; with |K;| < C such
that any path connecting p to X,, must pass through each of the sets K; with ¢ < i,. If p < 1,
then the probability that every edge incident to K is closed is at least (1 —p)©, and it follows that

P(p is connected to X,, in w, | (G,p, X,)) < (1 — (1 —p)©)in,
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which converges to zero almost surely if p < 1. The claim now follows immediately. O

The negations of the remaining items of Theorem follow from Proposition[9.7.6/and Propo-
sition[9.7.7 using implications, valid for all unimodular random rooted graphs, that we have already

reviewed earlier in the paper; see the green and blue arrows in Figure 1.

9.8 Open problems

We expect that the dichotomy of Theorem extends to many further properties of planar
unimodular random rooted maps. In this section, we discuss several such properties that might be
addressed.

9.8.1 Rates of escape of the random walk

Can the type of a unimodular random planar map be determined by the rate of escape of the random
walk? The work of Ding, Lee, and Peres [79] (together with the characterization of parabolic
unimodular random planar maps as Benjamini-Schramm limits of finite planar maps) implies that
the random walk is at most diffusive on any parabolic unimodular random planar map of finite

expected degree.

Theorem 9.8.1 ([79]). There exists a universal constant C such that for every parabolic unimodular

random rooted map (M, p) with Eldeg(p)] < oo, we have
E |deg(p)d(p, X)?| < CnE [deg(p)]

for alln > 0.

On the other hand, if (M, p) is a hyperbolic unimodular random rooted map with E[deg(p)] < oo

that has at most exponential growth, meaning that

1
limsup — log |B(p,n)| < oo,

n—oo N

then the random walk on M has positive speed, that is,

1
lim —d(p, X,,) >0

n—oo N

a.s., where the limit exists a.s. by Kingman’s subadditive ergodic theorem. (Note that the exponen-
tial growth condition always holds for graphs of bounded degree.) This can be seen in several ways:
it is an easy consequence of a theorem of Benjamini, Lyons, and Schramm [45, Theorem 3.2] (see
also [7, Theorem 8.13] and [21, Theorem 3.2]) that every invariantly nonamenable unimodular ran-

dom rooted graph with finite expected degree and at most exponential growth has positive speed.
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Meanwhile, it is a result of Benjamini and Curien [38], generalizing the work of Kaimanovich, Ver-
shik, and others [141, 144-148], that every non-Liouville unimodular random rooted graph with
finite expected degree and at most exponential growth has positive speed.

In general, however, there do exist invariantly nonamenable, non-Liouville, unimodular random
rooted graphs with finite expected degree such that the random walk has zero speed almost surely.
An example of such a graph appears in a forthcoming paper by the second author. We do not know

of a planar example, which motivates the following question.

Question 9.8.2. Let (M, p) be a hyperbolic unimodular random rooted planar map with Eldeg(p)] <

oo. Does the random walk on M have positive speed almost surely?

See [21] for a related result concerning the positivity of the speed in the hyperbolic met-

ric induced by the circle packing of a hyperbolic unimodular random rooted triangulation with
Eldeg(p)?] < ox.
9.8.2 Positive harmonic functions

Theorem [9.1.1] states that the existence of non-constant bounded harmonic functions and of non-
constant harmonic Dirichlet functions are both determined by the type. We conjecture that a

similar result holds for positive harmonic functions.

Conjecture 9.8.3. Let (M,p) be a parabolic unimodular random rooted map and suppose that
E[deg(p)] < oo. Then M does not admit any non-constant positive harmonic functions almost

surely.
This conjecture would follow from a positive answer to the following question.

Question 9.8.4. Let (M,p) be a parabolic unimodular random rooted map and suppose that
E[deg(p)] < oco. Let (Xn)n>0 be a simple random walk on M. Is every component of the com-
plement of the trace of (Xp)n>o0 finite almost surely?

Note that the answer to Question is trivially positive if M is recurrent.
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Chapter 10

Uniform spanning forests of planar

graphs

Summary. We prove that the free uniform spanning forest of any bounded degree, proper plane
graph is connected almost surely, answering a question of Benjamini, Lyons, Peres and Schramm
[44]. We provide a quantitative form of this result, calculating the critical exponents governing the
geometry of the uniform spanning forests of transient proper plane graphs with bounded degrees
and codegrees. We find that these exponents are universal in this class of graphs, provided that
measurements are made using the hyperbolic geometry of their circle packings rather than their
usual combinatorial geometry.

Lastly, we extend the connectivity result to bounded degree planar graphs that admit locally
finite drawings in countably connected domains, but show that the result cannot be extended to

general bounded degree planar graphs.

10.1 Introduction

The uniform spanning forests (USFs) of an infinite, locally finite, connected graph G are defined
as weak limits of uniform spanning trees of finite subgraphs of G. These limits can be taken with
either free or wired boundary conditions, yielding the free uniform spanning forest (FUSF)
and the wired uniform spanning forest (WUSF) respectively. Although the USFs are defined
as limits of random spanning trees, they need not be connected. Indeed, a principal result of
Pemantle [190] is that the WUSF and FUSF of Z¢ coincide, and that they are almost surely (a.s.)
a single tree if and only if d < 4. Benjamini, Lyons, Peres and Schramm [44] (henceforth referred
to as BLPS) later gave a complete characterisation of connectivity of the WUSF, proving that the
WUSF of a graph is connected a.s. if and only if two independent random walks on the graph
intersect a.s. [44, Theorem 9.2].

The FUSF is much less understood. No characterisation of its connectivity is known, nor has
it been proven that connectivity is a zero-one event. One class of graphs in which the FUSF is
relatively well understood are the proper plane graphs. Recall that a planar graph is a graph
that can be embedded in the plane, while a plane graph is a planar graph G together with a
specified embedding of G in the plane (or some other topological disc). A plane graph is proper if
the embedding is proper, meaning that every compact subset of the plane (or whatever topological

disc G was embedded in) intersects at most finitely many edges and vertices of the drawing (see
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Section for further details). For example, every tree can be drawn in the plane without
accumulation points, while the product of Z with a finite cycle is planar but cannot be drawn in
the plane without accumulation points (and therefore has no proper embedding in the plane).

BLPS proved that the free and wired uniform spanning forests are distinct whenever G is a
transient proper plane graph with bounded degrees, and asked [44, Question 15.2] whether the
FUSF is a.s. connected in this class of graphs. They proved that this is indeed the case when G is
a self-dual plane Cayley graph that is rough-isometric to the hyperbolic plane [44, Theorem 12.7].
These hypotheses were later weakened by Lyons, Morris and Schramm [170, Theorem 7.5], who
proved that the FUSF of any bounded degree proper plane graph that is rough-isometric to the
hyperbolic plane is a.s. connected.

Our first result provides a complete answer to [44, Question 15.2], obtaining optimal hypotheses
under which the FUSF of a proper plane graph is a.s. connected. The techniques we developed to
answer this question also allow us to prove quantitative versions of this result, which we describe
in the next section. We state our result in the natural generality of proper plane networks. Recall
that a network (G,c) is a locally finite, connected graph G = (V, E) together with a function
¢: E — (0,00) assigning a positive conductance to each edge of G. The resistance of an edge
e in a network (G, c) is defined to be 1/c(e). Graphs may be considered as networks by setting
¢ = 1. A plane network is a planar graph G together with specified conductances and a specified

drawing of GG in the plane.

Theorem 10.1.1. The free uniform spanning forest is almost surely connected in any bounded

degree proper plane network with edge conductances bounded above.

In light of the duality between the free and wired uniform spanning forests of proper plane graphs
(see Section , the FUSF of a proper plane graph G with locally finite dual G is connected
a.s. if and only if every component of the WUSF of G' is a.s. one-ended. Thus, Theorem
follows easily from the dual statement Theorem below. (The implication is immediate when
the dual graph is locally finite.) Recall that an infinite graph G = (V| E) is said to be one-ended
if, for every finite set K C V, the subgraph induced by V' \ K has exactly one infinite connected
component. In particular, an infinite tree is one-ended if and only if it does not contain a simple
bi-infinite path. Components of the WUSF are known to be one-ended a.s. in several other classes
of graphs [7, 44,127,128, 170, 190], and are recurrent in any graph [185]. Recall that a plane graph
G is said to have bounded codegree if its faces have a bounded number of sides, or, equivalently,
if its dual GT has bounded degrees.

Theorem 10.1.2. Every component of the wired uniform spanning forest is one-ended almost

surely in any bounded codegree proper plane network with edge resistances bounded above.

The uniform spanning trees of Z? and other two dimensional Euclidean lattices are very well
understood due to the deep theory of conformally invariant scaling limits. The study of the UST
on Z? led Schramm, in his seminal paper [208], to introduce the SLE processes, which he conjec-

tured to describe the scaling limits of the loop-erased random walk and UST. This conjecture that
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was subsequently proven in the celebrated work of Lawler, Werner and Schramm [163]. Overall,
Schramm’s introduction of SLE has revolutionised the understanding of statistical physics in two
dimensions; see e.g. [98, 162, 202] for guides to the extensive literature in this very active field.
Although our own setting is too general to apply this theory, we nevertheless keep conformal
invariance in mind throughout this paper. Indeed, the key to our proofs is circle packing, a canonical
method of drawing planar graphs that is closely related to conformal mapping (see e.g. [122, 123,
200, 202, 215] and references therein). For many purposes, one can pretend that the random
walk on the packing is a quasiconformal image of standard planar Brownian motion: Effective
resistances, heat kernels, and harmonic measures on the graph can each be estimated in terms of

the corresponding Brownian quantities [17, 69].

10.1.1 Universal USF exponents via circle packing

A circle packing P is a set of discs in the Riemann sphere C U {oo} that have disjoint interiors
(i.e., do not overlap) but can be tangent. The tangency graph G = G(P) of a circle packing
P is the plane graph with the centres of the circles in P as its vertices and with edges given by
straight lines between the centres of tangent circles. The Koebe-Andreev-Thurston Circle Packing
Theorem [156, 179, 221] states that every finite, simple planar graph arises as the tangency graph
of a circle packing, and that if the graph is a triangulation then its circle packing is unique up to
Mébius transformations and reflections (see [58] for a combinatorial proof). The Circle Packing
Theorem was extended to infinite plane triangulations by He and Schramm [121} 122], who proved
that every infinite, proper, simple plane triangulation admits a locally finite circle packing in either
the Euclidean plane or the hyperbolic plane (identified with the interior of the unit disc), but not
both. We call an infinite, simple, proper plane triangulation CP parabolic if it admits a circle
packing in the plane and CP hyperbolic otherwise.

He and Schramm [121] also initiated the use of circle packing to study probabilistic questions on
plane graphs. In particular, they showed that a bounded degree, simple, proper plane triangulation
is CP parabolic if and only if simple random walk on the triangulation is recurrent (i.e., visits every
vertex infinitely often a.s.). Circle packing has since proven instrumental in the study of planar
graphs, and random walks on planar graphs in particular. Most relevantly to us, circle packing was
used by Benjamini and Schramm [47] to prove that every transient, bounded degree planar graph
admits non-constant harmonic Dirichlet functions; BLPS [44] later applied this result to deduce
that the free and wired uniform spanning forest of a bounded degree plane graph coincide if and
only if the graph is recurrent. We refer the reader to [215] and [202] for background on circle
packing, and to [17, 21, 22, 47, 50, 69, 107, 108, 121, 132, 139] for further probabilistic applications.

A guiding principle of the works mentioned above is that circle packing endows a triangulation
with a geometry that, for many purposes, is better than the usual graph metric. The results
described in this section provide a compelling instance of this principle in action: we find that the
critical exponents governing the geometry of the USFs are universal over all transient, bounded

degree, proper plane triangulations, provided that measurements are made using the hyperbolic
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Figure 10.1: A simple, 3-connected, finite plane graph (left) and its double circle packing (right).
Primal circles are filled and have solid boundaries, dual circles have dashed boundaries.

geometry of their circle packings rather than the usual combinatorial geometry of the graphs. It is
crucial here that we use the circle packing to take our measurements: The exponents in the graph
distance are not universal and need not even exist (see Figure [10.2). In Remark we give an
example to show that no such universal exponents hold in the CP parabolic case at this level of

generality.

In order to state the quantitative versions of Theorems|10.1.1fand [10.1.2|in their full generality,

we first introduce double circle packing. Let G be a plane graph with vertex set V' and face set
F. A double circle packing of G is a pair of circle packings P = {P(v) : v € V} and PT = {PT(f):
f € F} satisfying the following conditions (see Figure [10.1):

1. (G is the tangency graph of P.) For each pair of vertices u and v of G, the discs P(u)

and P(v) are tangent if and only if v and v are adjacent in G.

2. (GT is the tangency graph of P'.) For each pair of faces f and g of G, the discs PT(f)
and Pt(g) are tangent if and only if f and ¢ are adjacent in GT.

3. (Primal and dual circles are perpendicular.) For each vertex v and face f of G, the
discs Pt(f) and P(v) have non-empty intersection if and only if f is incident to v, and in this

case the boundary circles of PT(f) and P(v) intersect at right angles.

It is easily seen that any finite plane graph admitting a double circle packing must be simple (i.e.,
not containing any loops or multiple edges) and 3-connected (meaning that the subgraph induced
by V' \ {u,v} is connected for each u,v € V). Conversely, Thurston’s interpretation of Andreev’s
Theorem [179, 221] implies that every finite, simple, 3-connected plane graph admits a double circle
packing (see also [58]). The corresponding infinite theory was given developed by He [120], who
proved that every infinite, simple, 3-connected, proper plane graph G with locally finite dual admits
a double circle packing in either the Euclidean plane or the hyperbolic plane (but not both) and
that this packing is unique up to Mé&bius transformations and reflections. As before, we say that
G is CP parabolic or CP hyperbolic as appropriate. As in the He-Schramm Theorem [121], CP

hyperbolicity is equivalent to transience for graphs with bounded degrees and codegrees [120)].
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Figure 10.2: Two bounded degree, simple, proper plane triangulations for which the graph distance
is not comparable to the hyperbolic distance. Similar examples are given in [215, Figure 17.7]. Left:
In this example, rings of degree seven vertices (grey) are separated by growing bands of degree six
vertices (white), causing the hyperbolic radii of circles to decay. The bands of degree six vertices
can grow surprisingly quickly without the triangulation becoming recurrent [211]. Right: In this
example, half-spaces of the 8-regular (grey) and 6-regular (white) triangulations have been glued
together along their boundaries; the circles corresponding to the 6-regular half-space are contained
inside a horodisc and have decaying hyperbolic radii.

Let G be CP hyperbolic and let (P, PT) be a double circle packing of G in the hyperbolic
plane. We write rg(v) for the hyperbolic radius of the circle P(v). For each subset A C V(G),
we define diamp(A) to be the hyperbolic diameter of the set of hyperbolic centres of the circles
in P corresponding to vertices in A, and define areag(A) to be the hyperbolic area of the union
of the circles in P corresponding to vertices in A. Since (P, P') is unique up to isometries of the
hyperbolic plane, rg(v), diamg(A), and areag(A) do not depend on the choice of (P, PT).

We say that a network G has bounded local geometry if there exists a constant M such that
deg(v) < M for every vertex v of G and M~! < ¢(e) < M for every edge e of G. Given a plane
network GG, we let F' be the set of faces of G, and define

M= Mg = max{ sup deg(v), sup deg(f), supc(e), sup c(e)_l}.
veV feF eck eck

Given a spanning tree § and two vertices z and y in G, we write I'z(x, y) for the unique path in §

connecting x and y.

Theorem 10.1.3 (Free diameter exponent). Let G be a transient, simple, 3-connected, proper
plane network with Mg < oo, let § be the free uniform spanning forest of G, and let e = (x,y)
be an edge of G. Then there exist positive constants ki = ki(M, rg(z)), increasing in rg(z), and
ko = ko(M) such that

kiR < P (diamu(Tg(z,y)) > R) < kyR ™
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for every R > 1.

Given a spanning forest § of G in which every component is a one-ended tree and an edge e of
G, the past of e in §, denoted pastg(e), is defined to be the unique finite connected component
of §\ {e} if e € §F and to be the empty set otherwise. The following theorem is equivalent to
Theorem by duality (see Sections [10.2.4] and [10.5.6).

Theorem 10.1.4 (Wired diameter exponent). Let G be a transient, simple, 3-connected, proper
plane network with Mg < oo, let § be the wired uniform spanning forest of G, and let e = (x,y)
be an edge of G. Then there exist positive constants ki = ki(M, ru(z)), increasing in ru(z), and
ko = ko(M) such that

kiR < P (diamp(pastgz(e)) > R) < koR™*
for every R > 1.

By similar methods, we are also able to obtain a universal exponent of 1/2 for the tail of the
area of pastg(e), where § is the WUSF of G.

Theorem 10.1.5 (Wired area exponent). Let G be a transient, simple, 3-connected, proper plane
network with Mg < oo, let § be the wired uniform spanning forest of G, and let e = (z,y) be
an edge of G. Then there exist positive constants ki = ki(M,rg(z)), increasing in ry(z), and
ko = ko(M) such that

MR YV2<P (areaH(pastS(e)) > R) < koyR™V/?2

for every R > 1.

The exponents 1 and 1/2 occurring in Theorems [10.1.4| and [10.1.5| should, respectively, be com-

pared with the analogous exponents for the survival time and total progeny of a critical branching

process whose offspring distribution has finite variance (see e.g. [173, §5,12]).

For uniformly transient proper plane graphs (that is, proper plane graphs in which the escape
probabilities of the random walk are bounded uniformly away from zero), the hyperbolic radii of
circles in (P, PT) are bounded away from zero uniformly (Proposition . This implies that
the hyperbolic metric and the graph metric are rough-isometric (Corollary . Consequently,
Theorems hold with the graph distance and counting measure appropriately (Corol-
lary [10.5.18)). This yields the following appealing corollary, which applies, for example, to planar

Cayley graphs of co-compact Fuchsian groups.

Corollary 10.1.6 (Free length exponent). Let G be a uniformly transient, simple, 3-connected,
proper plane network with Mg < oo and let § be the free uniform spanning forest of G. Let p > 0
be a uniform lower bound on the escape probabilities of G. Then there exist positive constants
k1 = ki1(M,p) and ke = ko(M, p) such that
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kiR™Y? <P (T3(x,y)| > R) < ks R~/

for every edge e = (x,y) of G and every R > 1.

See [31, 52, 150, 170, 180, 210] and the survey [29] for related results on Euclidean lattices.

Organisation

Section contains definitions and background on those notions that will be used throughout
the paper. Experienced readers are advised that this section also includes proofs of a few sim-
ple folklore-type lemmas and propositions. Section [10.3| contains the proofs of Theorems
and [10.1.2] as well as the upper bound of Theorem in the case that G is a triangulation.
Section [10.5] completes the proofs of Theorems and Corollary [10.1.6; the most sub-
stantial component of this section is the proof of the lower bound of Theorem We conclude

with some remarks and open problems in Section [10.6.

10.2 Background and definitions

10.2.1 Notation

We write E~ for the set of oriented edges of a network G = (V, E). An oriented edge e € E™ is
oriented from its tail e~ to its head e, and has reversal —e. For each 7/, > 0, and z € C, we
define the ball

B.(r)={€C:|z-72|<r}

and the annulus
A(ryry={€eC:r< |2 -z <1}

We write d¢ for the Euclidean metric on C and write dy for the hyperbolic metric on D.

10.2.2 Uniform Spanning Forests

We begin with a succinct review of some basic facts about USFs, referring the reader to [44] and
Chapters 4 and 10 of [173] for a comprehensive overview. For each finite, connected graph G, we
define UST to be the uniform measure on the set of spanning trees of G (i.e., connected subgraphs
of G containing every vertex and no cycles). More generally, for a finite network G = (G, w), we
define UST¢ to be the probability measure on spanning trees of G for which the measure of each
tree is proportional to the product of the conductances of the edges in the tree.

An exhaustion of an infinite network G is a sequence (V;,),>0 of finite, connected subsets of
V such that V,, C V41 for all n > 0 and U,V,, = V. Given such an exhaustion, let the network
Gy, be the subgraph of G induced by V,, together with the conductances inherited from G. The

free uniform spanning forest measure FUSF¢ is defined to be the weak limit of the sequence
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(USTg,, )n>1, so that
FUSFG(S € §) = lim UST, (S C 7).

for each finite set S C E, where § is a sample of FUSFs and T is a sample of USTg,,. For each n, we
also construct a network G, from G by gluing (wiring) every vertex of G\ Gy, into a single vertex,
denoted 0, and deleting all the self-loops that are created. We identify the set of edges of G, with
the set of edges of G that have at least one endpoint in V,,. The wired uniform spanning forest

measure WUSF¢ is defined to be the weak limit of the sequence (USTgs ),>1, so that
WUSFg(S C §) = lim USTg: (S CT)
n—oo

for each finite set S C E, where § is a sample of WUSFg and T is a sample of USTgx. These
weak limits were both implicitly proven to exist by Pemantle [190], although the WUSF was not
considered explicitly until the work of Haggstrom [109]. Both measures are easily seen to be
concentrated on the set of essential spanning forests of GG, that is, cycle-free subgraphs of
G including every vertex such that every connected component is infinite. The measure FUSF¢

stochastically dominates WUSF¢ for every infinite network G.

The Spatial Markov Property

Let G = (V, E) be a finite or infinite network and let A and B be subsets of E. We write (G—B)/A
for the (possibly disconnected) network formed from G by deleting every edge in B and contracting
(i.e., identifying the two endpoints of) every edge in A. We identify the edges of (G — B)/A with
E\ B. Suppose that G is finite, and that

USTG(ACT,BNT =0) > 0.

Then, given the event that T' contains every edge in A and none of the edges in B, the conditional
distribution of 7' is equal to the union of A and the UST of (G — B)/A. That is, for every event
o C{0,1}7,

USTg(T € of ’ AcCT, BDT:(Z)) = UST(G_B)/A(TUA S JZ{)

This is the spatial Markov property of the UST. Taking limits over exhaustions, we obtain a
corresponding spatial Markov property for the USFs: If G = (V| F) is an infinite network and A
and B are subsets of F such that

WUSF(ACFBNgF=0)>0
and the network (G — B)/A is locally finite, then

WUSFG(F € o/ | ACF, BN =0) = WUSF(o_p),a(FUA € o). (10.2.1)
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(If (G — B)/A is not connected, we define WUSF_p)/4 to be the product of the WUSF measures
on the connected components of (G — B)/A.) A similar spatial Markov property holds for the
FUSF.

The UST and USFs also enjoy a strong form of the spatial Markov property. Let G be a
finite or infinite network, and suppose that H is a random element of {0, 1}E , which we think of
as a random subgraph of G. We say that a random element K of {0,1}”, defined on the same
probability space as H, is a local set for H if for every set W C E, the event { K C W} is, up to a
null set, measurable with respect to the o-algebra generated by the collection of random variables
{H(e):e e W}

For example, suppose that § is a random spanning forest of a network G, and that v and v
are vertices of G. Let K = K(§) be the random set of edges that is equal to the path connecting
u and v in § if such a path exists, and otherwise equal to all of E. Then K is a local set for §,
since, for every proper subset W of E, the event { K C W} is equal (up to the null event in which
§ is not a forest) to the event that u and v are in the same component of § and that the unique
path connecting v and v in § is contained in W, which is clearly measurable with respect to the
restriction of § to W.

An example of a random set K that is not a local set for § is, for instance, the edges of §
touching a given vertex v. If v has degree at least 2 and e is some edge touching v, then the event
{K C {e}} cannot be determined just by knowing §(e). Note also that Proposition does not
hold for this K — because knowing K implies that §(e) = 0 for all edges e that touch v but e ¢ K.

Given a random subgraph H of a network G and a local set K for H, we write Fx to denote
the o-algebra generated by K and the random collection of random variables {H (e) : e € K'}. We
also write K, ={e € E:e € K, H(e) = 1} and K. = K \ K, for the sets of edges in K that are
included (open) in H and not included (closed) in H respectively.

Proposition 10.2.1 (Strong Spatial Markov Property for the WUSF). Let G = (V,E) be an
infinite network, let § be a sample of the wired uniform spanning forest of G, and let K be a local
set for § that is either finite or equal to all of E almost surely. Conditional on Fx and the event
that K is finite, let § be a sample of the wired uniform spanning forest of (G — K.)/K,. Let
§ =K, UF if K, is finite and § = § if K, = E. Then § and § have the same distribution.

Proof. Expand the conditional probability

WUSF¢ (§ € o | Fx) 1(K # E)

= > WUSFg (8 € | Ko=Wi, Ko =Wa) 1(K, =Wy, K. =Wp).
W1 ,WoCEFE finite

Since K is a local set for §, the right-hand side is equal to

> WUSFg (B e | Wi C8Wang =0)1 (K, =W, K. =Wy).
W1,WsCE finite
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Applying the spatial Markov property gives

WUSF¢ (§ € o | Fk) 1(K # E)

= > WUSFg iy (FUW € ) 1 (K, = W1, K. = W2)
W1,WaCE finite

= WUSF(6_kr, (§U K, € ) 1(K # B),
from which the claim follows immediately. O

Similar strong spatial Markov properties hold for the FUSF and UST, and admit very similar

proofs.

10.2.3 Random walk, effective resistances

Given a network G and a vertex u of G, we write PC for the law of the simple random walk on
G started at u, and will often write simply P, if the choice of network is unambiguous. For each
set of vertices A, we let 74 be the first time the random walk visits A, letting 74 = oo if the walk
never visits A. Similarly, 7';{ is defined to be the first positive time that the random walk visits
A. The conductance c(u) of a vertex u is defined to be the sum of the conductances of the edges
emanating from u.

Let A and B be sets of vertices in a finite network GG. The effective conductance between A
and B in G is defined to be

Ger(A ¢ B;G) =Y c(v)Py(r < 75),
veEA

while the effective resistance Zeg(A <> B;G) is defined to be the reciprocal of the effective con-
ductance, Zeg(A + B;G) = G.z(A + B;G)~!. Now suppose that G is an infinite network with
exhaustion (V,),>0 and let A and B be finite subsets of V. Let (Gp)n>0 and (G},)n>0 be defined
as in Section [10.2.2l The free effective resistance between A and B is defined to be the limit

R (A ¢ B; G) = lim Fen(A © B; Gn),
while the wired effective resistance between A and B is defined to be
RN(A < B; G) = lim Zeg(A & B; Gy).

Free and wired effective conductances are defined by taking reciprocals. The free effective resistance
between two, possibly infinite, sets A and B is defined to be the limit of the free effective resistances

between ANV, and BNV, which are decreasing in n. We also define
Resi (A <+ BU{o0}) = 1i_>m Reii (A < BU{0,};Gy) .

274



10.2. Background and definitions

See e.g. [173] for further background on electrical networks.

We will make frequent use of Rayleigh’ monotonicity principle [173, Chapter 2.4], which
states that the effective conductance between any two sets in a network is an increasing function
of the edge conductances. In particular, it follows that the effective conductance between two sets
decreases when edges are deleted from the network (which corresponds to taking the conductance
of those edges to zero), and increases when edges are contracted (which corresponds to taking the
conductance of those edges to infinity).

The proof of Theorem will require the following simple lemma.

Lemma 10.2.2. Let A and B be sets of vertices in an infinite network G. Then
AW (A < B; G) < 3max {%eff (A BU{oo}; G), Zei (B > AU {o0}; G)} .

Proof. Let M = max {Zei(A <> BU{oo}; G), Zerr(B +» AU {o0}; G)}. Recall that for any three
sets A, B and C in G}, (or any other finite network) [173, Exercise 2.33],

Keii(A & BUC;Gr) ™ < Rer(A & Bi Gr) ™! + et (A & C;G) 71
Letting C' = {0, } and taking the limit as n — oo, we obtain that
M < Zeg(A < BU{00};G) P < BN(A < B;G) L+ Zegp(A & 00;G) L.
Rearranging, we have that

MRZY(A < B;G)
B (A & 00 G) < —nZelt )
n(d e ooil) S W S B — M

By symmetry, the inequality continues to hold when we exchange the roles of A and B. Combining
both of these inequalities with the triangle inequality for effective resistances [173, Exercise 9.29]
yields that

MZY(A + B;G)
BN (A B;G) — M’

BW(A & B; Q) < Re(A & 00; Q) + Rep(B + 00; G) < 2
which rearranges to give the claimed inequality. O

Kirchhoff’s Effective Resistance Formula.

The connection between effective resistances and spanning trees was first discovered by Kirchhoff
[154] (see also [63]).

Theorem 10.2.3 (Kirchhoft’s Effective Resistance Formula). Let G be a finite network. Then for
every e € B

USTg(e € T) = c(e)Zer(e” + €T3 Q).
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Taking limits over exhaustions, we also have the following extension of Kirchhoff’s formula:
WUSFg(e € F) = cle)Zi(e” < e: Q). (10.2.2)
A similar equality holds for the FUSF.

The method of random paths.

We say that a path I' in a network G is simple if it does not visit any vertex more than once.

Given a probability measure v on simple paths in a network G, we define the energy of v to be

1 2
Ev) = 3 Z @(1/(6 el) —v(-eel))".
ecE—
Effective resistances can be estimated using random paths as follows (see [173, §3] and [? ]). In

particular, if G is an infinite network and A and B are two finite sets of vertices in G, then

v a probability measure on simple
Kefi(A < BU{o0};G) =min < £(v) : paths in G starting in A that are

either infinite or finite and end in B

Obtaining resistance bounds by defining flows using random paths in this manner is referred to
as the method of random paths. It will be convenient to use the following weakening of the
method of random paths. Given the law p of a random subset W C V(G), define

) = 3 nlv e W2
veV
Lemma 10.2.4 (Method of random sets). Let A and B be two finite sets of vertices in an infinite
network G, and let p be a measure on subsets W C V(G) such that the subgraph of G induced by

V' almost surely contains a path starting at A that is either infinite or finite and ends at B. Then

Regt(A > BU {o0}; Q) < supcle) rE(p). (10.2.3)
eclk
Proof. Given W, let T" be a simple path connecting A to B that is contained in W. Then, letting
v be the law of T,
1
E(v) < sup

=Sup oy Z v(e € T)2.

ecE—

Letting I be an independent random path with the same law as I', the sum above is exactly the
expected number of oriented edges that are used by both I and I"”. Since these paths are simple,
they each contain at most one oriented edge emanating from v for each vertex v € V. It follows

that the number of oriented edges included in both paths is at most the number of vertices included
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in both paths. This yields that

1 1 1
E(v) <sup — v(vel)? < sup — veW)? =sup—E(p). O
() < sup 5 2 v €D Ssup s D v € W) = sup 27

10.2.4 Plane Graphs and their USFs

Given a graph G = (V, E), let G be the metric space defined as follows. For each edge e of G,
choose an orientation of e arbitrarily and let {I(e) : e € E'} be a set of disjoint isometric copies of
the interval [0,1]. The metric space G is defined as a quotient of the union |J, I(e) UV, where we
identify the endpoints of I(e) with the vertices e~ and e™ respectively, and is equipped with the
path metric.

Let S be an orientable surface without boundary, which in this paper will always be a domain
D C CU{oc}. A proper embedding of a graph G into S is a continuous, injective map z : G — S

satisfying the following conditions:

1. (Every face is a topological disc.) Every connected component of the complement S\ z(G),
called a face of (G, z), is homeomorphic to the disc. Moreover, for each connected component
U of S\ z(G), the set of oriented edges of G that have their left-hand side incident to U forms

either a cycle or a bi-infinite path in G.

2. (z is locally finite.) Every compact subset of S intersects at most finitely many edges of

z . Equivalently, the preimage z™ of every compact se C S 1s compact 1n (.
G). Equivalently, the preimage z~!(K) of tset K CSi t in G

A locally finite, connected graph is planar if and only if it admits a proper embedding into some
domain D C CU {oo}. A plane graph G = (G, 2) is a planar graph G together with a specified
embedding z : G - D C CU {co}. A plane network G = (G, z,¢) is a planar graph together
with a specified embedding and an assignment of positive conductances ¢ : E — (0, 00).

Given a pair G = (G, z) of a graph together with a proper embedding z of G into a domain D,
the dual Gt of G is the graph that has the faces of G as vertices, and has an edge drawn between
two faces of G for each edge incident to both of the faces in G. By drawing each vertex of GT in
the interior of the corresponding face of G and each edge of GT so that it crosses the corresponding
edge of G but no others, we obtain an embedding z' of GT in D. The edge sets of G and GT are
in natural correspondence, and we write ef for the edge of G corresponding to e. If e is oriented,
we let ef be oriented so that it crosses e from right to left as viewed from the orientation of e. If

G = (G, z,c¢) is a plane network, we assign the conductances cf(ef) = ¢(e)™! to the edges of GT.

USF Duality.

Let G be a plane network with dual Gf. For each set W C E, let W' := {ef : e ¢ W}. If G is

finite and ¢ is a spanning tree of G, then t! is a spanning tree of G': the subgraph t' is connected
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because t has no cycles, and has no cycles because t is connected. Moreover, the ratio
Heet
c(e
e T

does not depend on t. It follows that if T is a random spanning tree of G with law UST¢, then
Tt is a random spanning tree of G' with law UST+. This duality was extended to infinite proper
plane networks by BLPS.

Theorem 10.2.5 ([44, Theorem 12.2 and Proposition 12.5]). Suppose that G is an infinite proper
plane network with locally finite dual Gt. Then if § is a sample of FUSF¢, the subgraph §' is an
essential spanning forest of GT with law WUSFi. In particular, § is connected almost surely if and

only if every component of § is one-ended almost surely.

10.2.5 Circle packing

We now give some background on circle packing. The carrier of a circle packing P, denoted
carr(P), is the union of all the discs of P and of all the faces of G(P), so that the embedding z of
G(P) defined by drawing straight lines between the centres of tangent circles is a proper embedding
of G(P) into carr(P). Similarly, the carrier of a double circle packing (P, PT) is defined to be the
union of all the discs in PU PT. Given a domain D € CU {oo}, a circle packing P (or double circle
packing (P, P1)) is said to be in D if its carrier is D. In particular, a (double) circle packing P is
said to be in the plane if its carrier is the plane C and in the disc if its carrier is the open unit
disc . The following theorems, which we stated in the introduction, are the cornerstones of the

theory for infinite proper plane graphs.

Theorem 10.2.6. [He-Schramm Existence and Uniqueness Theorem [120-122, 206]] Let G be an
infinite, simple, 3-connected, proper plane graph with locally finite dual. Then G admits a double
circle packing either in the plane or the disc, but not both, and this packing is unique up to Mobius

transformations and reflections of the plane or the disc as appropriate.

Theorem 10.2.7. [He-Schramm Recurrence Theorem [120, 121]] Let G be an infinite, simple, 3-
connected, proper plane graph with bounded degrees and codegrees. Then G is CP parabolic if and

only if it is recurrent for simple random walk.

Let us now explain how these theorems follow from the more general statements given in [120)].
In that paper, He considers disc patterns of simple proper plane triangulations, which are like
circle packings except that circles corresponding to adjacent vertices intersect at a specified angle,
between 0 and 7, rather than being tangent. Given a proper plane network G = (V, F) with with
locally finite dual and face set F', we can form a proper plane triangulation T with vertex set
V U F by adding a vertex inside each face of G and connecting this vertex to each vertex in the
boundary of the face. It is easily verified that T is simple if and only if G is simple and 3-connected.

Moreover, a double circle packing of T', either in the plane or the disc, can now be obtained using
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10.3. Connectivity of the FUSF

Theorem 1.3 of [120] by requiring that the angles between circles corresponding to the original
edges of G are 0 and 7/2 between circles corresponding to edges of 7" that are in V' x F. It is
straightforward to check that conditions (C1) and (C2) of Theorem 1.3 of [120] hold, and that the
packing obtained this way is indeed the double circle packing of G. Thus, the existence statement
of Theorem follows. The uniqueness of this packing, as formulated in Theorem is
the content of Theorems 1.1 and 1.2 of [120]. Lastly, Theorem is a direct consequence of
Theorem 1.3 of [120] together with Theorems 2.6 and 8.1 of [121].

Besides their results that we have already mentioned, He and Schramm [122] also proved that
every simple triangulation of a countably-connected domain D can be circle packed in a circle
domain, that is, a domain D’ such that every connected component of CU {0} \ D’ is a disc or a
point.

Given a double circle packing (P, P) of a plane graph G in a domain D C C, we write diamc (A)
for the Euclidean diameter of the set {z(v) : v € A}, and write dc(A, B) for the Euclidean distance
between the sets {z(v) : v € A} and {z(v) : v € B}. We write r(v) and r(f) for the Euclidean radii
of the circles P(v) and PY(f). If (P, P') has carrier D, we write o(v) for 1 — |z(v)|, which is the
distance between z(v) and the boundary of D, and write rg(v) for the hyperbolic radius of P(v).
(Recall that Euclidean circles in D are also hyperbolic circles with different centres and radii; see
e.g. [13] for further background on hyperbolic geometry.)

We will also use the Ring Lemma of Rodin and Sullivan [200]; see [116] and [2] for quantitative
versions. In Section we formulate and prove a version of the Ring Lemma for double circle

packings, Theorem [10.5.1

Theorem 10.2.8 (The Ring Lemma). There exists a sequence of positive constants (ky, : m > 3)
such that for every circle packing P of every simple triangulation T', and every pair of adjacent

vertices u and v of T', the ratio of radii r(v)/r(u) is at most kgeg(y)-

An immediate corollary of the Ring Lemma is that, whenever P is a circle packing in D of a
CP hyperbolic proper plane triangulation 7" and v is a vertex of T', the hyperbolic radius of P, is
bounded above by a constant C' = C(deg(v)).

10.3 Connectivity of the FUSF

In this section we prove Theorem [10.1.2| and show it easily implies Theorem [10.1.1. We will write

=<, = and < for inequalities that hold up to a positive multiplicative constant depending only on

SUp fep deg(f) and sup.cp c(e)™L.

10.3.1 Preliminaries

We begin with some preliminary estimates that will be used in the proof. We first reduce the
statement of Theorem [10.1.2|to the case where the graph is simple and has no peninsulas.
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Let G be a bounded codegree proper plane network with locally finite dual GT. Recall that a
peninsula of G is a finite connected component of G \ {v} for some vertex v € V. In order to
apply the theory of circle packing, we first reduce to the case in which G is simple and does not
contain a peninsula; this will ensure that the triangulation 7' = T'(G) formed by drawing a star

inside each face of G is simple. We will then use the circle packing of T to analyse the WUSF of G.

Lemma 10.3.1. Let G be a network such that every vertex v of G is contained in a peninsula of
G, and let § be a sample of WUSFg. Then § is connected and one-ended a.s.

Proof. Let vg be an arbitrary vertex of GG, and for each ¢ > 1 let v; be a vertex of G such that v;_;
is contained in a finite connected component of G \ {v;}. Let u be another vertex of G and let
be a path from vy to w in G. If u is contained in an infinite connected component of G \ {v;}, then
~ must pass through the vertex v;. Since <y is finite, we deduce that there exists an integer I such
that u is contained in a finite connected component of G\ {v;} for all > I. Thus, any infinite
simple path from w in G must visit v; for all ¢ > I. We deduce that every essential spanning forest

of G is connected and one-ended. O

Thus, to prove Theorem it suffices to consider the case that there is some vertex of G
that is not contained in a peninsula. In this case, let G’ be the simple plane network formed from
G by first splitting every edge e of G into a path of length 2 with both edges given the weight c(e),
and then deleting every peninsula of the resulting network. The assumption that G has bounded
codegrees and edge resistances bounded above ensures that G’ does also (indeed, the maximum

codegree of G’ is at most twice that of G).

Lemma 10.3.2. Let G be a plane network and let G' be as above. Then every component of the
WUSF of G is one-ended a.s. if and only if every component of the WUSF of G’ is one-ended a.s.

Proof. Let § be a sample of WUSF¢, and let § be the essential spanning forest of G’ defined as
follows. For each edge e € § such that neither endpoint of e is contained in a peninsula of G, let
both of the edges of the path of length two corresponding to e in G’ be included in §'. For each
edge e ¢ § such that neither endpoint of e is contained in a peninsula of G, choose uniformly and
independently exactly one of the two edges of the path of length two corresponding to e in G’ to
be included in §'. Then every component of §' is one-ended if and only if every component of § is
one-ended, and it is easily verified that § is distributed according to WUSF. 0

Thus it suffices to consider the case when G is simple and has no peninsulas. This assumption
allows us to circle pack G as follows. Let T be the triangulation obtained by adding a vertex inside
each face of G and drawing an edge between this vertex and each vertex of the face it corresponds
to. The assumption that G is simple and does not contain a peninsula ensures that 71" is a simple
triangulation. We identify the vertices of T' with V(G) U F(G), where F(G) is the set of faces of
G. Let P={P(v):v e V(G)}U{P(f): f € F(G)} be a circle packing of T in either the plane
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or the unit disc. (Note that this is not the double circle packing of G, which is less useful for us at
this stage since we are not assuming that G' has bounded degrees.)

We proceed with two geometric lemmas. For each ' > r > 0 and z in the carrier of P let
V.(r,r") be the set of vertices v of G such that either the intersection of the circle P(v) with the
annulus A, (r,7’) is non-empty or the circle P(v) is contained in the ball B,(r) and there is a face

f incident to v such that the intersection P(f) N A,(r,r’) is non-empty.

Lemma 10.3.3 (Existence of a uniformly large number of disjoint annuli). Suppose that T is CP
hyperbolic so that the carrier of P is D. Then the following hold:

1. There exists a decreasing sequence (rp)n>0 with r, € (0,1/4) such that for every z € D with
|z| > 1 —r,, the sets
V. (r, 2r;) 1<i<n

are disjoint.

2. If G has bounded degrees, then there ezists a constant C = C(Mg) such that we may take
rn=C""in (1).

Proof. We first prove item (1). We construct the sequence recusively, letting o = 1/8. Suppose
that (r;)7"_, satisfying the conclusion of the lemma have already been chosen, and consider the set

of vertices
K,={veV(G):r(v) > % or r(f) > % for some face f incident to v}.
Since the carrier of P has finite area K, is a finite set. We define r,41 to be

Fpil = SUp {r <rp/4 : P(v) C By(l —3r) forallve Kn}

which is positive since K, is finite. We claim that <ri>?:+01 continues to satisfy the conclusion of

the lemma. That is, we claim that V,(r,41,2rn,41) N Va(ry, 2r;) = 0 for every 1 < i < n and every
z € D with |z] > 1 — rpq1.

Indeed, let z be such that |z| > 1 — rp41 and let v € V,(rp41,2rn41). By definition of
V. (rnt1,2rn41), the intersection P(v) N B,(2r,+1) is non-empty, and we deduce that P(v) is not
contained in the closure of By(1 — 3ry,4+1). By definition of r,11, it follows that v ¢ K,, and hence
that r(v) < r,/4 and r(f) < r,/4 for every face f incident to v. Thus, since 1,41 < r,,/4,

Pv)C B, (2rn+1 + 2rn/4) C B, (r,) and P(f) C B, (27“”“ + 2rn/4) C B, (ry)

for every face f incident to v. It follows that V. (rpn41,2rp4+1) N Va(ry, 2r;) = 0 for every 1 <i <n

as claimed.

To prove (2), observe that, by the Ring Lemma (Theorem [10.2.8)), there exists a constant
k = k(M) such that for every C' > 1, every z with |z| > 1 — C™™, and every 0 < n < m,
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every circle in P that either has centre in A,(C~",2C™") or is tangent to some circle with centre
in A,(C™™,2C™") has radius at most kC~". Thus, this set of circles is contained in the ball
B.((2+4k)C™™). It follows that taking C' = 1/(4 + 8k) suffices. O

Lastly, we estimate the energy of a random set of vertices that we will frequently use.

Lemma 10.3.4. Let z be a point in the carrier of P (which may be either C or D) and U be a
uniform random variable on the interval [1,2] and, for each r > 0, let u, be the law of the random

set of vertices W,(Ur) := V,(Ur,Ur). Then
E(pr) X1

uniformly in r > 0.

Proof. For a vertex v of G to be included in W, (Ur), the circle {2’ € C : |2’ — z| = Ur} must either
intersect the circle P(v) or intersect P(f) for some face f incident to v. We note that the union
of P(v) and all the P(f) incident to P(v) is contained in the ball of radius r(v) + 2max s, r(f)
around z(v). Since the codegrees of G are bounded, the Ring Lemma implies that r(f) < r(v) for
all incident v € V and f € F, and so

1 1
pr(v € W,(Ur)) < - min (27"(1)) + 4rjrc1axr(f), r) = ;min{r(v),r}. (10.3.1)
Sv
We claim that
> min{r(v), r}* < 16r°. (10.3.2)
veV; (r,2r)

To see this, replace each circle of a vertex in V,(r,2r) that has radius larger than r with a
circle of radius r that is contained in the original circle and intersects B,(2r): The circles in

this new set still have disjoint interiors, are contained in the ball B,(4r), and have total area

WZUGVZ(TW) min(r(v), )2, yielding (10.3.2). The claim follows from (10.3.1)) and (10.3.2) by defi-

nition of the energy &(u,). O

We are now ready to prove Theorem [10.1.2.

10.3.2 Proof of Theorem

Let G be a simple proper plane network with bounded codegrees and bounded edge resistances. By
Lemma 10.3.2| we can assume that G does not contain a peninsula. Let § be a sample of WUSFg
and given an edge e = (z,y) let /¢ be the event that x and y are in distinct infinite connected

components of § \ {e}. It is clear that every component of § is one-ended a.s. if and only if
WUSFa(e € 3, 97°) =0 (10.3.3)

for every edge e of GG.
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Consider the triangulation 7" obtained from G and its circle packing P = {P(v) : v € V(G)} U
{P(f) : f € F(G)}, as described in the previous section. By applying a Mdbius transformation,
we normalise P by setting the centres z(z) and z(y) to be on the negative and positive real axes
respectively, setting the circles P(x) and P(y) to have the origin as their tangency point and, in
the parabolic case, fixing the scale by setting z(y) — z(z) = 1.

Let € > 0 be arbitrarily small. If 7" is CP hyperbolic, let V. be the set of vertices of G with
|z(v)] <1—e. Otherwise, T is CP parabolic and we define V; to be the set of of vertices of G with
|z(v)| < e~!. We also denote by E. the set of edges that both endpoints are in V..

Let Z¢ be the event that every component of § \ {e} intersects V' \ V.. On the event %, we
define n* to be the rightmost path in § \ {e} from x to V' \ V. when looking at = from y, and n¥
to be the leftmost path in § \ {e} from y to V' \ V. when looking at y from z. Note that the paths
71, and 7, are not necessarily disjoint. Nonetheless, concatenating the reversal of n* with e and nY
separates V. into two sets of vertices, £ and R, which are to the left and right of e (when viewed
from x to y) respectively. See Figure for an illustration of the case when 7, and 7, are disjoint
(when they are not, £ is a “bubble” separated from V '\ V;).

Let K be the set of edges that touch a vertex in £ or edges that belong to 1, Un,. Note that
edges of K do not touch the vertices R. The condition that n* and n¥ are the rightmost and
leftmost paths to V' \ V. from = and y is equivalent to the condition that K does not contain any
open path from z to V' \ V. other than n®, and does not contain any open path from y to V' \ V.
other than nY. It follows that, if we define K = E on the complement of the event %¢, then K is
a local set for /10

Let @7° denote the event that %< occurs and that K does not contain an open path from x to
y, or equivalently, that 7, and n, are disjoint. Note that <7/° is measurable with respect to Fg (as
defined in Section , and that &7° = Nz>07°. Thus,

WUSFq(e € §,¢) < WUSFg(e € § | @) = E[WUSFg(e € § | Fie, &°)] .

Let C denote the set of closed edges of § in K and let O denote the set of open edges of § in K. By
the strong spatial Markov property (Proposition, conditioned on Fx and the event <7¢, the
law of § is equal to the union of @ with a sample of the WUSF of the network (G —C)/O obtained
from G by deleting all the revealed closed edges and contracting all the revealed open edges. In
particular, by Kirchhoff’s Effective Resistance Formula (Theorem ,

WUSFg(e € §| Fi, ) < c(e)ﬁgg(nx < nY; G-0) (10.3.4)

Since the edge e was arbitrary to prove (10.3.3) (and hence Theorem [10.1.2) it suffices to prove
that there is a upper bound on the effective resistance appearing in (10.3.4)) that tends to zero as
€ — 0 uniformly in Fx. We perform this analysis now according to whether T" is CP hyperbolic or

10Tndeed, K can be explored algorithmically, without querying the status of any edge in F \ K, by performing a
right-directed depth-first search of x’s component in § and a left-directed depth-first search of y’s component in §,
stopping each search when it first leaves V.
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Figure 10.3: Illustration of the proof of Theorem in the case that T' is CP hyperbolic. Left: On the event
P, the paths n® and nY split Vz into two pieces, £ and R. Right: We define a random set containing a path (solid
blue) from n” to n¥ U{oo} in G\ C using a random circle (dashed blue). Here we see two examples, one in which the
path ends at nY, and the other in which the path ends at the boundary (i.e., at infinity).

parabolic.

Proof of Theorem hyperbolic case. Suppose that T is CP hyperbolic and let v* be the end-
point of the path n* and put zp = z(v*). Let (r,)n>0 be as in Lemma and let n(e) be the
maximum n such that € < r,. On the event &7°, for each 1 — |z9| < r < 1/4, we claim that the set
W, (r), as defined in Lemma[10.3.4, contains a path in G from n® to n¥ U {oo} that is contained in
R Un*UnY, and is therefore a path in G \ C.

Indeed, consider the arc A (r) = {z € D : |z — 29| = 7}, parameterised in the clockwise direction.
Let 24(r) be the subarc of 2/ (r) beginning at the last time that 2'(r) intersects a circle corresponding
to a vertex in the trace of n®, and ending at the first time after this time that 2A'(r) intersects either
0D or a circle corresponding to a vertex in the trace of n¥ (see Figure . Thus, on the event .&Z°,
the set of vertices of T' whose corresponding circles in P are intersected by 2((r) contains a path in
T from 1" to n¥ U {oo}, for every 1 — |zp| < r < 1/4. (Indeed, for Lebesgue a.e. 1 — |zo| < r < 1/4,
the arc (r) is not tangent to any circle in P, and in this case the set is precisely the trace of a
simple path in T'.) To obtain a path in G rather than 7', we divert the path clockwise around each
face of G. That is, whenever the path passes from a vertex u of G to a face f of G and then to a
vertex v of GG, we replace this section of the path with the list of vertices of G incident to f that
are between u and v in the counterclockwise order. This construction shows that the subgraph of
G \ C induced by the set W, (r) contains a path from 7* to n¥ U {oo}, as claimed.

By Lemmathe measures (i, are supported on sets contained in the disjoint sets V, (r;, 2r;).
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Furthermore, by Lemma [10.2.4] and Lemma [10.3.4] we have

1 1
W @ Y ) = = < —
Kot (1" — 1" U{oc}; G\C) 2 € e E | = L ;:15(%) =
and hence, by symmetry,
1
Wy T . =<
'@eﬁ'(n —n U {OO}, G\C) - ’I’L(€)
Applying Lemma |10.2.2| and (10.3.4)), we have
WUSF(e € § | Fre, ) < <L) (10.3.5)

n(e)

which by Lemma [10.3.3| converges to zero as € — 0, completing the proof of Theorem [10.1.2]in the
case that T" is CP hyperbolic. If G has bounded degrees, then combining (10.3.5)) with Lemma|10.3.3
implies that there exists a positive constant C' = C'(M) such that

c(e)
WUSF Fr, B <C 10.3.6
(663‘ K, s)— log(l/a) ( )
for all e < 1/2. O

Proof of Theorem parabolic case. Suppose that T is CP parabolic. Let vy = 1 and define

(rn)n>1 recursively by
rn =1+ 1inf{r > r,_1 : Vo(r,2r) " Vo(rp-1,2rn—1) = 0}.

Since Vy(rp—1,2r,—1) is finite, this infimum is finite. By definition, the sets Vj(r;, 2r;) are disjoint.
A similar analysis to the hyperbolic case shows that, on the event <7¢, for each r > 1, the set Wy(r)
contains a path in G from n® to n¥ that is contained in R Un® U nY, and is therefore a path in
G\ C. For each € > 0, let n(e) be the maximal n such that 7, < e~!. Then on the event <7/, by

Lemma |10.2.4) and Lemma [10.3.4

n(e) n(e)
1 1
Y. ) < < )< —.
Fea(n" <’ G\C) =& Zun _MQ;s(un)_n(g)
Thus, by (103.4),
WUSFa(e € §| i, #2) = . (10.3.7)
n(e)

The right hand side converges to zero as € — 0, completing the proof of Theorem [10.1.2 O

Remark 10.3.5. Since the random sets used in the CP parabolic case above are always finite, they
can also be used to bound free effective resistances. Therefore, by repeating the proof above with
the FUSF in place of the WUSF, we deduce that every component of the FUSF of G is one-ended
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almost surely if T is CP parabolic. Since the FUSF stochastically dominates the WUSF, and an
essential spanning forest with one-ended components does not contain any strict subgraphs that
are also essential spanning forests, we deduce that if T is CP parabolic, then the FUSF and WUSF

of G coincide. In particular, using [44, Theorem 7.3], we obtain the following.

Theorem 10.3.6. Let T' be a CP parabolic proper plane triangulation. Then T does not admit

non-constant harmonic functions of finite Dirichlet energy.

10.3.3 The FUSF is connected.

Proof of Theorem [10.1.1]. First suppose that GT is locally finite. Since G has bounded degrees and
bounded conductances, G' has bounded codegrees and bounded resistances. Thus, Theorem 10.1.2)
implies that every component of the WUSF on G is one-ended a.s. and consequently, by Theo-
rem that the FUSF of G is connected a.s.

Now suppose that G does not have locally finite dual. In this case, we form a plane network
(G, ) from G by adding edges to triangulate the infinite faces of G while keeping the degrees

bounded. We enumerate these additional edges (e;)i>1 and define conductances
d(e) =27 R (e; <> ef ;G

Since G’ has bounded degrees, bounded conductances and locally finite dual, its FUSF is connected
a.s. By Kirchhoff’s Effective Resistance Formula (Theorem [10.2.3), Rayleigh monotonicity and the
union bound, the probability that the FUSF of G’ contains any of the additional edges e; is at most

Y dleZigle; + ef:G) <Y dlenTeple; = ef;G) <1/2.

i>0 i>0

In particular, there is a positive probability that none of the additional edges are contained in the
FUSF of G’. The conditional distribution of the FUSF of G’ on this event is FUSFg by the spatial
Markov property, and it follows that the FUSF of G is connected a.s. 0

10.4 Critical Exponents

10.4.1 The Ring Lemma for double circle packings

In this section we extend the Ring Lemma to double circle packings. While unsurprising, we were

unable to find such an extension in the literature.

Theorem 10.4.1 (Ring Lemma). There exists a family of positive constants (ky m :n > 3,m > 3)
such that if (P, P") is a double circle packing in C U {oo} of a simple, 3-connected plane graph G

and v is a vertex of G, then for every f € F incident to v such that P(v) does not contain oo, then
7"(“)/7"<f) < kdeg(v),maxgj_v deg(g)
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Figure 10.4: Proof of the Double Ring Lemma. If two dual circles are close but do not touch, there must be many
primal circles contained in the crevasse between them. This forces the two dual circles to each have large degree.
The right-hand figure is a magnification of the left-hand figure.

where g 1. v means that the face g is incident fo v.

As for triangulations, the Ring Lemma immediately implies that whenenever a simple, 3-
connected, CP hyperbolic proper plane network G with bounded degrees and codegrees is cir-
cle packed in I, the hyperbolic radii of the discs in P U P are bounded above by a constant
C = C(Mg, M},).

Proof of Theorem [10.5.1. Let n be the degree of v and let m be the maximum degree of the
faces incident to v in G. We may assume that r(v) = 1. Note that for each two distinct discs
Pi(f), PT(f") € P! that are not tangent, there is at most one disc P(u) € P that intersects both
PY(f) and PT(f’), while if P'(f) and PT(f’) are tangent, there exist exactly two discs in P that
intersect both PT(f) and PT(f’). For each two faces f and f’ incident to v, the complement
OP(v) \ (PT(fl) U PT(fQ)) is either a single arc (if PT(f) and PT(f’) are tangent), or is equal to
the union of two arcs (if PT(f) and PT(f’) are not tangent).

We claim that there exists an function ¥y, (-,-) : (0,00)%2 — (0, 27], increasing in both coordi-
nates, such that if f and f’ are two distinct faces of G incident to v, then each of the (one or
two) arcs forming the complement OP(v) \ (PT(f1) U PT(f2)) have length at least v, (r(f),7(f")).
Indeed, let r(f) and r(f’) be fixed, and suppose that one of the arcs forming the complement
OP(v) \ PT(f) U Pt(f") is extremely small, with length €. Let the primal circles incident to f be
enumerated v1, ..., Vqeg(f), Where vy = v, P(v2) is the primal circle that is tangent to P(v) and
intersects PT(f) on the same side as the small arc, P(v3) is the next primal circle that is tangent
to P(v) and intersects PT(f), and so on. Since ¢ is small, P(v) must also be very small, as it
does not intersect PT(f’). Similarly, if ¢ is sufficiently small, P(v3) must also be small, since it
also does not intersect PT(f"). See Figure . Applying this argument recursively, we see that,
if € is sufficiently small, then the circles P(va), ..., P(vqeq(s)) are collectively too small to contain
OPY(f)\ P(v) in their union, a contradiction. We write 1, (r(f),7(f’)) for the minimal ¢ that is
not ruled out as impossible by this argument.

Let the faces incident to the vertex v be indexed in clockwise order fi,..., f,, where n = deg(v)
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and f1 has maximal radius among the faces incident to v. For each face f incident to v, the arc
OP(v)N PY(f) has length 2 tan='(r(f)). Since P (v) = UP_,(OP(v) N PT(f;)), we deduce that 7(f1)
is bounded below by tan(7/n). By definition of 1,,, we have that r(f) satisfies

k-1
G (tan(m/n), 7(fi)) < m (r(f1),r(fr) <D 2tan™" (r(f)) (10.4.1)
i—2

for all 3 < k < n. For each such k, yields an implicit upper bound on 7( f;,) which converges
to zero as r(f2) converges to zero. This in turn yields a uniform lower bound on r( f2): if (f2) were
sufficiently small, the bound would imply that >3, 2tan~1(r(f;)) would be less than T,
a contradiction (since we have trivially that 2tan=!(r(f;)) < 7). We obtain uniform lower bounds

on r(fx) for each 3 < k < n by repeating the above argument inductively. O

10.4.2 Good embeddings of planar graphs

If G is a plane graph and (P, PT) is a double circle packing of G in a domain D C C, then drawing
straight lines between the centres of the circles in P yields a proper embedding of G in D in which
every edge is a straight line. We call such an embedding a proper embedding of G with straight
lines in D. Following [17], a proper embedding of a graph G with straight lines in a domain D C C

is said to be n-good if the following conditions are satisfed:

1. (No near-flat, flat, or reflexive angles.) All internal angles of every face in the drawing

are at most m — 7. In particular, every face is convex.

2. (Adjacent edges have comparable lengths.) For every pair of edges e, e’ sharing a
common endpoint, the ratio of the lengths of the straight lines corresponding to e and ¢’ in

the drawing is at most 1.

The Ring Lemma (Theorem |10.5.1)) has the following immediate corollary.

Corollary 10.4.2. The straight line embedding given by any double circle packing of a plane graph

G with bounded degrees and bounded codegrees in a domain D C C is n-good for some positive
n=nMqg).

We remark that, in contrast, the embedding of G obtained by circle packing the triangulation T'(G)
formed by drawing a star inside each face of G (and then erasing these added vertices) does not
necessarily yield a good embedding of G.

For the remainder of this section and in Sections [10.5.3] [10.5.5| and [10.5.6, G will be a fixed

transient, simple, 3-connected proper plane network with bounded codegrees and bounded local

geometry, and (P, PT) will be a double circle packing of G in . We will write <, »= and =< to
denote inequalities or equalities that hold up to positive multiplicative constants depending only
upon M. We will also fix an edge e = (x,y) of G and, by applying a Mdbius transformation if

necessary, normalise (P, P') by setting the centres z(z) and z(y) to be on the negative real axis
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and positive real axis respectively and setting the circles P(z) and P(y) to have the origin as their
tangency point.

In [17] and [69], several estimates are established that allow one to compare the random walk
on a good embedding of a planar graph with Brownian motion. The following estimate, proven
for general good embeddings of proper plane graphs in [21, Theorems 1.4 and 1.5], is of central
importance to the proofs of the lower bounds in Theorem and Theorem Recall that
o(v) is defined to be 1 — |z(v)].

Theorem 10.4.3 (Diffusive Time Estimate). There exists a constant C; = C1(M) > 1 such that
the following holds. For each vertex v of G, let (Xpn)n>0 be a random walk on G started at v, let
r(v) <r < Crlo(v) and let T, be the first time n that |2(X,) — z(v)| > r. Then
Ty
E, Z r(X,)? =2

n=0

It will be shown in a forthcoming paper of Murugan [personal communication] that the constant

(1 above can in fact be taken to be 1.

Theorem 10.4.4 (Cone Estimate). Let n = n(M) > 0 be the constant from Corollary [10.5.2.
There exists a positive constant ¢ = q1 (M) such that the following holds. For each vertex v of G,
let (Xn)n>0 be a random walk on G started at v, let 0 < r < o(v) and let T, be the first time n that
|2(Xyn) — z(v)| > r. Then for any interval I C R/(27Z) of length at least m — n we have

P, (arg (2(X1,) — 2(v)) € I) >aqr-

We also apply the following result of Benjamini and Schramm [47, Lemma 5.3]; their proof was

given for simple triangulations but extends immediately to our setting.

Theorem 10.4.5 (Convergence Estimate [47]). For every vertex v of G, we have that

P, (|2(Xn) — z(v)| > to(v) for some n > 0) =< loz;t'

We remark that the logarithmic decay in Theorem [10.5.5| is not sharp. Sharp polynomial
estimates of the same quantity have been obtained by Chelkak [69, Corollary 7.9].

10.5 Critical exponents

10.5.1 The ring lemma for double circle packings

In this section we extend the Ring Lemma to double circle packings. While unsurprising, we were

unable to find such an extension in the literature.
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10.5. Critical exponents

Theorem 10.5.1 (Ring Lemma). There exists a family of positive constants (ky m :n > 3,m > 3)
such that if (P, PT) is a double circle packing of a simple, 3-connected plane graph G and v is a

vertex of G such that P(v) does not contain oo, then

T(U)/T‘(f) < kdeg(v),mangU deg(g)
for all f € F incident to v.

As for triangulations, the Ring Lemma immediately implies that whenenever a simple, 3-
connected, CP hyperbolic proper plane network G with bounded degrees and codegrees is cir-
cle packed in D, the hyperbolic radii of the discs in P U P! are bounded above by a constant
C = C(Mg, M},).

Proof of Theorem [10.5.1. Let n be the degree of v and let m be the maximum degree of the
faces incident to v in G. We may assume that 7(v) = 1. Note that for each two distinct discs
PY(f), PI(f") € PT that are not tangent, there is at most one disc P(u) € P that intersects both
PY(f) and PT(f"), while if PT(f) and PT(f’) are tangent, there exist exactly two discs in P that
intersect both PT(f) and PT(f’). For each two faces f and f’ incident to v, the complement
OP(v) \ (PT(fl) U PT(fg)) is either a single arc (if PT(f) and PT(f’) are tangent), or is equal to
the union of two arcs (if Pt(f) and PT(f’) are not tangent).

We claim that there exists an function ¥y, (-,-) : (0,00)% — (0, 27], increasing in both coordi-
nates, such that if f and f’ are two distinct faces of G incident to v, then each of the (one or
two) arcs forming the complement P (v) \ (PT(f1) U PT(f2)) have length at least v, (r(f),7(f")).
Indeed, let r(f) and r(f’) be fixed, and suppose that one of the arcs forming the complement
OP(v) \ PT(f) U PY(f") is extremely small, with length e. Let the primal circles incident to f be
enumerated v1, ..., Vqeg(f), Where vy = v, P(v2) is the primal circle that is tangent to P(v) and
intersects PT(f) on the same side as the small arc, P(v3) is the next primal circle that is tangent
to P(v2) and intersects PT(f), and so on. Since ¢ is small, P(vy) must also be very small, as it
does not intersect PT(f’). Similarly, if ¢ is sufficiently small, P(v3) must also be small, since it
also does not intersect PT(f"). See Figure Applying this argument recursively, we see that,
if € is sufficiently small, then the circles P(v2),... ,P(vdeg( f)) are collectively too small to contain
OPT(f)\ P(v) in their union, a contradiction. We write 1, (r(f),r(f")) for the minimal ¢ that is
not ruled out as impossible by this argument.

Let the faces incident to the vertex v be indexed in clockwise order fi, ..., f,, where n = deg(v)
and f1 has maximal radius among the faces incident to v. For each face f incident to v, the arc
OP(v)N PT(f) has length 2 tan~!(r(f)). Since P (v) = U™, (dP(v)NPT(f;)), we deduce that r(f1)
is bounded below by tan(7/n). By definition of ,,, we have that r(fx) satisfies

k—1
U (tan(m/n), r(fe)) < tm (r(f1),r(fr) <> 2tan™" (r(f;)) (10.5.1)
=2
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10.5. Critical exponents

Figure 10.5: Proof of the Double Ring Lemma. If two dual circles are close but do not touch, there
must be many primal circles contained in the crevasse between them. This forces the two dual
circles to each have large degree. The right-hand figure is a magnification of the left-hand figure.

for all 3 < k < n. For each such k, (10.5.1) yields an implicit upper bound on r( f) which converges
to zero as r(f2) converges to zero. This in turn yields a uniform lower bound on r( f2): if (f2) were
sufficiently small, the bound (10.5.1)) would imply that > p_, 2tan™!(r(fx)) would be less than T,
a contradiction (since we have trivially that 2tan~!(r(f;)) < 7). We obtain uniform lower bounds

on r(f) for each 3 < k < n by repeating the above argument inductively. O

10.5.2 Good embeddings of planar graphs

If G is a plane graph and (P, PT) is a double circle packing of G in a domain D C C, then drawing
straight lines between the centres of the circles in P yields a proper embedding of G in D in which
every edge is a straight line. We call such an embedding a proper embedding of G with straight
lines in D. Following [17], a proper embedding of a graph G with straight lines in a domain D C C

is said to be n-good if the following conditions are satisfed:

1. (No near-flat, flat, or reflexive angles.) All internal angles of every face in the drawing

are at most m — 7. In particular, every face is convex.

2. (Adjacent edges have comparable lengths.) For every pair of edges e, €’ sharing a
common endpoint, the ratio of the lengths of the straight lines corresponding to e and €’ in

the drawing is at most 1!,

The Ring Lemma (Theorem |10.5.1)) has the following immediate corollary.

Corollary 10.5.2. The straight line given by any double circle packing of a plane graph G with
bounded degrees and bounded codegrees in a domain D C C is n-good for some positive n = n(Mg).

We remark that, in contrast, the embedding of G obtained by circle packing the triangulation T'(G)
formed by drawing a star inside each face of G (and then erasing these added vertices) does not

necessarily yield a good embedding of G.
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For the remainder of this section and in Sections [10.5.3], [10.5.5| and [10.5.6, G' will be a fixed

transient, simple, 3-connected proper plane network with bounded codegrees and bounded local

geometry, and (P, PT) will be a double circle packing of G in . We will write =<, > and =< to
denote inequalities or equalities that hold up to positive multiplicative constants depending only
upon M. We will also fix an edge e = (z,y) of G and, by applying a Mdébius transformation if
necessary, normalise (P, P') by setting the centres z(z) and z(y) to be on the negative real axis
and positive real axis respectively and setting the circles P(z) and P(y) to have the origin as their
tangency point.

In [17] and [69], several estimates are established that allow one to compare the random walk
on a good embedding of a planar graph with Brownian motion. The following estimate, proven for
general good embeddings of proper plane graphs in [21], is of central importance to the proofs of the
lower bounds in Theorem and Theorem [10.1.5 Recall that o(v) is defined to be 1 — |z(v)|.

Theorem 10.5.3 (Diffusive Time Estimate). There exists a constant C; = C1(M) > 1 such that
the following holds. For each vertex v of G, let (Xp)n>0 be a random walk on G started at v, let
r(v) <r < Cylo(v) and let T, be the first time n that |2(X,) — z(v)| > r. Then

It will be shown in a forthcoming paper of Murugan [personal communication] that the constant

(1 above can in fact be taken to be 1.

Theorem 10.5.4 (Cone Estimate). Let n = n(M) > 0 be the constant from Corollary [10.5.2.
There exists a positive constant g1 = q1(M) such that the following holds. For each vertez v of G,
let (Xn)n>0 be a random walk on G started at v, let 0 < r < o(v) and let T, be the first time n that
|2(Xy) — z(v)| > r. Then for any interval I C R/(2rZ) of length at least m — n we have

P, (arg(z(Xr,) — 2(v)) € I) = qu.

We also apply the following result of Benjamini and Schramm [47, Lemma 5.3]; their proof was

given for simple triangulations but extends immediately to our setting.

Theorem 10.5.5 (Convergence Estimate [47]). For every vertex v of G, we have that

P, (|2(Xn) — 2(v)| > to(v) for some n >0) =< loisgt'

We remark that the logarithmic decay in Theorem [10.5.5] is not sharp. Sharp polynomial
estimates of the same quantity have been attained by Chelkak [69, Corollary 7.9].
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10.5.3 Preliminary estimates

For each vertex v of G, let ag(v) denote the hyperbolic area of P(v). Note that, since the hyperbolic
radii of the discs in P are bounded from above by the Ring Lemma (Theorem |[10.5.1)),

ag(v) < r(v)? < o(v) 2r(v)? (10.5.2)

for every vertex v of G. For the same reason, there exists a constant s = s(M) € (0,1/2] such that
for every € > 0, the set
{veV:z(v)e Ay(1 —¢e,1—se)}

disconnects e from oo in G. For each € > 0, let
Wei={veV:zv) € Ayl —5,1-s%)}.
In the following section, we will wish to estimate sums of the form

> an(u)Py(rp < o0) (10.5.3)
u€EA

where A and B are subsets of V. In this section, we prove that, when A is a subset of W, for some
€ > 0, we can estimate the sum (10.5.3) in terms of geometric quantities.

Lemma 10.5.6 (Cone and half-plane estimate). Let r € (0,1], and let n = n(M) > 0 be the
constant from Corollary |10.5.2. There exist positive constants 5 = d1(M,r) and g2 = g2(M, ),
both increasing in r, such that the following holds. For each vertex v of G and r € (0,1] let $1 be

the cone
N1 =9(v)={z€C:|argz —argz(v)| < 7/2 — n/4},

and let $H2 = $Ha2(v,r) be the half-plane containing z(v) whose boundary is the unique straight line
with distance ro(v) to z(v) that is orthogonal to the line connecting z(v) to the origin. Then, letting

Teo(v) = TWe(w) be the first time the walk visits We,(,), we have that

P, (z(Xn) € 99 for allm and z2(Xy) € H1 for alln > TEU(U)> > qo. (10.5.4)

for all e < 6.

Proof. Let ] and 9 be the slightly thinner cones {z € C : |arg(z) — arg(z(v))| < 7/2 —n/3}
and {z € C : |arg(z) — arg(z(v))| < /2 — n/2}. By Theorem there exists some small
§" = ¢'(M) > 0 such that for each vertex u € H! with o(u) < §’c(v), the random walk started at u
has probability at least 1/2 never to leave 7.

Define numbers (p;)i>o and stopping times (73);>0 by letting Tp = 0 and recursively setting p;
to be the distance between z(Xr,) and the boundary of 2 N'D, and T; to be

T; =min{n >0: |2(Xn) — 2(X1,_,)| = pi—1} .
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Let < be the event that o(X7, ,) < o(X7,) — pisin(n/2), dc(Xr,,,,092) > dc(X1,,092) +
pisin(n/2) and z(Xrt,,,) € H7. Applying Theorem [10.5.4| yields that

P, (| 2(X1,) € 9]) > a1 and hence P,( ﬂ o) > qf (10.5.5)
=0

for every n > 0. Let v = min{r,&,sin(n/2)} and let ng = [1/7"?]. If X, has distance at least
r'o(v) from the boundary of D N $2, then p; sin(n/2) > 7?0 (v). It follows that

| 1 1,
P, (2(X,) € 9: forall n, lim 2(X,) € 57) = 5Py N ) = S0

Next, applying Theorem [10.5.5, let 6; = 6;(IM,r) > 0 to be sufficiently small that for each
vertex u with z(u) ¢ 91 and o(u) < d10(v), the random walk started at u has probability at most
q1°/4 ever to visit $}. We conclude by observing that the probability appearing in (10.5.4)) is at

least
Pv(z(Xn) € $o for all n, nILH;oZ(X”) € 53'1) — P”(Z(XTWEU@)) ¢ 9, nlLIEOz(Xn) S 5’)1),

which is at least ¢7'°/4 for all ¢ < §;. We conclude by setting g2 = ¢7° /4. O

Remark. Although it suffices for our purposes, this argument is rather wasteful. With further effort

one can take both ¢ and 0; to be polynomials in 1/7.

Let p,r € (0,1]. We say that a set A C V is (p,r)-escapable if for every vertex v € A, the
random walk started at v has probability at least p of not returning to A after first leaving the set
of vertices whose corresponding discs in P have centres contained in the Euclidean ball of radius
ro(v) about z(v). To avoid trivialities, we also declare the empty set to be (p,r)-escapable for all

p and 7.

Corollary 10.5.7. Let r € (0,1]. There exist positive constants 62 = do(M,r) and py = p1(M,r),

both increasing in r, such that the set
eV :(1-6): <o) <=}
is (p1,7)-escapable for every e > 0.
Proof. Let n = n(M) be the constant appearing in Corollary [10.5.2} and let
57

09 = min {; sin - e 20, 1/4} ,

where C' = C(M) is the implicit constant in Theorem |10.5.5. Let £ > 0 be arbitrary, let v € {v €
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Vi(1—d2)e <o(v) <e}, and let T be the stopping time
T =min{n >0:|2(Xy) — 2(v)| > ro(v)}.
Letting ¢1 = ¢1(M) be the constant from Theorem [10.5.4] we have that
P, (0(X7) < o(v) — rsin(n/2)o(v)) > ¢. (10.5.6)

On the event appearing in the left-hand side of (10.5.6), the half-plane $o(X7p,d2), defined in
Lemma [10.5.6, is disjoint from the ball {z € C': 1 — |z| > (1 — d2)e}. Thus, the claim follows from
(10.5.6) and Lemma [10.5.6 by taking p = ¢1(M)g2(M, d2), where g2 is as in Lemma [10.5.6, (Here

we are using Lemma [10.5.6/only to lower bound the probability of the first clause defining the event

in the left-hand side of (10.5.4).) O

Lemma 10.5.8. Let A be (p,r)-escapable for some p € (0,1) and r € (0,Cy 1), where Oy = C1(M)
is the constant appearing in Theorem [10.5.5. Then for every vertex u € V,

7,2

< — (10.5.7)

E, .
~p(l—r)?

D an(Xn)1(X, € A)
n>0

Proof. Define the sequences of stopping times (T} );>0 and (T} );>0 by letting T, = 74 and recur-
sively letting
T = min {n > T : 2(X,) — 2(Xp-)| > ro(X,-) |

i

and T;” = min{n > T;" | : X,, € A}. Then

E. | ) an(X,)1(X, € A)

n>0

<> E

i>0

TF -1
LT <o0) Y. aH<Xn>].

n:T;

Since 0(X,,) > (1—r)o(X,-) for all T, <n < T", the Diffusive Time Estimate (Theorem 10.5.3),
the strong Markov property, and (10.5.2)) imply that

-1
E,| ) au(X,) |7 < oo, XTZ__]
n=T,"
Tt ,
=<(1- r)*2o-(XTi,)*2Eu Z T‘(Xn)2 T, < oo, XTi] =< { i SER
n=T;"

%

Meanwhile, since A is (p,r)-escapable, we have that P,(7; < oo) < (1 —p)".
estimates yields the desired inequality ((10.5.7)). O

Combining these
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We say that a set A C V is C-short-lived if

ZCLH I(X,eA)| <C

n>0

for every u € V. Note that if A is a C-short-lived set of vertices, then every subset of A is also
C-short-lived. While Lemma states that escapable sets are short-lived, we also have that
unions of boundedly many short-lived sets are short-lived with a larger constant. In particular,
letting s = s(M) be as above and letting § = o(M, C ! (M)), we have that

[3logy_s(s)]
w.c |J fvev:ia-6)mtle <o) < (1-6)"e}

m=0
for every € > 0. Thus, combining Corollary [10.5.7] and Lemma [10.5.8 immediately yields the

following.

Corollary 10.5.9. There exist a constant Co = Co(M) > 0 such that the set Wy is Ca-short-lived
for every e > 0.

Lemma 10.5.10. Let A and B be two sets of vertices in G, and suppose that A is finite and
C-short-lived for some C > 0. Then

Z ap (V)P (15 < ) = C€%(A & B).
vEA

Proof. Let the stopping times 7; be defined recursively by setting 79 = 74 and 7,41 = min{t > 7; :
X € A}, so that 7; is the ith time the random walk (X,,),>¢ visits A. Then

Z ag(v)Py (15 < 00) Z Z ag(v)Py(B hit between time 7; and 7;41)
veEA veA i>0
—ZZZCLH o(Ti <00, X, = u)Py(7B <TX).
veEAucA i>0

Reversing time then yields that

ZaH »(TB < 00) Z Z ZaH u(Ti < 00, Xp; = 0)Py(1B < 7'2')

vEA vEAUEA i>0
By exchanging the order of summation, we obtain that

ZaH »(TB < 00) ZE ZCZH (X, € A)|Pu(tp < Ty4)

vEA u€A n>0

-<C'Z TB<TA)

u€EA
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To conclude, let (Vj);>1 be an exhaustion of V' and let G; be the subgraph of G induced by V},
with conductances inherited from G, and observe that
Z c(w)PS(1p < 71) = lim Z c(w)PY(rp < min{TX,TV\Vj})

j—o0
u€EA u€EA

< lim > c(u)Py (75 < 7§) = C5(A & B). 0
Jmree ucA

Recall that diamc(A) and dc(A, B) denote the Euclidean diameter of {z(v) : v € A} and the
Euclidean distance between {z(v) : v € A} and {z(v) : v € B} respectively.

Lemma 10.5.11. Let A and B be disjoint sets of vertices in G. Then

diamc(A)?

Gen(A < B) = 7
min {diamc(A), dc(4, B) }

with the convention that the right-hand side is 1 if diamc(A) = 0.

Proof. Let D = diam¢(A). If D = 0 then A is a single vertex v and €%(A < B) < ¢(v) = 1, so
assume not. Recall the extremal length characterisation of the free effective conductance [173,
Exercise 9.42]: For each function ¢ : E — [0, 00) assigning a non-negative length to every edge e of
G, let dy be the shortest path pseudometric on G induced by ¢. Then

2ecr c(e)l(e)

2
%e%(AHB):inf{ (A, B)? 10 E —0,00), dl(A,B)>O}.

Let W be the set of vertices v of G whose corresponding circles intersect the D-neighbourhood of
z(A) in C. Define lengths by setting £(e) to be

min {|z(e”) — z(e™)|, D} if e has an endpoint in W

0 otherwise.

t(e) =

Then
d¢(A, B) > min {D, dc(A,B))} >0 (10.5.8)

while, since |z(e”) — z(eT)| =r(e”) + r(e™),

20(6)6(6)2 = Z Z min {r(v) + r(v'), D}2 = Z min {r(v), D}z, (10.5.9)

e veW v/ ~v veW

where the Ring Lemma (Theorem is used in the second inequality. As in the proof of
Lemma [10.3.4], consider replacing each circle corresponding to a vertex in W that has radius larger
than D with a circle of radius D that is contained in the original circle and intersects the D-
neighbourhood of z(A). This yields a set of circles contained in the 3D-neighbourhood of z(A).
Comparing the total area of this set of circles with that of the 3D-neighbourhood of z(A) yields
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that
>~ min {r(v), D}’ < D*. (10.5.10)
veW

We conclude by combining (10.5.8), (10.5.9) and (10.5.10)). O

For each ¢ > 0 and m € Z \ {0}, we define

U:"(0)

. - 4lm| glm|—1
l—e<|zl<1-— T < < Flml=1
z € l1—e<|z|<1-s’¢an sgn(m)5|m|77 Sargz < Sgn(m)5|m|717T

and define U™ (6) to be the rotated set e?U™.
Lemma 10.5.12. There exist universal constants d3,04 > 0 and k < oo such that
de (UZ(0), {re" : 7 > 0}) > (2 + &) diamc (U2"(6))

for all 0 € [—m, 7], e < 64 and [m| <logs,4(1/e) — k.

The constants here are more important than usual since we will later need to estimate the
difference 1dc (Ug”(@), {re?:r > 0}) — diamc (U™(9)).

Proof. We begin by calculating, using elementary trigonometry, that

4lml-1
diamc(Ug"(9)) < — o7 +e
and
de(U™0), {ré® - 1> 0 e =
c(U(6), {re”™ 7 2 03) = (1—E)sin(g:7zlﬂ> Im| > 4.

By concavity of the function sin(¢) on [0, 7], we have that sin(t) > 2t/7 for all ¢t € [0,7/2], and in

particular

diamc (U™(6)) RS S 5imle RS S 4ks,
de(Um(0),{re® :r >0}) — 8(1—¢)"  2.-4ml(1—¢) = 8(1 —3d2)  2-5F(1 —dyg)

for all € < d4 and |m| < logs,4(1/€) — k. This upper bound is less than 7/7 < 1/2 when 4, is
sufficiently small and & is sufficiently large. O

10.5.4 Wilson’s algorithm

Wilson’s algorithm rooted at infinity [44, 228] is a powerful method of sampling the WUSF of
an infinite, transient graph by joining together loop-erased random walks. We now give a very brief
description of the algorithm (see [173] for a detailed exposition). Let G be a transient network. Let
~ be a path in G that visits each vertex of G at most finitely many times. The loop-erasure is

formed by erasing cycles from v chronologically as they are created. (The loop-erasure of a random
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walk path is referred to as loop-erased random walk and was first studied by Lawler [161].) Let
{vj : j € N} be an enumeration of the vertices of G. Let §o = () and define a sequence of forests in

G as follows:

1. Given §;, start an independent random walk from v;41. Stop this random walk if it hits the

set of vertices already included in §;, running it forever otherwise.

2. Form the loop-erasure of this random walk path and let §;4+1 be the union of §; with this
loop-erased path.

Then the forest § = |J;5( S is a sample of the WUSF of G [44, Theorem 5.1].

10.5.5 Proof of Theorems 10.1.3, |10.1.4| and (10.1.5|

Recall that e = (z,y) is a fixed edge. We write =, to denote a lower bound that holds up to a

positive multiplicative constant that depends only on M and rg(z), and that is increasing in rg(x).

Proof of Theorem [10.1.4. Let § be the WUSF of G. Let Z¢ be the event that pastg(e) contains a
vertex whose center is within Euclidean distance ¢ of the unit circle, and let 2% be the event that
diamg(pastg(e)) > R. Then, letting e(R) = 1 — tanh(R/2), we have that Z¢ p,,, € Z5 C KL (R)-
Thus, to prove Theorem it suffices to prove that

(R)/

log(1/¢)™" = P(%£) =< log(1/¢)™"

for all € < 1/2. The proof of Theorem and in particular of the estimate , adapts
immediately to yield the desired upper bound (i.e., if the analysis there is carried out using the
double circle packing of G rather than the circle packing of 7); the remainder of this proof is
devoted to proving the lower bound. This will be done by applying a second moment argument to

the random variable

Z.= Y au(v)1(v € past ().
veEWe

which, by definition of W, is positive if and only if Z¢ occurs.

Lemma 10.5.13. There exists a positive constant d5 = 05(M,rg(x)), increasing in rg(x), such
that E[Z:] »=c 1 for all € < 5.

Proof of Lemma |10.5.15. If we generate § using Wilson’s algorithm, starting with the vertex v,
then v is in pastz(e) if and only if the loop-erased random walk from v passes through e = (z,y).

In particular, we obtain the lower bound

P(v € pastg(e)) > Py (72 < 00, X741 =y, (Xn)n>r,+1 disjoint from (X )72 )

n=0
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and hence, decomposing according to the value of 7,

E[Zg] > Z Z QH(U)PU (T:v =m, Xm+1 =Y, <Xn>n2m diSjOint from <Xn>21:_01> :
veEW: m>1

Letting (Y},)n>0 be a random walk started at x independent of (X,,),>0 and reversing time yields
that

where %, is the event
Gm = {Y1 =y, and (X,)i, disjoint from (Yy,)n>0} -

(Note that (X,)1", does not return to x after time 0 on the event 4,,.) Let 71 be the first time
that the random walk (X,,)m,>0 visits {v € V : s%c < o(v) < se}, which is finite a.s. by definition of
s, and let 73 be the first time m after 7y that |2(X,,) — 2(Xn)| > Cp 's%¢, where C; = C1(M) > 1
is the constant from Theorem Then X,, € W, for all 1 < m < 7, and so

E[Z:] = E,

> an(Xp)1 (%m)]

ZQ apr(Xm) 1 (de(Xr, {Yn :n > 0}) > ¢/s, €, |-

m=ry

> E;

The events €7, N {dc(Xr,{Yn:n>0}) >¢e/s} and €, N {dc(X+,{Yn : n > 0}) > ¢/s} are equal,
and so

-

E(Z] = Be | Y au(Xm)1 (de(Xr, {Vn in > 0}) > e/s,%,)

m=ti

T2

=B, |Ex | Y au(Xm) | Xr, | 1 (de(Xr, {Yn:n >0}) > e/s,%;,)

m=Ty

Applying (10.5.2) and the Diffusive Time Estimate (Theorem [10.5.3), we obtain that

T2 T2

E. | > au(Xp) | Xo | 7By | D r(Xn)? | Xny | <1,
m=T1 m=T1
and hence that
E[Z:] = Py(dc(Xr,{Yn :n > 0}) > e/s,%;,). (10.5.11)
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10.5. Critical exponents

By the Ring Lemma (Theorem [10.5.1)), there exists a positive constant & = k(M) such that
min{r(z),r(y)} > ru(x)/k. Let §;(M,ru(z)/k) be the constant appearing in Lemma [10.5.6, and
let 65 = 05(M, rp(x)) < 61 (M, r(z)/k) be sufficiently small that every vertex u that has o(u) < d5
and is contained in the cone $);(x) has distance at least d5/s from the half-plane $H9(y, ru(z)/k) (as

defined in Lemma (10.5.6)). Applying Lemma [10.5.6|to both random walks X and Y conditioned on
Y1 = y yields that

P, (de(Xp, {Yn :n>0}) >¢e/s,€r) = q2a(M, rg(z) /) = 1

for all € < §5, concluding the proof. O

Lemma 10.5.14. E[Z2] < E[Z.]log(1/e) for all 0 < ¢ < &4, where &4 is the constant from
Lemmal10.5.12.

Proof. For each two vertices u and v in G, let
H(u,v) = {w eVilz(w) — z(u)| < |z(w) — z(v)\}

be the set of vertices closer to u than to v with respect to the Euclidean metric on the circle packing.

More generally, for a vertex u and a set A C V, let

H(u,A) :={w eV :|z2(w) — z(u)| < |z(w) — z(v)]| for some v € A} = U H(u,v).
vEA

Note that for every vertex u and set A,

1
de(A,H(u, A)) > inf dc(ve, H(u,v2)) — dc(vi,v2) > id@(u, A) — diamc(A). (10.5.12)

v1,U2€A

Expand E[Z2] as the sum

E[Z2) = > au(u)au(v)P (u,v € pastg(e)) .
u,veEW,

If u and v are both in the past of e in §, let w(u,v) be the first vertex at which the unique simple

paths in § from u to e and from v to e meet. Then

E[Z2] <2 Z apr(u)ap(v)P (u,v € pastz(e) and w(u,v) € H(u,v)) .
u,veEW;

Consider generating § using Wilson’s algorithm rooted at infinity, starting first with v and then v.

In order for w and v both to be in the past of e and for w(u,v) to be in H(u,v), we must have that
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the simple random walk from v hits H(u,v), so that
E[Z2] < 2 Z an(u)P(u € pastg(e)) Z ang (V) Py (TH () < 00). (10.5.13)
ueWs veEWe
Thus, it suffices to prove that
> an(v)Py(Tr(uy < 00) 3 log(1/e) (10.5.14)
UGWE
for all e < 64 and u € W..

Recall the definition of U from Lemma|10.5.12, Let k be the universal constant from Lemma|10.5.12
let £(¢) = [logs/a(e) — k], and let & = arg(u). For each m € Z with 1 < |m| < {(¢), let SI"(0) be

the set of vertices whose centres are contained in U"(6), and let

0 0/, . . z(v) 5hme
Sy =8(u) = {'erg. argz(u) < [
Then

(e)

Z aH(U)P’U(TH(u,v) < OO) = Z aH(v)PU(TH(u,U) < OO)

veEW, m=—{(g) vEST
(¢)

< an (V) Py(Th (u,5m) < 00). (10.5.15)

m=—{(e) vESL"

Since SI" is contained in W, it is C-short-lived for some C' = C(M) by Corollary |10.5.9. Thus,
applying Lemmas 10.5.10-10.5.12 together with ({10.5.13) yields that

diame (S™)2
S as(0)Py(rpusny < 00) = c(5) i
vesSm (%d@ (S, u) — diamc (Sgn))
: m\2
< diame (U;") 5 <1 (10.5.16)

- (%d@ (UM (), {rei® : r > 0}) — diam (U;n(a)))

for e <04 and 1 < |m| < ¢(e). This in turn yields (10.5.14) when combined with (10.5.15) and the
fact that -, g0 am(v) = 1. O

Let 4 be the constant from Lemma [10.5.12 and let d5 = d5(M, rg(z)) be the constant from
Lemma [10.5.13l The lower bound of Theorem [10.1.4! now follows from Lemmas [10.5.13 and [10.5.14
together with the Cauchy-Schwartz inequality, which imply that

E[Z.)? 1

P(ZE > 0) > E[ZEQ] Ze log(l/E)
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10.5. Critical exponents

for all ¢ < min{d4,d5}. Since P(Z. > 0) is an increasing function of ¢ and min{d4,ds} is an

increasing function of ry(x), it follows that

1
P(Z >P(Z.: Ze
(Ze > 0) 2 P(Zmings 553 > 0) e o7y

for all e < 1/2. O
Lemma 10.5.15. E[Z.] <1 for all e > 0.

Proof. By Wilson’s algorithm, P(v € pastg(e)) < Py(7, < 00). Thus, the claim follows immediately

from Corollary [10.5.9 and Lemma [10.5.10, taking A = W. \ {z} and B = {z}, since € (z +

V\{z}) < ¢(x) < 1. The claim can also be proven more directly by a time reversal argument
similar to that carried out in the proof of Lemma [10.5.13 O

Proof of Theorem |10.1.5. We continue to use the notation from the proof of Theorem [10.1.4. We
first prove the upper bound. Let R > 1. Applying Markov’s inequality and Lemma [10.5.15| we
obtain that

R1/2 RY/2

1
IP( > Zoa > R> < RE[ > Zs_gk} < R7Y% (10.5.17)
k=0 k=0
and hence that
R1/2 [e's)
P(areaﬂ(pastg(e)) > R> < P( Z L3k > R> +1P’< Z Zyar > O) < RY?, (10.5.18)
k=0 k=R1/2

where the second inequality follows from Theorem [10.1.4 and (10.5.17]).
We now obtain a matching lower bound. Let d4 be the constant from Lemma [10.5.12] and

let 05 = d5(M,rg(z)) be the constant from Lemma [10.5.13) and let Ry = Ro(M,rg(z)) =
(4/9) log%/s(l/ min{ds, d5}), so that that s73R2/2 i5 less than both &4 and &5 for all R > Ry.
Let R > Ry and let

R1/2 R1/2
W = U | and let 7 = Z Z —3k.
k=1R1/2 k=1R1/2

The argument used to derive (10.5.13)) in the proof of Lemma [10.5.14] also yields that

E[Z%] <2 an(u)P(u € pastg(e)) > an(v)Py(Truu) < ). (10.5.19)
ueW veW

Let u € W and let 6 = arg(z(u)). Let £(s~2) and the sets S 3:(0) be defined as in the proof of
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10.5. Critical exponents

Lemma [10.5.14. Then,

Rl/Q Z( 7319

> an(V)Py(Tue <) < Y > > an(W)P (s <o0)| . (10.5.20)

vEW k—1R1/2 m=—{(s—3k) | vesm

The arguments yielding the estimate (10.5.16)) in the proof of Lemma [10.5.14| also yield that the
sums appearing in the square brackets on the right-hand side of (10.5.20)) are bounded above by a

constant depending only on M. It follows that

Z an(V)Py(TH(uw) < 00) J R
veW

for all uw € W, and hence that E[Z?] < RE[Z].

Next, Lemma implies that E[Z] =, R'/2, while Theoremimplies that P(Z > 0) <
R~Y2. Thus, there exists a positive constant C' = C(M) such that E[Z | Z > 0] > CR for all
sufficiently large R. Applying the second moment estimate above, the Paley-Zigmund Inequality
implies that

EZ|Z>0? _ E[Z)?
4E[Z2| Z > 0]  A4AE[Z2P(Z >0) —°

P (Z > %R ‘ Z > 0> (10.5.21)

Combining ((10.5.21)) with the lower bound of Theorem [10.1.4 yields that

P <areaH(past3(e)) > SR) >P (Z > §R> -, R71/2
for all R > Ry. Since the probability on the left hand side is decreasing in R, we conclude that
P(areay(pastz(e)) > R) = R1/?

as claimed. O

Proof of Theorem[10.1.3. Let § be a spanning forest of G and let ef be the edge of G dual to
e = (x,7). The past of el in the dual forest F is contained in the region of the plane bounded by
e and I'z(z,y), so that

diamy (I'g(z,y)) > diamp(pastg (eh)).

Meanwhile, if pastg; (') is non-empty, then every edge in the path I'z(z,y) is incident to a face of
G that is in pastg (e"). By the Ring Lemma (Theorem [10.5.1), the hyperbolic radii of circles in
P U Pt are bounded above. We deduce that there exists a constant C' = C'(M) such that

diamp(T'z(z,y)) < diamH(pastgf(eT)) +C.

We deduce Theorem [10.1.3| from Theorem [10.1.4] by applying these estimates when § is the FUSF
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10.5. Critical exponents

of G and F' is the WUSF of GT. ]

10.5.6 The uniformly transient case

Recall that a graph is said to be uniformly transient if p = inf,cy P, (7,7 = 00) is positive. If
the graph has bounded degrees, this is equivalent to the property that %.g(v — oo) is bounded

away from zero uniformly in v.

Proposition 10.5.16. Then there exists a constant C' = C(M) such that

ra(v) > %exp (—CPefi (v — 0)) .

Proof. By applying a Mobius transformation if necessary, we may assume that the circle P(v) is
centered at the origin. By the Ring Lemma (Theorem [10.5.1)), 7 (v) is bounded above by a constant
depending only on the maximum degree and codegree of G. Applying [107, Corollary 3.3] together
with Theorem yields that Zeg(v — 00) > clog(1/r(v)) for some constant ¢ = ¢(M). Since

the hyperbolic radii are bounded, the Euclidean radius r(v) is comparable to rg(v). O

We are now ready to prove Corollary [10.1.6. In the rest of this subsection, we will use =<, > and
= to denote inequalities or equalities that hold up to positive multiplicative constants depending

only on M and p.

Proof of Corollary[10.1.6. Let § be a spanning forest of G' and let ef be the edge of G dual to
e = (x,y). The past of el in the dual forest ' is contained in the region of the plane bounded by
e and I'z(e). The non-amenability of the hyperbolic plane implies that the perimeter of any set is

at least a constant multiple of its area, and so

Z ru(v) > areagy (pastgf(eT)> . (10.5.22)
vel'z(z,y)

On the other hand, if pastgf(eT) is non-empty, then every edge in the path I'z(z,y) is incident to
a face of G that is in pastg;(e'). We deduce that if pastg;(ef) is non-empty then

areagy (pastgf(eT)> = GFZ(: )GH(U)- (10.5.23)
v 5 T,y

Note that neither estimate (10.5.22)) or (10.5.23) required uniform transience. Proposition [10.5.16
and the Ring Lemma (Theorem |10.5.1) imply that

Ts(zy)l =< > @)= Y aa).

velz(z,y) velg(x,y)

Combining the above estimates in the case that § is the FUSF of G and §' is the WUSF of GT
allows us to deduce Corollary [10.1.6| from Theorem [10.1.5] O
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Let (X1,d;) and (X2, d2) be metric spaces and let «, § be positive. A (not necessarily continu-
ous) function ¢ : X7 — X5 is said to be an (o, 5)-rough isometry if the following hold.

1. (¢ roughly preserves distances.) a~'di(x,y) — B < do(¢(),d(y)) < adi(z,y) + B for all
z,y € X3.

2. (¢ is almost surjective.) For every xo € Xy, there exists z1 € X; such that da(¢(x1), 22) < S.

See [173, §2.6] for further background on rough isometries. We write d¢ for the graph distance on
V.

Corollary 10.5.17. Let G be a uniformly transient, simple, 3-connected, proper plane network with
bounded codegrees and bounded local geometry. Let dg denote the graph distance on 'V, let (P, PT)
be a double circle packing of G in D, and let z(v) be the centre of the disc in P corresponding to
the vertex v. Then there exist positive constants o = a(M, p) and B = B(M, p) such that z is an
(a, B)-rough isometry from (V,dg) to (D, dy).

Proof. Proposition implies that for every vertex v of G, rg(v) is bounded both above and
away from zero by positive constants. Almost surjectivity is immediate. For each two vertices u
and v in G, the shortest graph distance path between them induces a curve in D (by going along
the hyperbolic geodesics between the centres of the circles in the path) whose hyperbolic length is
= da(u,v).

Conversely, let 7 be the hyperbolic geodesic between z(u) and z(v), and consider the set W of
vertices w of G such that either P(w) intersects v or PT(f) intersects y for some face f incident
to w. Let d be the length of 4. Since all circles in (P, PT) have a uniform upper bound on their
hyperbolic radii, we deduce that all circles in W are contained in a hyperbolic neighbourhood of
constant thickness about ~, and hence the total area of these circles is < d. Since the radii of the
circles are also bounded away from zero, we deduce that the cardinaility of W is also < d. Since

W contains a path in G from u to v, we deduce that dg(u,v) is < d as required. O

We summarise the situation for uniformly transient graphs in the following corollary, which fol-

lows immediately by combining Corollary|[10.5.17| with Theorems|10.1.3H10.1.5/and Corollary [10.1.6

We write diamg for the graph distance diameter of a set of vertices in G.

Corollary 10.5.18 (Graph distance exponents). Let G be a uniformly transient, simple, 3-connected,
proper plane network with bounded codegrees and bounded local geometry, and let § be the free uni-
form spanning forest of G. Let p > 0 be a uniform lower bound on the escape probabilities of G.
Then there exist positive constants k1 = k1(M,p) and ky = ko(M, p) such that

kiR™' < FUSFg(diamg(Tz(z,y)) > R) < kR,
kiR™! < WUSF¢(diamg(pastz(e)) > R) < koR™T,
kR™Y? < WUSFg(lpastg(e)| > R) < keR™2 and
mMRV2 < FUSFo(Ti(ey)| 2 R) < kR
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Figure 10.6: The double circle packing of N x Zj.

for every edge e = (x,y) of G and every R > 1.

10.6 Closing remarks and open problems

10.6.1 Remarks

Remark 10.6.1 (Non-universality in the parabolic case.). Unlike in the CP hyperbolic case, the
exponents governing the behaviour of the USTs of CP parabolic, simple, 3-connected proper plane
graphs with bounded codegrees and bounded local geometry are not universal, and need not exist
in general.

Indeed, consider the double circle packing of the proper plane quadrangulation with underlying
graph NxZy4, pictured in Figure Let the packing be normalised to be symmetric under rotation
by /2 about the origin and to have r(0,0) = 1. It is possible to compute that (i, j) = (3 + 2v/2)°
and hence that |z(i, )| is comparable to (3 + 2v/2)¢ for every (i,j) € N x Z4. Suppose that the
edges connecting (i,7) to (i £ 1,7) are given weight 1 for every (i,7) € N x Z,, while the edges
connecting (i, 7) to (i,7 = 1) are given weight ¢ for each (i,j) € N x Z4. It can be computed that
the probability that a walk started at (7,0) hits (0,0) without ever changing its second coordinate
is a(c)’ := (1 4+ ¢ —Vc2+2c)". Let e = ((0,0),(0,1)). By running Wilson’s algorithm rooted at
(0,0) starting from the vertices (i,0) and (i, 1), we see that

UST (pasty(e) N {i} X Zg # 0) > P 0)(T0,0) < Tx{1,2,3)P,1) (T0,1) < Tx{0,2,3})
“Po1)(X1 = (0,0))
C

_ 21
= oo™

the right-hand side is exactly the probability that the random walk from (i,0) hits (0,0) without
ever changing its second coordinate, and that the random walk from (7, 1) hits (0, 1) without ever

changing its second coordinate and then steps to (0,0).
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Let g(c) be the probability that a random walk started at (i, j) visits every vertex of {i} x Z4
before changing its vertical coordinate, which tends to one as ¢ — oo. Let Y be a loop-erased
random walk from (0, 0). It can be computed that the probability that a random walk started from
(i, ) visits {0} x Z4 before hitting the trace of Y is at most b(c)’ := (1 — ¢(c))*. Thus, by Wilson’s

algorithm and a union bound,
UST (pastp(e) N {i} x Zy # 0) < 4b(c)".

It follows that there exist positive constants k(c), a(c) and S(c) such that a(c) — 0 as ¢ — 0,
B(c) — oo as ¢ — 00, and

k() 'R(9 < UST (diame(pasty(e)) > R) < k()R

Thus, by varying ¢, we obtain CP parabolic proper plane networks with bounded codegrees and
bounded local geometry with different exponents governing the diameter of the pasts of edges in
their USTs: If ¢ is large the diameter has a light tail, while if ¢ is small the diameter has a heavy tail.
Furthermore, by varying the weight of ((,7), (¢, j£1)) as a function of i in the above example (i.e.,
making ¢ small at some scales and large at others), it is possible to construct a simple, 3-connected,
CP parabolic proper plane network G with bounded codegrees and bounded local geometry such

that
log UST ¢ (diame (pasty(e)) > R)

log(R)

does not converge as R — oo for some edge e of G. The details are left to the reader.

Similar constructions show that the behaviour of WUSFg(diamp(pastg(e)) > R - rg(x)) is not
universal over simple, 3-connected, CP hyperbolic proper plane network G with bounded codegrees
and bounded local geometry in the regime that rg(x) is small.

10.6.2 Open problems

It is natural to ask to what extent the assumption of planarity in Theorem [10.1.1| can be relaxed.
Part (1) of the following question was suggested by R. Lyons.

Question 10.6.2. Let G be a bounded degree proper plane graph.

1. Let H be a finite graph. Is the free uniform spanning forest of the product graph G x H

connected almost surely?

2. Let G' be a bounded degree graph that is rough isometric to G. Is the the free uniform spanning

forest of G connected almost surely?

Without the assumption of planarity, connectivity of the FUSF is not preserved by rough

isometries; this can be seen from an analysis of the graphs appearing in [47, Theorem 3.5].
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