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Chapter 1

Introduction

Random walks in random environments are suitable to model the movement of particles in
inhomogeneous environments. Over the past fifty years, their asymptotic and potentially
anomalous behaviour has been intensively studied, creating an interesting and still ac-
tive research area. Random walks in a random environment first appeared in biophysical
literature as a model for DNA replication, introduced by [Che67]. Their mathematical
investigation began in the 1970s with the work of [Sol75], who studied the asymptotic
behaviour of an one-dimensional random walk in a random environment on the integers.
The behaviour of this random process has been extensively studied and is now well un-
derstood. Since then, several extensions and generalizations of this model have been
considered, such as higher dimensions, other graphs or time-continuous random walks.

A prominent example of random walks in random environments are random walks
on Galton-Watson trees, which are often seen as a mean-field model for random walks
on high-dimensional percolation clusters, since close to criticality the environment looks
locally tree-like. A Galton-Watson tree is the family tree generated by a Galton-Watson
branching process. Starting from a single vertex, each vertex in the tree has a random
number of descendants according to the offspring distribution and independently for differ-
ent vertices. If the offspring mean is strictly larger than one, there is a positive probability
that the branching process survives. The corresponding Galton-Watson tree is then called
supercritical. By conditioning on the survival of the branching process this yields an infi-
nite tree. An example of a realization of the first generations of a Galton-Watson tree is
shown in Figure 1.1.

The most obvious approach to define a random walk on the tree is to consider a simple
random walk. Given a Galton-Watson tree T, the simple random walk (X,,),>0 on T is a
time-discrete Markov chain which starts at the root and at each time step it moves to one
neighbour uniformly chosen among all neighbours of its current state. The asymptotic
behaviour of the simple random walk on infinite supercritical Galton-Watson trees has
been well-studied since the 1990s.

The first basic question in studying the long-term behaviour is whether the random
walk is transient or recurrent. The decisive factor here is the probability of returning to
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Figure 1.1: A realization of the first generations of a Galton-Watson tree with offspring
law v = %(51 + %52. Here, ¢, denotes the Dirac measure in a.

the starting point. If the probability that the random walk on 7" returns to the root is
strictly less than one, it visits the root only a finite number of times. The random walk
is then said to be transient. Otherwise, the random walk returns to the root infinitely
often and is called recurrent. It was first shown in the unpublished work of [GK84] that
the simple random walk on infinite supercritical Galton-Watson trees is almost surely
transient. That is, the random walk is transient on almost all trees when we condition
on the survival of the tree. This fact is also a consequence of Theorem 4.3 together with
Proposition 6.4 in [Lyo90].

Transience implies that the random walk returns to each vertex in the the tree only
a finite number of times and therefore the distance of the walker to the root tends to
infinity. This raises the question how fast the random walk moves away from the root.
Therefore, the next natural step is to study the rate of escape. It was proven by [LPP95]
that the simple random walk moves away from the root with a linear rate. In other words,
there exists a deterministic constant v such that

lim M

n—oo N

=v almost surely, (1.0.1)

where | X,,| denotes the distance of X, to the root. The limit holds almost surely with
respect to the annealed law, that is, averaged over the random walk and the tree, and



conditioned on 7" being infinite. We say that the simple random walk on Galton-Watson
trees satisfies a law of large numbers. The limit v is called the rate of escape or the speed
of the random walk. Theorem 3.2 in [LPP95] implies that the speed can be calculated
explicitly in terms of the offspring distribution. Moreover, it is strictly positive. The
proof relies on the construction of an invariant measure for the environment observed by
the walker which allows the application of the ergodic theorem to the resulting ergodic
Markov chain.

After that, the question arises whether the random walk satisfies a functional central
limit theorem. It was shown by [Pia98] that there exists a positive constant o2 such that
the process

1
vVno?

converges in law to a standard Brownian motion. An explicit expression for the value o2
in terms of the offspring distribution is not known. Only if the number of offspring is
constant, it is possible to calculate the volatility explicitly. The proof is based on the exis-
tence of a regeneration structure which yields independent increments with good moments.

(I X ny| = [tn]v), te[0,1]

In this work we focus on the random conductance model, a generalization where the
transition probabilities of the random walk are no longer uniform but depend on the
environment. The underlying graph is still an infinite supercritical Galton-Watson tree.
Additionally, the edges in the tree are randomly assigned i.i.d. edge weights, which we
call conductances. The random walk in the environment formed by the tree and the con-
ductances is then a Markov chain which crosses an edge with a probability proportional
to the conductance of that edge. It was shown by [GMPV12] that the random walk is a.s.
transient and that it has a deterministic and positive speed. In other words, a conver-
gence as in (1.0.1) still holds when we now also average over the conductances, whereby
the limit depends on both the offspring law of the tree and the conductance law in a highly
non-trivial way. As for the simple random walk, the main tool for proving a law of large
numbers is to consider the environment from the current location of the walker. The key
is the identification of the stationary measure for the environment process, which then
allows an application of the ergodic theorem. As a consequence, the speed of the walk can
be expressed as an expectation under the invariant measure. The authors also provide
a formula for the speed that includes the law of effective conductances. Unfortunately,
both expressions for the speed do not allow an explicit calculation. Only if the marginal
distribution of the conductances is degenerated, which corresponds to the simple random
walk, an explicit formula for the speed is known since the work of [LPP95]. Compared to
the simple random walk, random conductances can only slow down the walker. More pre-
cisely, it was shown by [GMPV12] that in the case of non-degenerated conductances, the
speed of the random walk with random conductances is strictly smaller than the speed of
the simple random walk. A central limit theorem for the random walk on Galton-Watson
trees with random conductances is only known under very strong conditions on the off-
spring law. It was proven by [Barl3| that the distance of the walker to the root satisfies a

9



central limit theorem if the number of descendants of each vertex is larger than the ratio
of the maximum to minimum edge weight. If this ratio is large, it means that each vertex
in the tree requires a great number of offspring. One of the main results of this thesis
is a central limit theorem for more general offspring distributions. Moreover, our aim
is to study the influence of the environment law on limit statements as above. In other
words, we will investigate how the limiting speed and the fluctuations of the random walk
depend on the distribution of the environment. We will in particular study the effect of
very small edge weights on these quantities.

Closely related to our model is the biased random walk on Galton-Watson trees. In
this model each edge between the n-th and the (n + 1)-th generation is assigned the
weight A7, where A > 0 is called the bias parameter. The random walk then takes an
edge proportional to its weight. This means that it moves back towards the root with
a probability proportional to A, whereas the probability of moving to a descendant is
proportional to 1. Hence, for any A > 1 the random walk has a tendency to the root, with
higher values A pushing the random walk more to the root. A great number of offspring
has the converse effect. Therefore, it is not surprising that the question of transience
or recurrence depends on the offspring mean m and on the bias parameter \. It was
proven by [Lyo90] that the A-biased random walk is a.s. transient if A < m, a.s. null
recurrent if A = m and positive recurrent if A > m. In the transient case the authors of
[LPP96] showed the random walk with a bias towards the root has a deterministic and
positive speed vy > 0. On the other hand, a biased random walk that is pushed away
from the root, i.e. A < 1, may have zero speed when it spends too much time in leaves.
An expression for the speed which depends on the bias parameter in a highly non-trivial
way was shown by [Aid14]. When A = 1, the considered random walk coincides with the
simple random walk studied in [LPP95]. A quenched central limit theorem was proven
by [PZ08] for A < m.

The model can be further generalized by randomizing the bias. More precisely, each
vertex v in the Galton-Watson tree is marked with a random weight A(v), independently
for different vertices and with the same marginal distribution. The random walk then
moves towards the root with a probability proportional to 1 while it moves to a descen-
dant with a probability proportional to the weight of this vertex. When each vertex gets
the deterministic mark A(v) = A~!, the random walk corresponds to the A-biased random
walk. The main difference to our model is that i.i.d. weights are randomly assigned to
the vertices and not to the edges. In other words, in our model the conductances are
realizations of a collection of independent random variables, while here the ratios of con-
ductances are realizations of i.i.d. random variables. A criterion for transience, depending
on the distribution of the weights and the offspring mean, is proven in [LP92]. [Aid08§]
gives conditions for the random walk to have a positive speed. A central limit theorem is
shown in [Farl1].
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This thesis is organized as follows. We start in Chapter 2 with the description of the
random conductance model and introduce random walks on infinite supercritical Galton-
Watson trees with random conductances. It is known since the work of [GMPV12] that
the distance of the random walk to the root satisfies a law of large numbers with limit the
speed of the walk, which is deterministic and positive, but cannot be computed explicitly.
We will investigate the influence of the environment law on the speed in the following two
chapters.

In Chapter 3 we study the regularity of the speed as a function of the marginal
distribution of the conductances. We in particular investigate the influence of very small
edge weights on the speed. In order to do this, we assign a small conductance ¢ > 0 to
a positive fraction of edges and study the behaviour of the speed as ¢ — 0. When € > 0
is small, finite subtrees formed by edges with larger conductances act like traps in the
environment. The random walk can only leave these subtrees by crossing an edge with
conductance e, which happens rarely. Whereas, if the small conductances are reduced
to zero, the random walk cannot enter these finite subtrees at all and therefore such a
slowdown does not occur for ¢ = 0. This suggests that the speed is not continuous at
¢ = 0. Verifying this discontinuity is the main goal of this chapter. Note that for ¢ = 0
the random walk can only move on a subtree of the original tree. This subtree is again
a Galton-Watson tree, but it might be finite. As usual for trees with positive extinction
probability, the speed v(0) is given as the almost sure limit of | X,,|/n under the annealed
law when the traversable tree is conditioned to be infinite. Provided that the tree formed
by larger conductances is supercritical, we show in Theorem 3.1.2 that

limv(e) = Pv(0)

e—0
for a constant § € (0,1). This implies that the limit of the speed for conductances
approaching zero is strictly smaller than the speed of the random walk as usually defined
on trees with positive extinction probability. For the proof we recall the construction
of the invariant measure for the environment process and a formula for the speed in
Section 3.2.

In Chapter 4 we focus on the behaviour of the speed as a function of the offspring
distribution. The main result of this chapter is that the speed is a continuous function of
the offspring law. We consider a sequence of offspring distributions v, such that for all n
the corresponding Galton-Watson trees are supercritical and have no leaves. Furthermore,
we assume that v, converges weakly to a measure v. In Theorem 4.1.1 we show that

lim v(v,) = v(v).

n—oo
That is, the limit of the speed is given by the speed of the random walk on a Galton-
Watson tree with offspring law v.

In Chapter 5 the first main result is a functional central limit theorem for the random
walk on a supercritical Galton-Watson tree without leaves when the edges of the tree are
assigned i.i.d. uniformly elliptic conductances. Provided that the conductance law has at
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least one atom, we show in Theorem 5.1.1 that there exists some constant o2 > 0 such
that

1 d
<Vn02 (|XUHJ| ; Lmjv))te[o,u n—oo (UBt)tE[OJ]

under the annealed law, where (By):co] is a standard Brownian motion. The volatility
o2 of the limit depends in a highly non-trivial way on the environment law. We study
the effect of small edge weights on the fluctuations of the random walk. As in Chapter 3,
we assign a small conductance € > 0 to a positive fraction of edges and investigate the
behaviour of the volatility as e — 0. Provided that the tree formed by larger conductances
is supercritical, we show in Theorem 5.1.3 that the volatility for £ — 0 is bounded away
from zero

lim inf 0% (¢) > 0.
e—0

This implies that the slowdown induced by the small edge weights is not too strong. The
proof of the central limit theorem relies on the existence of a renewal structure with good
moments to decouple the increments of the random walk. This approach is a standard
technique for proving a central limit theorem for random walks in random environments.
In Section 5.2, we define the specific regeneration times. The required bounds on escape
probabilities and moments of regeneration times are also given in that section. In order
to control the volatility for small €, we need the bounds to hold uniformly in . This is
the key challenge in the proofs.

12



Chapter 2

Description of the model

In this chapter we introduce random walks on Galton-Watson trees with random conduc-
tances. This includes the description of the environment, which is randomly chosen but
kept fixed over time, and the definition of the random walk, which, given the environ-
ment, is a Markov chain whose transition probabilities depend on the environment. We
start with introducing the usual terminology for trees that we will use throughout this
thesis. Next, we define the environment law, that is, a probability measure on the set
of weighted rooted trees (endowed with a suitable o-algebra) such that under this law
the tree is a Galton-Watson tree with i.i.d. conductances. In the third section we are
then ready to introduce the random walk on Galton-Watson trees. Given a realization of
the environment, the considered random walk is a Markov chain on the set of vertices of
the tree whose transition probabilities are given by the conductances. We introduce the
quenched and the annealed law. The former is the distribution of the random walk when
we fix a realization of the environment, the latter is obtained when we average over all
realizations of the environment. The term conductances comes from a useful connection
between random walks on weighted graphs and electrical networks, which we will discuss
in the last section.

2.1 Weighted trees

Let us start with some preliminaries on trees. A tree T is a non-oriented, connected graph
without loops. We use the same notation 7' for the set of vertices as for the tree itself.
The set of undirected edges is denoted by £(T"). We call two vertices u, v € T neighbours
if they are connected by an edge, i.e. (u,v) € E(T). In this case we write u ~ v. The
degree of v, denoted by deg(v) (or deg,(v)), indicates the number of neighbours of v in
T. If the degree is finite for each vertex, the tree is called locally finite.

In this work we only consider rooted trees. This means that one specific vertex is set
to be the root of the tree. We write p for the root and (7', p) for the rooted tree. If the
root is known from the context we still write 7" instead of (7', p). We denote the graph
distance of a vertex v to the root by |v|. The n-th generation of T" is given by all vertices

13



v € T that have graph distance n to the root. We write
G,=G,(T)={veT:|v|=n} (2.1.1)

for the n-th generation of T. The neighbour of v that lies on the path to the root is
called the ancestors of v, denoted by v*, the other neighbours are called descendants. We
may define trees as a subtree of the Ulam-Harris tree T = 7., N", where by convention
N° = {@}. This means that a vertex of a tree is identified by a finite sequence of integers.
A rooted tree T is then a subset of T satisfying the following properties:

(1) 0eT,
(2) v1...0, € T implies vy ... v € T forallm > 1,1 <k <m,
(3) v1...0, € T implies vy ... v, qw € T for all w € {1,...v,,}, m > 1,

see e.g. [LGO5]. We let T be the set of all locally finite, rooted trees. We equip 7 with
the topology induced by the metric

dr: TxT =R, dr((T.p),(T',p)) = exp (—sup{n = 0: Tha(p) = Th(0)}),

where T},,(p) denotes the subtree of (T, p) consisting of the first n generations. It can be
easily verified that (7, dr) is a separable metric space. To see the separability, note that
the set of finite trees {T" € T : |T| < oo} is a countable and dense subset of 7.

In order to obtain weighted trees, we label each edge e € £(T) in a tree T' with a
non-negative weight, which we call the conductance of e. We denote it by £(e). The set
of weighted, rooted trees is defined by

Q= {(T,p,&): (T,p) € T, £ €[0,00)°}.

An element w = (T, p, &) € Q is called an environment.

Next, we define a metric on €2. To quantify the distance between two weighted trees,
we have to compare both the trees and the conductance configurations. Note that some
edges may belong to only one of the trees. For this reason, we let {5 be the conductance
configuration of the Ulam-Harris tree such that each edge e that is also in the tree T" gets
the weight £(e), while edges that do not belong to the tree get the weight zero. Formally,
given an environment w = (7', p, &) € €2, we set

B Ele), e &(T)
fUH(e)_{o, e ¢ £(T).

for all edges e € £(T). Consequently, we have &y € Z = [0, 00)¢(). We equip the set =
with the metric

d=: ExE—=R, dz(£,¢)= )

ec&(T)

L |é(e) =€ (e)]
2¢(€) 1 4 |€(e) — €'(e)|

14



Here, ¢: £(T) — N denotes some fixed bijection, which exists since the set of all edges
in the Ulam-Harris tree is countable. Finally, this allows us to define a metric on set of
environments 2 as follows

d: 1 xQ— [07 OO)? d(w7w,) = dT((T7 p)? (Tlvpl)) + dE(gUHaél/JH)

We note that the metric space (2, d) is separable. To see this, observe that the set of
all finite trees with rational conductances {(T,p,&) € Q : |T| < oo, £ € Q°™)} defines a
countable and dense subset of 2.

2.2 Random environments

In this section we introduce Galton-Watson trees with random conductances. To start
with, we consider a Galton-Watson branching process. We can interpret the process as
a model for the evolution of a population over time. At the beginning, this population
consists of a single individual. Each individual lives for exactly one time step and has a
random number of descendants, independent of all the other individuals. The genealogical
tree associated with this branching process yields a random tree, which we call a Galton-
Watson tree. We denote the offspring distribution by v, that is, the probability that
an individual has k descendants is given by v({k}). Throughout this thesis we assume
v({0}) = 0, which means that every vertex has at least one descendant. We say that
the tree has no leaves. This assumption ensures that the considered trees are infinite.
Moreover, we assume that the tree is supercritical and that the offspring mean is finite.
The former means that the average number of descendents of a vertex is strictly larger
than one, i.e. m; = [z dv(z) € (1, 00).

In order to obtain weighted trees, we label each edge e in a tree 1" with a random
conductance &(e), independently for different edges and with the same marginal law p.
More precisely, §& = (£(e))ece(r) is a family of independent and identically distributed
random variables. We assume the marginal distribution px to be uniformly elliptic, so that
the conductances are almost surely bounded and bounded away from zero. This means
that there exists a constant x > 1 such that

([t K])) = 1. (2.2.1)

To make this precise, we denote the Borel g-algebra on the set of environments €2 by G.
We then define P as the law on (€2, G) such that under P, T" is a Galton-Watson tree with
offspring law v and given T, all edges in T" are labelled with independent and identically
distributed conductances with marginal law . We write E for the corresponding expecta-
tion. Formally, we may construct P as a pushforward law of a product measure as follows.
We endow the set of rooted trees T with its Borel o-algebra and we let GW be the law

n (7,B(T)) so that under GW, T is a Galton-Watson tree with offspring distribution
v. Moreover, we equip the product space T x = with the product topology and its Borel
o-algebra. We set P = GW @u®(™ . That is, under P, T is a Galton-Watson tree and all

15



edges in the Ulam-Harris tree are labelled with independent and identically distributed
conductances with marginal law p. Since we only want to assign a weight to the edges in
the underlying tree, we introduce the mapping

m: T XE= Q0 (T, (E(e)ecen)) = (T, p, (€(€)eeen)))- (2.2.2)

Note that 7 is Continuou§ and therefore measurable. Then the environment law P is the
pushforward measure of P induced by 7, i.e.

P(A) = P(r}(A)) (2.2.3)

for measurable subsets A C €. This way of defining the environment law simplifies some
of our proofs.

2.3 Random walks in random environments

We consider a time discrete random walk (X,,),>0 on weighted trees. When we fix a
realization of the environment, the random walk moves along the edges of the underlying
tree, taking an edge with a probability proportional to its conductance. More precisely,
given an environment w = (7}, p, §), we let P! be the law of the Markov chain (X, ),>0 on
the tree T, starting at a vertex v € T" and with transition probabilities

L) y
Po(Xpi =y | Xo =) = { €@ | (2.3.1)
0, otherwise

where C(z) = > .. &(z,w) is the sum of all edge weights incident to a vertex x. We call
PV the quenched law and we write P, for the law of (X,,),>0 starting at the root. The
quenched law is a probability measure on the space of trajectories (TY°, F), where F is
the o-algebra generated by the finite dimensional projections, that is,

F=o({r,' (A):m=>0, ACT"}) (2.3.2)
with
T TNO = T (2) = (20, ..., ).
We equip the space of trajectories with the metric
diga: TV x TN = [0,00),  dira(, y) = exp ( —sup{n >0:m,(z) = Wn(y)}),

which induces the product topology. Note that F coincides with the Borel o-algebra on
T™o, since T is countable (see e.g. Theorem 5.10 in [Els18]).
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Moreover, we introduce the annealed law P that averages over all realizations of the
environment. Formally, PV is a measure on the product space (2 x TN, G @ F) defined
by

P'(A x B) = / PY(B)dP(w) (2.3.3)

for measurable subsets A x B. As before, we write PP if the random walk starts at the
root and the corresponding expectation is denoted by EV (and E if v = p). The following
lemma shows that the integral in (2.3.3) is well-defined.

Lemma 2.3.1. For every set B € F, the mapping
Q2 —[0,1], ww~— PY(B)
18 measurable with respect to G.

We remark that Lemma 2.3.1 implies that the mapping (2, F) — [0,1], (w, B) —
P, (B) defines a transition kernel.

Proof. We let
F = {7} (A) :m >0, ACT""}
be a generator of F, recall (2.3.2). For every B = 7' (A) € F we have

PB)= Y PUXo=v Xp=vn)= Y H%

(0, vm)EA (v0s-er) Um)eAa 1=0

which implies that the mapping w — PY(B) is measurable for all B € F. Moreover, the
family of sets

M ={B € F:ww+ PJ(B) is measurable}

defines a monotone class. To see this, let B = J,, B, be a countable monotone union
with B,, € M. Then the mapping
wr— PY(B) = lim P(B,)
n—oo
is measurable as the limit of measurable functions. Analogously, we obtain that M is

closed under countable monotone intersections. Finally, by the monotone class theorem
(Theorem 3.4 in [Bil95]) we obtain M = F, which concludes the proof. O

The next lemma shows that we can integrate a non-negative measurable function with
respect to the annealed law by first integrating with respect to the quenched law and then
integrating with respect to the environment measure.
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Lemma 2.3.2. Let f: Q x TN — [0,00) be measurable with respect to G @ F. Then the
following hold:

(a) For w € Q fized, the mapping v — f(w,x) is measurable with respect to F.

(b) The mapping w — [ f(w,z)dP2(x) is measurable with respect to G.

[rae = [ [ wnariw e,

Proof. We first show the statement for indicator functions f = 1p with D = A x B €
G x F. Since 1p(w,z) = 14(w)1p(z), the mapping  — 1p(w,x) is trivially measurable
with respect to F. Integrating 1p with respect to the quenched law yields

(¢) We have

Thus, Lemma 2.3.1 implies that the mapping w + [ 1p(w,z)dP%(z) is measurable with
respect to G. Finally, recalling the definition of the annealed law in (2.3.3), we have

/]lD dP' =PY(A x B) = /]lA(w)P:J’(B) dP(w) = //]lp(w,a:) dP?(z) dP(w).
Let us now introduce the family of sets
D={DegG®F:1p satisfies (a)-(c) from the lemma}.

We have already shown G x F C D. Moreover, it is easy to check that D defines a Dynkin
system and therefore we obtain D = G ® F. In other words, for all D € G ® F the
indicator function 1p satisfies (a)—(c) from the lemma.

Since we can approximate every measurable function f > 0 by a sequence of simple
functions f, with f, 1 f, the statement follows by the monotone convergence theorem. []

A similar result holds for integrable functions.

Lemma 2.3.3. Let f: Q x TV — R be integrable with respect to the annealed law PV.
Then the following hold:

(a) For P-almost all w, the mapping x — f(w,x) is integrable with respect to P".
(b) The mapping w — [ f(w,z)dP2(x) is integrable with respect to P.
(c¢) We have

[rae = [ [ fwnariw e,
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Proof. From Lemma 2.3.2 we know that the functions
o [f)] and we [ |fw o) dPa)

are measurable. Moreover, we have

//|fwx|dP”( ) dP(w /|f|d]P’”<oo

which shows the integrability of the function w — [ f(w,z)dPY(z). In addition, the
finiteness of the above integral implies

/|f(w, z)|dP)(z) < oo P — almost surely,

that is, the function x — f(w,x) is integrable with respect to the quenched law for P-
almost all w. When we write f = f* — f~, Lemma 2.3.2 yields the desired identity in
(c). O

Let us turn to the long-term behaviour of the random walk. Given an environment
w = (T, p,§&), the random walk on T starting at the root is called transient if it has
positive probability of never returning to the root. Otherwise, we call it recurrent. It
is shown (in a more general setting) in Proposition 2.1 in [GMPV12] that the random
walk defined above is a.s. transient. For uniformly elliptic conductances the transience is
a direct consequence of Rayleigh’s Monotonicity Principle (see Lemma 2.4.5 below) and
the transience of the simple random walk on Galton-Watson trees.

Proposition 2.3.4. The random walk (X,,)n>0 s transient for P-almost all environments
w.

The transience implies that the distance of the random walk to the root tends to
infinity, which raises the question how fast it moves away from the root. It is proven (in
a more general form) in Theorem 4.1 in [GMPV12] that the limit of | X,,|/n exists a.s.

Theorem 2.3.5. The limit

lim [ X =v=uv(v,p)

n—oo n

exists P,-almost surely for P-almost all w. Moreover, v is deterministic and strictly
positive.

The limit v(v, p) is called the speed of the random walk. Unfortunately, we cannot
calculate the speed explicitly except when the marginal law of the conductances is degen-
erated. In this case the process coincides with the simple random walk and an explicit
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formula for the speed is known since the work of [LPP95]. The speed depends on both the
offspring distribution and the marginal law of the conductances. We study the regularity
of v(v, 1) as a function of p and v in Chapters 3 and 4, respectively.

A standard method for proving such a law of large numbers for random walks in
random environments is to consider the environment observed by the walker. The key
challenge here is the identification of the invariant measure for this process which is done
by [GMPV12]. Applying the ergodic theorem to the resulting ergodic Markov chain then
yields the law of large numbers. Consequently, the speed is given as an expectation un-
der the invariant measure and it is therefore not surprising that it cannot be calculated
explicitly. The authors also provide a formula for the speed which includes effective con-
ductances. The effective conductivity is a quantity from the theory of electrical networks.
In the next section we will introduce it and discuss its significance in the context of random
walks.

2.4 Random walks and electrical networks

We can think of a weighted tree as an electrical network whose edges correspond to elec-
trical conductors. Then several useful connections can be observed between the physical
concept of voltage and current and properties of the random walk. We present in this
section some of these results, which are required for the proofs in the later chapters. The
references are [DS84] and [LP16]. Unless otherwise stated, the proofs of the results in this
section can be found therein and are not given here.

Let w = (T, p,&) € Q be an environment. We begin with introducing the effective
conductance between a vertex v € T and a set of vertices A C T. As mentioned above,
the weighted tree can be seen as an electrical network. The edges in the tree correspond
to electrical conductors, whereby the electrical resistance of a conductor is given by the
reciprocal of the appropriate edge weight. For this reason, the edge weights are called
conductances.

When we impose a voltage between v and A, the amount of current flowing into the
circuit depends on all the conductances in the network in between. We may think of
the circuit between v and A as a single conductor in which all voltages and currents
remain unchanged. The conductivity of this equivalent conductor is called the effective
conductance between v and A, denoted by C, (v, A). There is also a probabilistic definition
of effective conductances via an escape probability. To make this precise, we set

na=inf{n>0:X, € A} and nj=inf{n>1:X, € A}. (2.4.1)

That is, 74 is the hitting time of the set A and n; denotes the first time after zero at which
the random walk visits the set A. If the starting point of the random walk is located in
A, 0} indicates the return time to A. Note that this is the only situation where n} differs
from n. If A ={z} contains only a single vertex z € T', we write 7, for the first hitting
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time of z and 7] for the first hitting time of z after zero. Following [LP16] with modified
notation, the effective conductance between v and A is given by

C,(v,A) = C(v)P’(na < n). (2.4.2)

Here, P’(na < n;) is the probability that a random walk starting at v hits A before it
returns to v. The effective resistance between v and A is defined by R, (v, A) = C,, (v, A)~L.
Using this probabilistic interpretation of the effective conductance, one can show the
following.

Lemma 2.4.1. Let A and B be disjoint sets of vertices and v ¢ AU B. Then we have

C.(v, B) < Co(v, B)
Co(v,AUB) = C,(v,A)

P(np < na) <

In particular, if it is not possible for the random walk to visit A and B during a single
excursion starting from v, we have

. _ _CwB) _ Cuv,B)
POJ(T]B < T]A) - CW(U,A U B) N Cw<U,A> + Cw(va B)

The proof of the first estimate can be found in [BGP03], see Fact 2 therein. It is not
hard to see that their arguments also imply the second identity.

On infinite trees we can also define the effective conductance from a vertex v to infinity.
We set

Cu(v,00) = lim C, (v, Gy), (2.4.3)
n—oo
recall that G, denotes the n-th generation of the tree T'. The limit is well-defined, since
for n > |v| the effective conductance C,(v,G,,) is monotonically decreasing in n. In view
of (2.4.2), it is positive if and only if the random walk has positive probability of never
returning to its starting point, which implies the following result.

Theorem 2.4.2. Given an environment w = (T, p, &), the random walk on T is transient
if and only if C,(p,o0) > 0.

Using this fact, the authors of [GMPV12] showed that the random walk on supercrit-
ical Galton-Watson trees with random conductances is almost surely transient, as stated
in Proposition 2.3.4.

We have seen that the effective conductance is an important quantity for escape prob-
abilities and the question of recurrence and transience of a random walk. Next, let us
focus on how we can calculate effective conductances. To start with, we provide two useful
facts about electrical networks.
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Figure 2.1: Transformation of the first two generations of a binary tree with unit conduc-
tances to an equivalent single conductor.

Lemma 2.4.3 (Parallel Law). Two conductors & and & in parallel are equivalent to
one single conductor & + &. In other words, suppose that a verter z € T \ A has two
netghbours z1 and zy that are located in the set A. If we replace the vertices zy, zo and
the edges (z,21), (z,22) by a single vertex 2z’ and a single edge (z,z") with conductance
&(z,21)+£€(2, 22), then the effective conductance between the vertex v and the set of vertices
A in the modified environment is equal to the effective conductance C,(v, A) in the original
environment.

Lemma 2.4.4 (Series Law). Two conductors & and & in series are equivalent to one
single conductor (&7 +&;1)™L. More precisely, suppose that z € T\ ({v} U A) is a vertex
with deg(z) = 2 and neighbours z; and zs. If we replace the two edges (z,z1) and (2, z3)
by a single edge (21, 29) with conductance (£(z,21)7' + &(z,22)7 1), then the effective
conductance between the vertex v and the set of vertices A in the modified environment is
equal to the effective conductance C, (v, A) in the original environment.

We remark that the formulation of the last to lemmas is adapted to our setting where
the underlying network is a tree. For general networks we refer to [LP16]. Let us consider
an example to illustrate how these rules can be used to compute escape probabilities of
a random walk. We let T" be the binary tree with unit conductances. Using the Parallel
Law and the Series Law, we can gradually reduce the first two generations of the tree to
a single conductor, as shown in Figure 2.1. The resulting conductance of the equivalent

4

conductor is the effective conductance from p to Gy, i.e. Cy(p,G2) = 3. Due to (2.4.2),

the probability that a random walk starting at the root will hit the second generation of
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the tree before returning to the root is

Cw(ﬂv GQ) o 2

Pﬁ(ncg<ﬁ:)zw—§-

The next result from electrical network theory deals with the question what happens to
the effective conductance when we change edge weights in the tree.

Lemma 2.4.5 (Rayleigh’s Monotonicity Principle). Let w = (T, p,§) and ' = (T, p, ')
be two environments where & and £ are conductance configurations with £(e) < &'(e) for
all edges e € E(T). Furthermore, we let A C T be a set of vertices and v ¢ A. Then we
have

Co(v, A) < Cur(v, A).

This shows that increasing edge weights can only increase the effective conductance.
In particular, removing an edge decreases the effective conductance. If this edge is not
incident to v, this also decreases the probability that a random walk starting at v hits A
before it returns to v.
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Chapter 3

The speed of random walk on
Galton-Watson trees with vanishing
conductances

As stated in Theorem 2.3.5, the random walk on infinite supercritical Galton-Watson
trees with i.i.d. conductances moves away from the root with a linear rate. The speed
of the walk is given as an expectation of ratios of effective conductances and cannot be
computed explicitly. We want to investigate how the speed depends on the distribution
of the environment. In this chapter we study the regularity of the speed as a function of
the conductance law. In particular, we investigate the effect on the speed when a positive
fraction of edge weights approaches zero. In the next chapter we will then focus on the
behaviour of the speed as a function of the offspring law.

The regularity of the speed as a function of the local transition probabilities is a
prominent question for random walks in random environments. It has been well studied
for biased random walks on Galton-Watson trees. The biased random walk has a positive
limiting speed when the bias parameter is smaller than the offspring mean. The speed
depends on the bias in a highly non-trivial way. [BAFS14] studied the monotonicity of
the speed as a function of the bias. The behaviour of the speed when the bias parameter
is close to the recurrent regime has been investigated by [BAHOZ13]. Results on the
differentiability of the speed as function of the bias parameter can be found in [BT20]. The
speed also depends on the offspring law of the underlying Galton-Watson tree. [MSZ15]
studied the monotonicity of the speed with respect to the offspring distribution when the
bias is kept fixed. For an overview we refer to [BAF16].

This chapter is organized as follows. In the next section we present the main results
of this chapter. After that, to prepare the proofs, we construct the invariant measure
for the environment seen from the random walk that [GMPV12] used to prove the law of
large numbers. Moreover, we recall a formula for the speed which is crucial to compute
the limit of the speed when a positive fraction of edges approaches zero. The proofs are
given in the last section.
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The results of this chapter are presented in the paper [GN21].

3.1 Main results

Let T be an infinite supercritical Galton-Watson tree with i.i.d. conductances and let
(X)n>0 be the random walk on 7" starting at the root. The speed of the random walk is
then given as the almost sure limit
lim [Xol
n—oo M

=v(v,u) P — almost surely,

see Theorem 2.3.5. As mentioned in the introduction, the speed depends, among others,
on the marginal law of the conductances. We are interested in the effect on the speed
when we change the distribution of the conductances. So, let (u,)n.en be a sequence of
uniformly elliptic measures that converges weakly to a measure p. Our goal is to calculate
the limit of the speed v(v, ).

Let us first consider the case where all measures p,, have the same ellipticity constant
k > 1, that is, p,([x7!,k]) = 1 for all n € N. This guarantees that the weak limit x is
also uniformly elliptic. Then we obtain the convergence of the speed

lim v(v, u,) = v(v, ).
n—oo
This shows that the speed is a continuous function of the marginal law of the conductances

as long as we stay in the framework of uniformly elliptic measures. This first result is
stated in the following proposition.

Proposition 3.1.1. For any k > 1, the mapping u — v(v, i) is continuous on the set of
uniformly elliptic measures satisfying (2.2.1), equipped with the weak topology.

Next, we investigate what happens when we leave the set of uniformly elliptic measures.
More precisely, we study the speed when some of the conductances approach zero. In order
to do this, we let p be a uniformly elliptic measure with ellipticity constant x > 1. For
e >0and a € (0,1) we introduce

pe = ad: + (1 — a)p, (3.1.1)

where d. denotes the Dirac measure in e. Without loss of generality we assume ¢ < £~ 1.

Note that this defines a weakly convergent sequence of measures
pte — ado + (1 — &) = puo,
e—0

and for any € > 0 the measure p. is uniformly elliptic whereas the weak limit p is not.
We write P, for the environment measure P if the marginal law of the conductances is
given by pu. for ¢ > 0. If ¢ = 0, a positive fraction of edges is assigned weight zero.
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Since the random walk cannot cross these edges, it can only move on a subtree of the
original tree, which might be finite. We denote the traversable tree formed by the edges
with positive conductances by T7. Note that T is a Galton-Watson tree with offspring
distribution 7 and with i.i.d. conductances with marginal law u, where v is given by

p({k}) = Po(degy, (p) = k) = Y _ Po(degy, (p) = k | degy(p) = n)Po(degy(p) = n)
n==k

- i v({k}) <Z) (1—a)fa"*, (3.1.2)

n=k

If (1 —a)m; <1, the subtree T} dies out with probability one. Then the distance of
the random walk to the root cannot tend to infinity and therefore we set v(v, puy) = 0.
Otherwise, if (1 — a)m; > 1, the tree T} is supercritical, which means that 77 has a
positive probability to survive. Since the traversable tree T} is a Galton-Watson tree with
offspring law 7 and conductance law p, we set v(v, po) = v(v, ). Here, consistently with
Remark 4.1 in [GMPV12] and the definition in [LPP95], the speed v(7, i) is given as the
almost sure limit of |X,,|/n under P, where P is the annealed law when we condition on
the survival of the tree. More precisely, we let P be the law on € such that under P, T is
a Galton-Watson tree with offspring distribution 7 and i.i.d. conductances with marginal
law p. The conditioned annealed law P is then defined as in (2.3.3) with P replaced by
P(-||T| = c0). The following theorem gives the limit of the speed as ¢ tends to zero.

Theorem 3.1.2. We consider a random walk on a supercritical Galton-Watson tree with
random conductances. We assume that the second moment ms < oo of the offspring
distribution v is finite. Then for p. as in (3.1.1) we have

li\r‘% v(v, pe) = Po(|Th] = o0) - v(v, o), (3.1.3)

where Py is the invariant measure for the environment seen from the random walk (see
Section 3.2).

We notice that f’o(|T 1| = 00) < 1, since each edge in the tree has a positive probability
of having the weight €. Theorem 3.1.2 therefore shows that the limit of the speed on
Galton-Watson trees with vanishing conductances is smaller than speed of the random
walk as usually defined on trees with a positive extinction probability. This slowdown
effect occurs, since for small € finite subtrees formed by the edges with larger conductances
act like traps in the environment. To leave such a subtree, the walker has to move along an
edge with conductance £, which happens rarely when ¢ is small. For € = 0 and conditioned
on the survival of 77, the random walk cannot be slowed down by these finite subtrees,
since it cannot enter them at all. However, for € = 0 a different slowdown effect is created
by the leaves of the tree. The limit in Theorem 3.1.2 shows that the latter effect is in
some sense weaker.
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Figure 3.1: Under P2'¢ the subtrees T and T are independent and identically dis-
tributed weighted Galton-Watson trees with law P.. The conductance of the additional
edge (p,vg) is denoted by &.

3.2 The invariant measure

A standard argument for proving a law of large numbers for random walks in random
environments is to consider the environment from the point of view of the particle. This
is the process where we shift the root of the tree to the position of the walker.

When we consider the environment seen from the particle, the root indicates its cur-
rent position. In order to determine the distance to the starting point, we need to know
the past of the random walk. For this reason, we consider bi-infinite random walks on
the tree. We equip the space of bi-infinite paths T?Z with the product topology and its
Borel o-algebra F. Given an environment w € 2, we let P, be the law of the bi-infinite
random walk (X, ),ez on T such that X, = p and (X,,)n>0 and (X_,),>0 are independent
with marginal law as defined by (2.3.1). Thereby, the random walk in positive time is
interpreted as the future, whereas the random walk in negative time represents the past
of the random walk.

Let us now construct the invariant measure, following [GMPV12]| with modified nota-
tion. The invariant measure should represent what the random walk typically sees after
a long time. First, we note that the root of a Galton-Watson tree has no ancestor, which
means that in distribution the root has one neighbour less than all the other vertices in
the tree. For this reason, we introduce augmented Galton-Watson trees. An augmented
Galton-Watson tree is a random tree where we attach to the root of a Galton-Watson
tree an additional edge (p, v) and we let the additional vertex vy be the root of an inde-
pendent Galton-Watson tree, see Figure 3.1. Formally, we let P2"6 be the law on {2 such
that under P2"¢, 7' is an augmented Galton-Watson tree, that is,

P2E((T, p, &) € A) = > v({k — 1})P((T, p,&) € A | deg(p) = k) (32.1)

keN

for measurable sets A € G. We denote by E2"& the corresponding expectation.

Moreover, under the invariant measure, the conductance configuration of the edges
adjacent to the root should correspond to what the random walk typically sees after a
long time. The root is therefore weighted by the average conductance of adjoining edges.
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We define the measure P, via the corresponding expectation

~ C(p)

E[f(T,p,§)] = E* f(T,p,ﬁ)%deg(p) , (3.2.2)

where 7, = f x dpe(x) denotes the mean conductance of an edge. We let ]IA”8 be the

corresponding annealed law, defined analogously to (2.3.3) on Q x TZ, and we write E.
for the associated expectation.

The environment seen from the random walk is the Markov process (T, X,,, §)nez with
state space €2 and transition operator

G5 Lo S 0) f(Ty0,€), Clp) >0

for a function f: 2 — R. A straightforward calculation shows that G is reversible with
respect to P,, i.e.

Gf(T,p,§) = { (3.2.3)

B [f(T, p,&)Gg(T, p.€)] = E-[GF(T, p,€)g(T, p.€)] (3.2.4)

for P.-square-integrable functions f, g, see Lemma 3.1 in [GMPV12]. In particular, sub-
stituting ¢ = 1 in (3.2.4) shows that P. is an invariant measure for the environment
observed by the particle. Then the sequence (T, X,,, &), of the tree seen from the random
walk is stationary under P..

Note that the measures introduced in this section are also well-defined for ¢ = 0 and
(3.2.4) holds as well. That is, the measure Py is still invariant for the environment seen
from the random walk. However, it is not the unique invariant measure. For example, a
measure under which the event {C(p) = 0} has probability 1 is trivially invariant. The
following lemma shows that the measure 130 is the weak limit of 158. It is therefore the
correct measure to consider for the limit of the speed.

Lemma 3.2.1. Ase — 0, we have f’g 2 f’g and ]f"g 2 I@’O weakly.

For vertices u, v, z € T, we define the signed distance from v to v with respect to z as
[u—v], =dr(u,2z) — dr(v, 2), (3.2.5)

where dr(u, z) denotes the graph distance between the vertices u and z in the tree T.
The signed distance indicates how many steps more are required from z to u than from
z to v. In particular, [u — v], does not change when the reference vertex z is replaced by
a vertex Z provided that the path from z to Z is disjoint from the path from u to v. If
(Z_pn)n>0 is a transient path on 7', each vertex of the path from wu to v is visited only a
finite number of times. Consequently, [u — v],_, is constant for n sufficiently large and
the following limit is well-defined:

(3.2.6)

=)o = limfu =],

nt
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Figure 3.2: T is the subtree formed by the edges with conductance larger than € containing
the root. T and T® are independent and identically distributed weighted Galton-
Watson trees (see Figure 3.1) and edges with conductance ¢ are indicated by dotted lines.

Here, 7w = (T-x0, T—-c0.1, - - - ) denotes the boundary point towards which (z_,),>0 con-
verges, that is, z_. is the infinite self-avoiding path that intersects (z_,),>o infinitely
often. Note that x_., defines a measurable function of the trajectory, but it is not contin-
uous. The limit [u—v],__ is called the horodistance from u to v relative to the boundary
point x_.. As observed in [LPP95], and applied to our setting by [GMPV12] (see (5.1)
therein), the ergodicity of the environment seen from the particle under P, implies that
the speed is given by

: |Xn| »

Tim. == E.[[X1 — Xolx_..]- (3.2.7)
The limit holds P.-almost surely, or equivalently P.-almost surely, for any ¢ > 0. Note
that the boundary point X_., and thus also the distance [X; — Xo]x__. is only well-defined
if the random walk in negative time (X_,,),>0 is transient. For any € > 0 the underlying
tree is infinite and the random walk is almost surely transient, see Proposition 2.3.4.
Whereas, if ¢ = 0, the random walk can only move on a subtree of the original tree, which
might be finite. If this is the case, the random walk in negative time cannot be transient.
However, if this subtree survives, [X; — Xo|x__, is still well-defined for ¢ = 0.

We let T be the subtree that contains the root after removing all edges with conduc-
tance €, see Figure 3.2. That is, if ¢ = 0, 77 denotes the traversable tree. In order to
determine the limit of the speed for ¢ — 0, we distinguish whether the subtree T} is finite
or infinite. In view of (3.2.7), for € > 0 the speed is then given by

’U(l/, Ne) = IAEE [[Xl — XO]Xfoo:H-ﬂTl\:oo}] + ]Eg [[Xl - XO]XfooI]-{\T1|<oo}] . (328)

In order to determine the limit of the speed, we study both expectations separately. Their
limits are given in the following two propositions.
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Proposition 3.2.2. On the event {|T\| = oo}, the mean of [ X1 — Xo]x_., converges to
its mean under ]@’0,

ll\z% E[[X1 — Xolx o L{mj=oo}] = Eo[[X1 — Xolx .. L{mij=o0}] -

vanishes,

[e<)

Proposition 3.2.3. On the event {|T\| < oo}, the mean of [ X1 — Xo|x_
lim E. [[X1 — Xolx_., L{i7y|<c0}] = 0.

The next lemma provides a formula for the speed for € = 0.

Lemma 3.2.4. If T is supercritical, the speed for e =0 is given by
v(v, o) = ]EO[[Xl — Xolx .. | Th] = 00}7
which is strictly positive.

Combining the last two propositions with the representation for the speed in (3.2.8)
and Lemma 3.2.4 implies Theorem 3.1.2.

3.3 Proofs

3.3.1 Continuity of the speed on the set of uniformly elliptic
measures: proof of Proposition 3.1.1

We let (p,)nen and g be uniformly elliptic measures with common ellipticity constant
x > 1 such that u, — p weakly. We denote the law of the augmented Galton-Watson
tree by P2'¢ and P*'¢ if the marginal law of the conductances is given by pu, and g,
respectively.

It was proven by [GMPV12] that the speed can be expressed as an expectation of a
ratio of effective conductances

v(v, pp) =1 — %Eiug {fo (3.3.1)

n

S|

see Theorem 4.1 in [GMPV12]. Here, v,, = [ xdu,(z) denotes the mean conductance of
an edge and &, is the conductance of the additional edge (p,vg) in the augmented tree.
Moreover, T* denotes the subtree composed of T and the additional edge and we write
w* = (T, p, (£(e))ece(r+)) for the corresponding environment, see Figure 3.3. In order to
determine the limit of the speed as n tends to infinity, we first note that from the uniform
ellipticity of u,, and the weak convergence i, — p we get

n—oo

lim 7, = lim /xdun(x) = /xdu(a:) = 1. (3.3.2)
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Figure 3.3: The subtree 7% consists of the tree T® and the additional edge (p,v,) (in-
dicated by the thick lines). 7™ and 7® are independent and identically distributed
weighted Galton-Watson trees (see Figure 3.1).

Next, we consider the expectation in (3.3.1). Analogously to the construction of the
environment law in Section 2.2, the augmented law P3"¢ is the pushforward measure
of PI® = Gwaus @ust™ under 7, recall (2.2.3). Here, GW™® denotes the law on T
such that under GW*'® T is an augmented Galton-Watson tree. Since the effective
conductance only depends on the conductance configuration of the tree T', we can take
the expectation with respect to f’zug without changing its value. This implies

EL® [&J%] E." [&) ((p, OO))] =B |E [ - [&] (<Pa OO)) ‘ TH

- E[ " legeay |7)

where we used for the last equality that the distribution of 7" is independent of n. Together
with (3.3.2), we arrive at

lim o(, ) = 1— 2 lim B { e {go o (p OO) 'T” (3.3.3)
By Rayleigh’s Monotonicity Principle (Lemma 2.4.5) we have C,(p,00) < Cu(p,00),
since T™ is a subtree of T. Together with the uniform ellipticity of u,, this implies that
conditional expectation inside is bounded by x. Consequently, the proof is complete once
we have shown that the sequence of the conditional expectations converges almost surely,
ie.

Foue [50 = ((p’ OO)) ’ T] % frue [50 w*((;’ )) ' T}. (3.3.4)

Dominated convergence then implies

Ji”éo“”’“”):l‘%ﬁaugl%g {&)c e ‘THzl S [foc i OO>)}:”(”’“)'
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Let us prove (3.3.4). The Doob-Dynkin lemma implies that there exist measurable
functions h,, h: T — R such that

o R o= b R

Under P, (and P™*), the conductances are independent of the tree and therefore we
obtain for almost all trees t € T

~aug |: C(t*,p,f)(ﬂ, OO)

ha(t) = B 3.3.5
Q " Clipe) (p, 0) (3.35)

| - sote]

C(t’p’g) (p7 OO)

see e.g. Corollary 4.38 in [Bre92]. The weak convergence of the marginal law of the
conductances implies

aug

p ug — QWaus ®M§JE(T) w QWwave ®,u®5(']l‘) _ 15

n—oo

Hence, it remains to show that the mapping & — §0%
,05 )

Then h,(t) — h(t) follows for almost all trees t € T, that is, h,(T) — h(T') almost surely.

is continuous and bounded.

As above, the boundedness is a direct consequence of Ci- .¢)(p, 00) < Ciype)(p, 00) and
the uniform ellipticity of pu,.

To show the continuity we let G,,(t) be the n-th generation of a tree ¢ € 7. Dirichlet’s
Principle (see e.g. [LP16]) implies that the effective conductance C ) (p, Gn(t)) can be
expressed as the minimum of linear functions in &, thus it is concave on {(£(€))eceq) :
€(e) > 0Ve € £(t)}. Hence, its limit, the effective conductance from the root to infinity

Citp)(p,00) = lim Cirp)(p, Ga(1)),
is also concave. Consequently, the mapping

{(5(6))665(75) : 5( ) > 0Ve € g } _> —0Q, 0]7 5 = _C(t,ﬂvf)(pv OO)

is convex and bounded from above, which implies that it is continuous (see e.g. [RV73,

Section 41]). This shows that both effective conductances in (3.3.5) are continuous, and
Cex p,g) (P,20)

1S continuous.
C(t 5)([’ 00)

so the mapping & — &

To see that this completes the proof of Proposition 3.1.1, let us briefly summarize the

results. From the continuity and boundedness of the mapping & — & % and the

weak convergence Pn 2 P we get the almost sure convergence of the sequence of
conditional expectations in (3.3.3). Dominated convergence then implies

0(v, ) —— v(, )
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3.3.2 The limit of the speed for vanishing conductances: proof
of Theorem 3.1.2

As mentioned in (3.2.7), for any € > 0 the speed can be expressed as the expectation of
[ X7 — Xo|x_., under the invariant measure P, i.e.

v(v, ) = E[[ X1 — Xolx ] (3.3.6)

First, we note that the convergence of the speed is not directly implied by the weak
convergence of the invariant measures ]P’ N IP’O in Lemma 3.2.1, since [X; — Xo|x___ is
not a continuous function of the trajectory of the bi-infinite random walk. Moreover,
as explained in Section 3.2 we have to be carefully since the limit X_., is possibly not
well-defined if ¢ = 0. We therefore distinguish whether the subtree 77 is finite or infinite,

U(l/7 /-’LE) - Es [[Xl - XO]X_OOH{|T1‘=OO}:| + Es “Xl - XU]X_MH{|T1\<OO}] .

As stated in Proposition 3.2.2 the first summand converges to the corresponding mean
under Py. Proposition 3.2.3 implies that the second expectation vanishes as ¢ — 0.
Consequently, we have

Eo [[X1 — Xo]x_ L{i7y=oc}]
Eo[[X1 — Xolx_.. | |T1] = 00| Po(|Th| = o0).

ll_I)I(l)U(V, 1)

By Lemma 3.2.4 we get
lig% (v, 1) = v(v, No)p0(|T1| = 00),

which concludes the proof. O

It remains to show Proposition 3.2.2, Proposition 3.2.3 and Lemma 3.2.4.

Proof of Proposition 3.2.2

We assume the tree T} to be supercritical, otherwise the statement is trivial. The idea
of the proof is to make use of the weak convergence of the invariant measures P, 5 P,.
Unfortunately, [ X1 — Xo|x_. L{7|=oc} is DOt a continuous function of the trajectory of the
random walk. We therefore introduce

DM = [Xl — XO]X_M = dT(Xl,X_M> — dT(X(),X_M) (337)

as an approximation for D, = [X; — Xo]x__ which is continuous, since it only depends on
finitely many coordinates. Moreover, we approximate 17—} by the indicator functions
]l{|T1|>N}- We then write

Ee[Doo iy =oc}] = B [Darlmsny] + Be [Das (L7 1=y — Lymusny)]
+ E,. [(DOO — DM)IL{\T1|:oo}] . (3.3.8)

We will now treat the three summands separately.
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First summand in (3.3.8): The random variable D17~} is uniformly bounded
and it depends only on a finite number of generations and on finitely many coordinates,
thus it is a continuous function. The weak convergence of the invariant measures in
Lemma 3.2.1 implies

lim E. [DysLyzij>ny] = Eo[DarLymjsny].

By definition (3.2.6), D) converges almost surely to D, on any infinite tree 77. Hence,
we obtain

im_lim lim E. [Dy gz -n] = lim Eo[Darlinj—sy] = Eo[Dclyn—oc]  (3:3.9)

1
M—o00 N—oo €

by dominated convergence.

Second summand in (3.3.8): Since |Dys| < 1, we have the following bound for the
second expectation in (3.3.8)

[Ee [Dar (Lrij=ooy = Lgrap=m)] | < Ee[Lymisny = Liri=oc}] -
Recalling the definition of P, in (3.2.2), we obtain

C(p)
%deg(p)

I{I au,
< —E2 158y — Lijnj=o0})] s

€

B [Dar (Lgimj=oo) — Lymuisny)] | < B2 | (Lo ny — Lizyj=sey)

where we used for the last inequality that C'(p) is bounded by x deg(p). We observe that
the distribution of the indicator functions does not depend on the value ¢, since 77 is the
subtree formed by the edges with conductance at least x~!. This implies

B2 [1r>n) — Tgmi=ee}] = B0 5 [Tgmisny — 1z |=oc)]

and therefore, since 7. — v > 0 as ¢ — 0,

. . A~ K. au
i Tiansup (B [Dar (Linyj-oe — Lymppwy) ]| < - i B [T o x) = Linj-oe)] = 0
(3.3.10)

by dominated convergence.

Third summand in (3.3.8): In view of (3.3.8) and the limits (3.3.9) and (3.3.10), the
proof is complete once we have shown that the third summand in (3.3.8) vanishes as
M — oo, uniformly in e, that is

im limsup E. [|Doo — Dar|1{i7y /=0y = 0. (3.3.11)

1
M=oo =0
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Recalling the definition of D), in (3.3.7), we distinguish where the random walk in negative
time is located after M steps. Since |D., — Dys| < 2, we have

E.[|Doo — Dar|Limij=o0}] < Ee[|Doo — Darl Lz moo X seTi X iso}]
+ 2P (X ¢ Th) + 2P.(X_pr = p,|Ti| = 0).  (3.3.12)
We start with studying the second summand. The indicator function lyx , ¢y only

depends on the first M coordinates, thus it is a continuous and bounded function. The
weak convergence of the invariant measures in Lemma 3.2.1 implies

P.(X_y ¢Th) p—y Po(X_m ¢ Th) = 0. (3.3.13)

Let us turn to the third term in (3.3.12). As before, we approximate 1{p =} by the
continuous functions 17 >n}. Using the weak convergence of the invariant measures
again, we obtain

hmsup]@z—:(XfM =P ‘Tl‘ = OO) < hmsup]@s(XfM =P |T1’ > N)
e—0

e—0

= Po(X_a = p, |Th| > N)
and therefore, letting N — oo,

limsup P.(X_a = p, |Th| = 00) < Po(X_ss = p, |Ti| = 00) —— 0. (3.3.14)

e—0 M—o0
Note that the probability on the right-hand side vanishes, since the random walk in neg-

ative time is transient under Py, conditioned on {|7;| = oo}.

Combining (3.3.12) with (3.3.13) and (3.3.14), it remains to show

lim lim sup Ee |:|Doo - DM|]]-{\T1|:oo,X_M€T1,X_M7ép}} = 0. (3315)

M—=oo 20

On the event that X_; # p for all k > M, the X_;, X_p;_1,... are all vertices in the
same subtree of a descendant of p, which implies Dy; = D.,. Hence, the expectation
above can be bounded as follows

E.[|Doc = Das| gy =00, X sty X_nip}]
< Q]fDE(X_k = p for some k > M, |T1| = o0, X_p € T1, X_p # p). (3.3.16)

This means that we need to bound the probability of returning to the root after a large
time M, uniformly in €. We have

I@’E(X_k = pfor some k > M, |Ti| =00, X _py €T, X _y # p)

= E. Z P,(X_j, = p for some k > M, X_y, = V)L {7y)=00} | - (3.3.17)
veT, v#p
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Lemma 2.4.1 yields for v # p
P,(X_y = p for some k > M | X_p; = v) = P*(X_;, = p for some k > 0)
= Pﬁ(np < 0)

Cu(v, p)
= Co(v,00)

Plugging this bound in (3.3.17), we obtain

]fDE(X,k = p for some k > M, |T1| = oo, X_p € T1, X _p # p)
- CW<UJP) >
E. — P X_ =017 =00

[ > G0, 00) (Xonr = 0) {7, =0}

veT, v#p

_ | ColXonip)
B Co(X_a1, 00) {|T1|=00, X _ pr €TV, X _ a0} | 5

IN

where the equality holds due to Lemma 2.3.2. Using the Cauchy-Schwarz inequality, we
arrive at

I@’E(X,k = p for some k > M, |T1| = 00, X_p € T1, Xy # ,0)2

< Be [Co(Xonr, ) Lty oo, x a0} | Be [Co(Xoar, 00) P L(x_yemymij=oc}] - (3.3.18)
Concerning the first expectation, we note that the effective conductance between the root
and X _,; only depends on the path between these two vertices. Hence, the approximation
Co (X5 )11y |5 N, X _ni#p} 1S continuous. Moreover, by Rayleigh’s Monotonicity Principle

(Lemma 2.4.5) in combination with the Series Law (Lemma 2.4.4) and the boundedness
of the conductances we get

Co(X_ a1, p) < KIX _y| 7t < k. (3.3.19)
The weak convergence of the invariant measures in Lemma 3.2.1 then implies

lim sup Ea [Cw(X_M, p)21{|T1‘:oo7X_M¢p}] < lim Sélp I@,g [CW(X_M,p)2]]_{|T1|>N7X_M7ép}i|
e—>

e—0

= Bo [Co(Xonr, )2 LN X aiso)}]

Letting N — oo, we obtain

lim sup Ee [Cw(X—M7 p)21{|T1|:oo,X_M7éPﬂ < IAEO [Cw(X—M7 p)21{|T1|=oo,X_M;ép}}

e—0

by monotone convergence. Due to (3.3.19) and the transience of the random walk under
Py conditioned on {|T7| = oo}, the effective conductance C,(X_ s, p) converges almost
surely to zero as M — oo. By dominated convergence we get

lim lim sup E. [Co(X_ar, p)* 1|7, |o0.x_s20}] = O- (3.3.20)

M—o0  c0
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In view of (3.3.15) and (3.3.16), the proof is complete once we have shown that the
second expectation in (3.3.18) remains bounded. Recall that R, (v,00) = C,(v,00)! is
the effective resistance from v to infinity. Since the process (T, X, &)nez is stationary
under I@’E, we have

~

]Ee [Rw(X—M7 OO)Z:H'{X—METIJTHZOO}] =

=»

e[ Rl it vy

I
=»

e [Rw (p> OO)QH{XMGTMTI‘:OO}}
E. [Ru(p, 00)* Lijry|=oc)]
where T} denotes the subtree of 7" that contains the vertex v € T after removing all edges

with conductance e. Note that T{ = T;. Recalling the definition of the invariant measure
P. in (3.2.2), we can bound the above expectation by

IN

5 . Cp
E-[Ru(p, 00)* 1j7ij=00)] = E2 g[Rw(Pa o)Ly ey — ) }

7 deg(p)
K Hau
< ’y_EE g[Rw<p7 OO>2]1{|T1|:°O}}

K
s BT [Rw(p’ 00)? <H{|Tf”\:oo} + ]1{\T1(2)|1007H”S&(ﬂ,vo)ém}ﬂ :
Here, Tl(i) is the subtree of T formed by the edges with conductance at least x~* that con-
tains the root of T™ (i = 1, 2), see Figure 3.1 for the definition of 7" and T®). Further-
more, we denote the backbone tree of Tl(i) by Tl(i)’Bb. The backbone of a tree is the subtree
where all vertices that do not have an infinite line of descent are removed. The associ-
ated environment is called wy)’Bb. By Rayleigh’s Monotonicity Principle (Lemma 2.4.5)
removing edges can only increase the effective resistance, which implies

'Rw(p, OO) < Rw(l),Bb (p, OO)
and

Ru(p,00) < Rw§2),Bb (vo,00) + &(p,v0)™F <R (20,80 (v, 00) + k.

— wy

Since R_).en(p, 00)1 and R_.en(vo,00)1 , have the same distribution
1 1

{111 |=00}
under P2"¢ which does not depend on €, we obtain

Ee [Ru(p, 00)* 113 |=oc) ]
< ﬁEgug [Rw§1)’Bb (p, OO)21{|T1<1)\:00}] + iEgug [(Rw?),Bb (vg, 00) + H)Qﬂ{leZ)‘:oo}]

(177 |=00

e Ve
2K aug 2 2/42 aug 53
< lEO [ngl),Bb(p, OO) IL{|T1(1)|:00}} -+ o EO [ngl),Bb(p, OO)]I{\Tl(l)lzoo}} + %

Under Pg"®, Tl(l) is a supercritical Galton-Watson tree. Thus, conditioned on the survival
of Tl(l), the backbone tree Tl(l)Bb is a supercritical Galton-Watson tree without leaves (see
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e.g. Proposition 4.10 in [Lyo92]) and with uniformly elliptic conductances. Lemma 3.3.1
below then implies that the moments of the effective resistance are finite. Since 7. —
Y > 0 as ¢ — 0, we finally get

. 2
hHlSLlpEE [Rw<p, ) ]1{|T1| Oo}} < —FLE [R (1) Bb p, 2 ‘ ‘T |— ]
e—0 Yo
3
2/{ [R(l)Bbp, HT |— ]—I—K—SO

for some constant C' = C(v,a, k) < oco. To conclude, this yields (3.3.15) and therefore
(3.3.11).
In total, combining (3.3.8) with (3.3.9), (3.3.10) and (3.3.11) implies

lim [E. [D Igr = oo}] =E, [Doo]l{lTﬂ:OO}}’

e—0

which is what we wanted to show. d

For the proof of Proposition 3.2.2 we need moment bounds on the effective resistance.
The following lemma shows that the effective resistance of Galton-Watson trees has finite
moments of any order.

Lemma 3.3.1. Let T be a supercritical Galton-Watson tree without leaves and with uni-
formly elliptic conductances. Then for all p > 0 we have

E[R.(p, 00)?] < o0.

Proof. Since the marginal distribution of the conductances is uniformly elliptic, there
exists some constant x > 1 such that the conductance of each edge is at least x=!. By
Rayleigh’s Monotonicity Principle (Lemma 2.4.5) the effective resistance increases when
the conductances of all edges are reduced to !, which implies

Rao(p:00) S R(1,p. (- V)eceiry) (P 00) = KR(T, (1) ccery) (P 09). (3.3.21)

Concerning the last equality, note that multiplying the conductance of each edge with the
same positive value changes the effective conductance by the same factor. Hence, it suf-
fices to show that the effective resistance of a Galton-Watson tree with unit conductances
has finite moments of any order.

Let w = (T, p, (1)ece(r)) be an environment with unit conductances. We denote by N
the number of offspring of the root and by vy, ..., vy the vertices of the first generation.
Furthermore, we let T'(v) be the subtree rooted at v composed of v and all its descendants
and we write w(v) = (T'(v),v, ({(€))ece(r(v))) for the corresponding environment. See
Figure 3.4 for an example. Using the Parallel Law and the Series Law (Lemma 2.4.3 and

39



Figure 3.4: The vertices v; in the first generation G(T") are marked by dots. T'(v;) is the
subtree formed by v; and all its descendants (marked by the dashed balloons).

2.4.4), we get for n > 2 the following recursion

N

1 -1
Ru(p, Gu(T)) = (; 1+ Ry (vi, Gn—1<T(Ui)))> '

For convenience, we write R, = R, (p, G,(T)) for the effective resistance between the
root and the n-th generation of 7. Moreover, we write X < Y if a random variable Y
stochastically dominates a random variable X. Since the subtrees T'(v1),...,T(vy) are
i.i.d. Galton-Watson trees, we obtain

N 1 -1
7?'n % N )
(S )
where 72( )

MRS ,Rg)l denote independent copies of R,_;. Bounding the harmonic mean
by the arithmetic mean gives rise to

N
1 Z i Z

i=1

The effective resistance between p and infinity is given by the limit of R,,,
R = Ru(p,00) = lim R,,.
n—oo

We preform an induction to show that R., has finite moments of any order. Lemma 9.1
in [LPP95] implies that the first moment E[R ] is bounded. Now, assume E[R™ 1] < oo
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for some m > 2. Using the stochastic domination in (3.3.22), we have

v zme) | sl () ()|

Applying Jensen’s inequality, we obtain

B[R] < Xm: (Z?)E N-m1 i (R,(f)_l)k]

ER" <E

_ kf; (’Z)E ileiZN;E[(RS)l)k ‘ N]]
LN WEC

where we used in the last equality that the R ”, are identically distributed and indepen-
dent of N. Since the effective resistance R,, is monotone in n, we arrive at

E[R™] < E[N mzl( ) 1+ E[N"E[R™ ], (3.3.23)

k=0

which holds for all n > 2. Note that we have E[R*] < oo for 1 < k < n — 1 by the
induction hypothesis. Furthermore, for n = 1, the Parallel Law (Lemma 2.4.3) implies
Ry = N~! and therefore

E[R™] = E[N~™] < E[N~™] g (Z‘)E RE

This implies a recursion of the from z; < a and z,, < a + bzx,_; for n > 2, for some
a,b > 0. Iterating this gives rise to =, < a) ,_, "0, In our setting, iterating (3.3.23)
leads to

B[Ry < (E[N—m] ] (Z)Em’;}) BN

Since 0 < E[N~™] < 1, the right-hand side of above expression converges as n — co. We
conclude that

E[RZ] = 71113010 E[R" < ( Z ( ) )%{N‘m] < 00. (3.3.24)

In view of (3.3.21), this completes the proof. O]
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Proof of Proposition 3.2.3

The proof is based on the stationarity and the ergodicity of the process (T, X0, E)nez
under P.. Recall that 77 is the subtree of T" that contains v after removing all edges with
conductance ¢, and that we write T for 7¥. By the ergodic theorem we have

n—1
~ . 1
Es [[Xl - XO]X_OOIL{|T1\<OO}] = nh_{& E e [XkJrl - Xk]X—OOIL{ITlxkkoo}

(3.3.25)

almost surely. The sum in (3.3.25) can only increase when the random walk moves on
finite subtrees T7. We let aj denote the times at which the random walk enters a finite
tree and b, are the times of leaving a finite tree. Formally, we set

bo=inf{n >1:X,¢T7}
and recursively for k > 1

aj = inf {n > b : ]Tf(”\ < oo},

bk:inf{n>ak:Xn¢T1X%}.

These times are well-defined, since a, and b, are almost surely finite for all k. To see
this, observe that whenever the random walk reaches a new maximal generation, it has a
positive probability of encountering and traversing an edge with conductance ¢ to a vertex
v such that 77 is finite. Moreover, every finite subtree 77 is left after a finite amount
of time. In particular, this implies by — 0o as k — oo and the limit in (3.3.25), since it
exists, is equal to the limit along the subsequence (by)r>0

bn—1
N . 1 ¢
E. [[X1 — Xolx_ Lmy<o0}] = Jim b % [(Xpy1 — Xk]x,oollwfkkoo}
1 bo—1 1 n bp—1
= lim - ];[Xm — Xilx Loy + lim P ; Z[X,»H — Xilx .. (3.3.26)
= =1 i=ay

The first sum on the right-hand side of (3.3.26) is bounded by by and therefore we have

1 bo—1 .

D [Xiyr — Xlx_ 1 (o = 0 Pe—as. (3.3.27)
k=0

lim —
n—oo by,

Let us proceed with the second term in (3.3.26). We can bound the distance that the
random walk can gain on a finite tree by its number of vertices. This yields

br—1
Xay,

Z{Xﬂ-l - Xi]Xfoo = [ka - XCL/J —co < |ka - Xak| < |T1

i:ak

)
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where we used in the first equality that the signed distance is additive, that is, for vertices
u, v, w and z we have [u —v], + [v — w], = [u — w],. We define

Ly=sup{n>0:Xp, ..., Xepn €T} +sup{n>0: Xp, ..., X € T]*} + 11

so that L; counts the number of steps of the random walk in 7} 1X * until leaving it. Note
that for a, < i < by — 1 the random walk is located in the same finite subtree 7:% = TlX *

and the time spent in this tree is given by L; = by — aj. This implies

n brp—1 n
1 1 .
dim g3 i = X < Jim g3 |1
k=1 i=ay,
n bp—1
= lim — —|
n—oo by, ;Zzak
~ lim — 3 %% |1
_niﬁagfk‘ L e ooy
bn—1

1
S fm o Z Li ‘TXk’ﬂﬂTX’“Koo}

By the ergodic theorem these averages converge almost surely to their mean and therefore
we arrive at

n by—1

1
nh_{](f)lob— Z Z i+l — X_oo <E. {L—O‘T1|1{IT1I<OO}}

172,
SEa[ﬁ] B [|T1 11y <o0}] -
0

Here, the second step is obtained by applying the Cauchy-Schwarz inequality. Since we
have Ly > by > 0, the first expectation on the right-hand side can be bounded by

1 <[ 1 4
E.|=| <E.|=| = —P.(by = k). 3.2
7] <[] w0 (3329
Recall that by indicates when the random walk leaves the tree T}, we have

(bo = k‘) (Xo, A 7Xk:—1 & Tl,Xk g_ﬁ Tl)
<P(Xov.o o, X1 €T, Xy ¢ 1, |T1] > 1) + P(ITh] = 1).

[NIES

(3.3.28)

If the subtree T} consists only of the root, the random walk can only leave T} in its first
step. The probability of this event is given by

(’Tl, = 1) / di’g((p)) IL{|T1\ 1} dPaUg /Edizg<( )> dP?ug = i
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Otherwise, if 71| > 1, the random walk always sees at least one edge with conductance
larger than x~! as long as it is located in the subtree T}. This yields the following upper
bound:

PE(XO, X1 €Ty, X ¢ T, | Th] > 1)

= ZPE(XOJ v Xy €T, Xy ¢ T | T > 1 deg(Xi—q) = i)]st<deg(Xk71> = 1)

Z’/({Z —1}P Xk @ Ty | Xo,. .., X € Ty, |Th| > 1,deg(Xpo1) = 1)
> (1—1)e
;V({Z— })m-

Dominated convergence implies

- (i—l)e £
= <§ A i
Pe(bo = k) _zzly 1)54"@_1—‘_%30

Concerning the last summand, note that 7. — vy > 0 as ¢ — 0. Together with (3.3.29),
we arrive at

o~ T1 1.
lim [, {L_g} <> = lim P, (b = k) = (3.3.30)
again by dominated convergence.

Consequently, the proof is complete once we have shown that the second expectation
in (3.3.28) remains bounded. Recalling the definition of the invariant measure in (3.2.2),
we have
_Clp)
7e deg(p)

K au,
< B[ L <o)

Ve

B [|T1 P17 1<00}] = B2 |3 L1y <00

K au,
= —kE g[|T1|21{\T1|<oo}]- (3.3.31)

3
To see the last equality, we remember that T} is formed by the edges with conductance at
least £~ and therefore it does not depend on e. Under Py"®, T is an augmented Galton-
Watson tree. That is, T consists of two independent Galton-Watson trees 7)) and 7

whose roots a connected by an edge (p, vy), see Figure 3.1. We recall that Tl(i) denotes the
subtree of T® that is formed by the edges with conductance at least x~! that contains
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the root of T (i = 1, 2). Then we can write

+1

(1T | <00, TP | <00,k =1 <&(p,v0) <K}

Eg* [|T1|21{|T1\<00}] = Eg*® [|TI|2 (1 {|T1(1)\<oo,§(p,vo)=0}>}
au 1 2) 1\ 2 au 1
< Ky g[(|T1( )| + |T1( )|) 1 ] +E g“Tl( )|21{\T1(1)|<oo}]'

(3.3.32)

(7 <00, TP | <00}

Under P2' the tree 71" is a Galton-Watson tree. Actually, when we condition on

extinction, Tl(l) is a subcritical Galton-Watson tree. This is a consequence of the duality
principle for branching processes (see Section 12 in [ANT72]). Lemma 3.3.2 below implies
that the second summand in (3.3.32) is finite

B3 |11V 0,y | < BolITi? | T3] < 00] < oo

Using that under P3", T and T are independent and identically distributed Galton-
Watson trees, we obtain for the first expectation in (3.3.32)

Eo™ [(’TM + |T1(2)|)2]1{\Tf”|<oo,|Tf2>|<ooJ
< 2Eo[|Th)? | |Th| < o0] + 2B [|T] | ITh] < 0] < oo

The finiteness of the occurring moments is again implied by Lemma 3.3.2 below. Due to
(3.3.31) we get

. - 2 K u 2
lim B [T *Lim <oy < %ES T Ly <00y ] < 00

Combining this with (3.3.30) shows that the right-hand of (3.3.28) vanishes as ¢ — 0.
Finally, together with (3.3.26) and (3.3.27), this implies

liL%EEUXl — XO]X,OO]I{\T1|<OO}} =0,
which is what we wanted to show. O

The following lemma gives an expression for the second moment of the size of a sub-
critical Galton-Watson tree. The formula can also be derived from the results of [Pak71].
Nevertheless, we include a proof for completeness.

Lemma 3.3.2. Let T be a subcritical Galton-Watson tree. We assume the second moment
of the offspring distribution to be finite. Then we have

mQ—m%—ml—kl
(1—m1)3

[T =

< 00,

where my, denotes the k-th moment of the offspring distribution (k =1, 2).
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Proof. We let N denote the number of offspring of the root. The size of the n-th generation
is given by

anl

Zo=1, Zn=) Xui

i=1

where (X,,;)inen i a doubly infinite array of independent and identically distributed

random variables with X, ; L N for all n,7 € N. The number of vertices in the tree is
then given by |T'| = > " Z, and we have

E[|T] ZE (22 +2Z Z (3.3.33)

m=0n=m+1

by monotone convergence. For m < n, using the independence of (X, ;)ieny and (Zx)1<k<n—1,
we obtain the following recursion for the mixed moments

Zn—l

Zm Y ElXnil 21, Zo]
=1

=E|Z m Z nz ] = mlE[Zmanl]a

B Zn—l
E[ZnZ,] =E|Zn Z Xn] =FE

where m; = E[N] is the offspring mean. Iterating this leads to
E[ZnZ,] = myll_mE[Z?n]
for m < n. Together with (3.3.33), we obtain

E[T|] ZEZQ+22m1‘mEZ2 Zml

n=m+1
_ ZOE[Zg] 12_mﬂlh ZE 122

1 o0
— TN g2,

1—m
1n:0

Here, in the second equality we used that m; < 1 holds, since the Galton-Watson tree is
subcritical by assumption. From Section 2 in [AN72]| we derive the following expression
for the second moment of the generation sizes

momi (1 —m7) — miT 4 m2n

E[Z?] = : (3.3.34)

1—m1

46



where my = E[N?] is the second moment of the offspring distribution. Using m; < 1
again, we conclude that

1—|—m1

E(|T]’) = =) Z momi (1 —my) —mi™ 4 mi")
n=0

. 1—|—m1 mo mo ma 4 1
Sl =m)2 \mi(I—my) mi(1-m2) 1-—m; 1-—m?
_mp—mi—my+1

0

Proof of Lemma 3.2.4

We start with some notations. Recall that P is the law on € such that under P, T is a
Galton-Watson tree with offspring law  (see (3.1.2)) and conductance law . We let P18
be the corresponding law of an augmented Galton-Watson tree, defined as in (3.2.1) with
P. replaced by P. Analogously to (3.2.2), the invariant measure PV for the environment
seen from the particle is then given via

Clp)

BT, €] =B £(T . )= g0

with v = [z dp(z). We write ]P’inv_for the corresponding annealed law on §2 x TZ, defined
analogously to (2.3.3). As usual, E**¢, E™ and E™ denote the associated expectations.
The speed for € = 0 is then given by

v(v, o) = v(, ) = E™[[X1 — Xo]x_, | |T] = oo,
see Section 3.1 and Remark 4.1 in [GMPV12].

We obtain the desired representation for the speed once we have shown that the
distribution of (771, p, (§c)ece(r)) under f’o(- | |T1] = o0) is equal to the distribution of
(T, p, (&)ecer)) under P™ (- | |T| = o0). We let t € T be a tree with m generations,
k = deg,(p) the degree of the root and A C (0, 00)®¢®) a measurable subset of conductance
configurations. By Bayes’ theorem we have

Po(Thjm = t, (&)ecey € A | |Th] = o0)
= Po(Thpm = t, (E)ecerry € APo(ITh] = 00 | Tipm = t, (E)ece) € APo(|Th] = 00) ™
= 1—j)O(deng (P) = k)f)o(Tum =1 | degT1 (P) = k’)f)O((fe)eeS(t) €A ’ Tl\m = t)
x Po(|Th| = 00 | Thjm = t, (€)ecewy € A)Po(|T1] = 00) 7, (3.3.35)
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where T7y),,, denotes the first m generations of the tree T;. We consider the probabilities

successively, starting with the first one. Recalling the definitions of Py in (3.2.2) and 7 in
(3.1.2), we calculate for £ > 1

- ) _ o { Clp)

_ i ﬁ (Z) (1—a)fa" " v({n—1})

=> (Z B 1) (1 - )" ¢y ({n — 1)
— 5({k — 1}) = P"5(deg(p) = k) = D™ (deg(p) = k), (3.3.36)

where we used in the second equality that 7o = [z duo(z) = (1 —a)y. If k =0, we have
Po(degg, (p) = 0) = 0 = P™(deg(p) = 0).

The second probability in (3.3.35) is equal to P™ (T}, =t | deg(p) = k). To see this, we
observe that conditioned on {deg, (p) = k}, T consists of k i.i.d. Galton-Watson trees,
each rooted at one neighbour of p and with offspring law 7. Proceeding similarly as in
(3.3.36), we can write the third probability in (3.3.35) as

Po((€)ecery € A | Tipm = t)
ug{ C(p)

1 = 15 T m = t -1
’}/O degT<p) {(fe)eGS(t)EA,Tllm_t}:| 0( 1| )

I
e
o

L Clp) A )
= Eaug — - 1 —tde —n P T, " — ¢ 1
nzk 1—ayn [7 degy, (p) (Ee)ecew€ATim=tdeer(p)=n} o(Ty )
o~k Cp)
— Eaug —]l T m :t Paug T = t7d _
; (1—a)n ™ [’7 degy, (p)  {E)ecweA} | 211 o (T egr(p) = n)

X ISO(THm = t)_l,

where we used in the second step that we have degy, (p) = k on the event {7}, = t}.

Moreover, to see the last equality, observe that the random variables %ﬁf(p)l{(&e)e e €A}

and 1{geg,(p)=n} are independent under Pg"#(- | Ty, = t). The same calculation as in
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(3.3.36) yields

2 T am 1_a A P{ (T = 1, degz(p) = m)

= Z P (degr, (p) = k. degr(p) = )P (Ty = t | degr, (p) = k)
> k n k _n—kpaug
- Z my({n ~1}) (k> (1= )" P8 (T = t | degy, (p) = k)

= v({k — 1})Pg"8(Tap = t | degy, (p) = k)
and consequently

Po((€)ecey € A| Tip = 1) = B {%’”@) Ty = t] o({k— 1))

x PG (Thjm =t | degp, (p) = k>150(T1|m =t)""

Li(eo)ecemyear

Under Pg"(- | T, = t), the conductances (& )eeg(r) are i.i.d. with marginal law g, which
implies

) _ C(p)
— — aug
Po((€e)ecey € Al Taym = 1) = E | v deg(p)

x P™¢(T},, =t | deg(p) = k)P™ (T}, = t)7"
- C(p) pinv _
]1{(56)565(,5)€A,’I"m:t} P (Tm = t) 1

Ly des(p)
= va((ge)eef(t) €A ‘ T\m = t)'

]l{(fe)ees(t)EA}

1) = ] Ps(de(p) =

— Eaug

In order to compute the last two probabilities in (3.3.35), we let ¢ be the extinction
probability of a Galton-Watson tree with offspring law 7. Then we have

150(|T1| = 00 | Thjm = 1, (SE)eES(t) €A)=1- qum(t)‘
=P™(IT| = 00 | Tjm = t, (§)ece) € A)

and

Po(|Th| = oo | degr, (p) = k)Po(degy, (p) = k)

Mg

Po(|T1] = o00) =

b
Il
—

(1—¢")o({k —1})

hE

b
Il
—

inv(|T| = 00 | deg(p) = I{;)va(deg(,o) — k)

Mg

1

(7] = o0).

I
"UI f
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We finally obtain

f)O(T1|m =1, (&)eeery € Al |Th] = 00)

= P™(deg(p) = k)P™ (T} =t | deg(p) = k)P™ ((€)ecery € A | Tim = 1)
X P™(|T| = 0o | i = t, (&)ecewy € A)P™(|T| = o0) ™

=P™(T},, =t, (&)ecewy € A | |T] = 0),

which completes the first part of the proof.

It remains to show that v(v, o) is strictly positive. As stated in [GMPV12], the
speed of the random walk on Galton-Watson trees with leaves can be expressed as an
expectation of a ratio of effective conductances

1 2 i) |
(o) = (o) = 1= 28 [50 N ]|T|— ] (3:3.37)

see Remark 4.1 in [GMPV12]. Here, £ denotes the conductance of the additional edge
(p,vp) in the augmented tree (see Figure 3.1) and w* is the environment formed by 7™
and the corresponding conductances (see Figure 3.3 for the definition of 7*). Moreover,
in Theorem 4.2 in [GMPV12] the authors proved that the speed on Galton-Watson trees
without leaves and with random conductances is strictly positive. We will use their
arguments to show that this result also holds when we allow leaves. Using the Parallel
Law and the Series Law (Lemma 2.4.3 and 2.4.4), we have

i Cw* (P OO) ‘ ] |: (50_1 + Cw(Q) (U()a )71)71 ‘ 1
Faus T| = oco| = E2u8 T
|:£0 CW(p’ OO) ‘ | 50 (50_1 + Cw(Z) (UOa ) ) + Cw(l) P, 0 | ‘
' Cw(2) (UOJ ) ’ }
< g8 T
{&]sz)(vo, 00) +C,m(p, 00 =

where w® denotes the environment formed by 7 and the corresponding conductances
(see Figure 3.1 for the definition of T®, i € {1,2}). We note that the inequality above is
strict, since it is strict on the event {C u)(p,o0) > 0,C, 2 (p,00) > 0}, which has positive
probability under P2'¢(- | |T| = o). The tree T survives if one of the subtrees T or
T® survives. In particular, the survival of the tree is independent of &, which implies

Co(p, 20)
Cu(p, 0)

Fave |:€0 ’ |T| _ OO} < Eaug[go]Eaug|: Cw(2) (’007 OO) ‘ |T| — OO} — %/

C, (v, 00) + C ) (p, 00)

Here, the last equality holds due to symmetry. In combination with the representation
for the speed in (3.3.37) we finally get v(7, ) > 0, which completes the proof. O
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3.3.3 Weak convergence of the invariant measure: proof of
Lemma 3.2.1

Recalling the definitions of the invariant measure P, in (3.2.2)Aand the corresponding
annealed law P (see (2.3.3)), P. is the marginal law of w under P. Thus, the weak con-
vergence of P, is implied by the weak convergence of P, and it suffices to show P, = PP,
weakly:.

To show the weak convergence, we introduce for any m > 1 a restricted annealed law
Pr on (Q x T*"*', G @ F,,) where F,, denotes the Borel o-algebra on T*"**. Given an
environment w € 2 and m > 1, we let P’ be the pushforward measure of P, induced by

Fm: (TEF) = (T2 F)y #m(@n)nez) = (T—ms - Zn). (3.3.38)

The restricted annealed law P* on (Q x T>™, G ® F,,) is then defined by
P*(A x B) = / P*(B)dP.(w) (3.3.39)
A

for measurable sets A € G, B € Fin. We observe that P* is the pushforward measure of
P, under

M, (AxTLGRF) = (Ax T Go F), n(w,2) = (w,7n(2)),  (3.3.40)

which is a consequence of the following short calculation:
B*(A x B) = / B, (#21(B)) dP(w) = B. (A x #.1(B)) = B. (I (A x B)).
A
The proof of Lemma 3.2.1 is now done in two steps. We first show that the restricted

law I@’: converges weakly to I@’S Afterwards, we may apply the Portmanteau Theorem to
transfer the convergence to the annealed law P-..

Weak convergence of P

We let f: Q x T?**! — R be a continuous and bounded function. We have

'/fdP:—/fdPS

where Tj,,, denotes the subtree of T' consisting of the first m generations of 7. From the
boundedness of the function f we get the following upper bound for the second summand

'/f]l{IT|mI>M} P

< ‘/f]l{TmISM}d@:—/f]l{ngM} dﬁ”é

Y

+ ' /f1{|Tm|>M} dP;

+ ‘ /f]l{T|m|>M} dP;

< NP ([ Tim| > M),
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where ||-||o denotes the sup norm. We observe that the probability on the right-hand
side does not depend on €. Due to the local finiteness of the tree 7', the probability tends
to zero as M — oo. For the third summand we derive an upper bound analogously.
Consequently, we can write

‘/fdﬂa’;‘—/fd]@’é < '/f]l{lelSM} dfP’Z—/f]l{T.MSM} dP;

for 6(M), independent of e, with §(M) — 0 as M — oc.

F8(M)  (3.341)

Let us now study the integral of f on the event {|T},| < M}. We let T™5) be the
M-regular tree, i.e. deg(v) = M for all v € T8 Since on the event {|T},,| < M} the
number of possible trajectories of length m is finite, we have by Lemma 2.3.3

/f(w,x)]l{|T.m|<M} P! (w, )

= Z /f(w7 (Z—m> EIR) Zm))]l{z_m ..... zm€T, \T|m|§M}]1{w_m:z_m ..... Tm=2m} d]f”:(w7 .T)

= Z /f(CW (2—m, azm))]l{z,m ..... zm€T, |T|m|§M}1f)w(X—m = Z—m, X = Zm) dpa(w)
= > % Bt () AP2E (W), (3.3.42)
where ,h;_m ,,,,, aoi - §0 — Ris given by
Pzt (W) =f (W, (2omy - Zm))]l{z_m ..... zZm€T, |T,m|<M}%€Z)
X Py(X_ = 2emy s Xon = Zm). (3.3.43)

In view of (3.3.41), we are done once we have shown that P2"8 converges weakly to Py
and that the function h, M is continuous and bounded, since . — vy as € — 0.

))))) Zm,

Weak convergence of P2"¢:  As in the proof of Proposition 3.1.1, P2"¢ is the pushfor-
ward measure of P7° = GW** @™ under 7 defined in (2.2.2). We have

,ua:adg—l—(l—a)uﬁacso%—(l—a),u:,uo,

which implies the weak convergence lszug = ?gug. Due to the continuity of 7, the weak

w
convergence P28 — Pg"¢ follows.

92



Continuity and boundedness of h, , . a: The boundedness of h, , . s a
direct consequence from the boundedness of the conductances. To verify the continuity,
we first observe that the indicator function 1y, . er, T | <M} is continuous, since it
depends only on a finite number of generations. Thus, it remains to show that the mapping
W dgg(ff))) PM(X_m = Zomy -, Xon = Zm) is continuous. We let w™ = (T(”)7 o), 5(")) be
a sequence of environments converging to w = (T, p,£) as n — 0o. Recalling the definition

of the metric on €2 in (2.1), this implies that for all m € N we have (Tl(") p™) = (Tjm, p)
for n sufficiently large and

(n)
(¢ (e))eesmm> oo (5(6))665%)'
Let us fix ng € N such that (T‘ ), p(")) (Tim, p) for all n > ng. Then for n > ngy and for
a valid trajectory z_,,, ..., 2z, (in particular, zo = p and z_,, ..., 2, € T},) we have

P (n)(X_m =Z_my--- ,Xm = Zm)

= Pw(n) (Xo = Z0y.-- ,Xm = Zm)Pw(n) (XO = 20y - ,X,m = Z,m)
-1
_ H 5 Zkazk+1 H 5(")(Z—k,zf(k+1))

n) Zk C(n)(Z_k)

where C™ (v) =3 €M (v,w), analogously to C'(v) = >, . &(v,w). We define

ki =inf{k € {0,...,m — 1} : C(z) = 0},
ky =inf{k € {0,...,m — 1} : C(z_x) = 0}.

If ki = k; = oo, the path z_,,,..., 2, has positive probability under P,. Due to the
convergence of £, we easily obtain

C)(p) - Clp)
(p) w(")(X—m = Z-m, 7Xm = Zm) — (p) Pw(X—m = Z-my--- 7Xm = Zm)
deg(p) n—oo deg(p)
Otherwise, z_,,,..., 2, is not a possible trajectory under P, and therefore we have to
show
cm) R
(p) o (X = 2oy Xon = 2m) —— 0.
deg(p) n—o

If 0 < kf < oo, there exists a z; along the path in positive time with C(z;,) = 0. Due
to deﬁmtlon of ki we have ¢ )(zkgfl,zkg) — 5(%37172’1@3) = 0 and C! )(zkgfl) —
C(zkg_l) > (0. This implies

C™(p) gm (zkgm Zkg)

C™(p) -

> 0.
deg(p)

0<

w(")(X—m =Z_my-. - 7Xm = Zm) S
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If 0 < ky < oo, we obtain analogously

cm) .
() oo (X em = 2my ooy Xon = 2m) —— 0.
deg(p) n—o0

Otherwise, if kj = k; = 0, we have C(p) = 0 and in particular €™ (p, z;) — &(p, z1) = 0.
We then get

M) () .
0< C™(p)
deg(p)

CO) € (p,20) €D (p, )
deg(p) C™(p) deg(p) n—roo

a- In view of (3.3.41), this yields

w(™) (X—m =Z-my--- 7Xm = zm) <

y 0,

which completes the proof of the continuity of h

Z—miyeees Zm,

o
the weak convergence P — IPj.

Weak convergence of P.

The set of environments € is a metrizable and separable space (see Section 2.1). Hence,
there exists a countable base B for the topology on Q. For the topology on TZ the family

C:{{:EETZ:x_m:v_m,...,xm:vm}:mz1,v_m,...,vm€T}

defines a countable base. Thus, the sets B x C' with B € B, C € C form a countable base
for the product topology on Q x T# (see e.g. Theorem 15.1 in [Mun00]).

Let G € G ® F be an open set. Then there exist open basis sets B; x C; with B; € B
and

C@':{Q3€Tzixfmv:vi ---vxmi:vjm}ec

such that G = |J;2,(B; x C;). The continuity of probability measures implies

P, ( O(Bi X ci)) —— Py(G).

) r—00
i=1

Thus, given an arbitrary 6 > 0, we can choose r € N such that

P, ( O(Bi X @)) > Py(G) — 0.

=1

We set m* = max;—; __, m; and

.....

~

Cr={z el ia . =v ... ¢n=0,}€Fnu,

—my, m;

Then we have 7,1 (C) = C; and therefore

Ui x ) = (B x UH (B; x CF) = Am£<U(Bixc;)>,

=1 =1 =1
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where 7« and I1,,- are the projections defined in (3.3.38) and (3.3.40), respectively.
Recall that [P is the pushforward measure of P, under II,,-, we obtain

lnen_}glfIP’E(G) > lnen_glf]P’E(U(Bi X C’Z)) = lllngglfﬂDE(U(Bi x C! )>

i=1 i=1

> PS(O(Bz‘ X C;)) = IEJb(O(Bi X Ci))

i=1

where we used the weak convergence of P* and the Portmanteau Theorem (see Theorem 2.1
in [Bil99]) for the second inequality. Since § > 0 was arbitrary we have

lim nf P.(G) > Py(G) (3.3.44)
e—

for all open sets G € G ® F. Due to the Portmanteau Theorem, this is equivalent to the
weak convergence P. = P. O
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Chapter 4

The speed of random walk on
Galton-Watson trees with changing
offspring law

The random walk on infinite supercritical weighted Galton-Watson trees satisfies a law of
large numbers with the speed of the walk as limit. In the previous chapter we investigated
the regularity of the speed as a function of the marginal law of the conductances. However,
the speed does not only depend on the distribution of the conductances, but also on
the offspring law. In this chapter we study its behaviour as a function of the offspring
distribution.

We present the main results of this chapter in the first section. The proofs are given
in Section 4.2.

4.1 Main results

We let T be an infinite supercritical Galton-Watson tree with i.i.d. conductances and
(X)n>0 is the random walk on 7" starting at the root. Recall that the speed of the walk
is given by

R

lim =v [P — almost surely,
n—oo n

see Theorem 2.3.5. In order to study the regularity of the speed as a function of the
offspring law, we consider a sequence of offspring distributions (v,),en that converges
weakly to a measure v. In particular, this is equivalent to

vn({k}) — v({k}) forall k£ >0.

We write P,, for the environment law P if the offspring distribution is given by v,,. As
before, we assume that under P,,, the tree T is supercritical without leaves. The conver-
gence above implies that the tree with offspring law v also has no leaves, but it might no
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longer be supercritical. If v({1}) = 1, i.e. if the asymptotic offspring law v is given by the
Dirac measure 97, each vertex has exactly one descendant and the Galton-Watson tree is
not supercritical. The random walk is then almost surely recurrent and therefore it has
zero speed, i.e. v(d1, ) = 0. For any other distribution v we have [zdv(z) > 1, which
means that the Galton-Watson tree with offspring law v is still supercritical. Hence, by
Proposition 2.3.4 the random walk is almost surely transient and Theorem 2.3.5 implies
that it has positive speed v(v, u) > 0. In both settings the speed v(v, u) is given by the
limit of the speed v(v,, 1) when n tends to infinity, as stated in the following theorem.
Thus, the speed is a continuous function of the offspring law.

Theorem 4.1.1. We consider a random walk on a supercritical Galton-Watson tree with-
out leaves and with uniformly elliptic conductances. We let (v,)nen be a sequence of off-
spring distributions that converges weakly to a measure v. We assume that v,({0}) = 0,
[z dv,(x) € (1,00) for alln > 1 and [z dv(z) < co. Then we have

lim v(v,, 1) = v(v, ).
n—oo
In order to prove Theorem 4.1.1 the invariant measure for the environment seen from

the random walk introduced in Section 3.2 and the formula for the speed given in (3.2.7)
are crucial. We let P2"¢ be the augmented environment law as defined in (3.2.1) with
P. replaced by P,, such that under P2"¢, T is an augmented Galton-Watson tree with
offspring law v, and i.i.d. conductances with marginal law u. The invariant measure P,
is then defined analogously to (3.2.2) and the corresponding annealed law is denoted by
P,, recall (2.3.3). Furthermore, we let P28, P and P be the corresponding measures when
the offspring law is given by v.

Lemma 4.1.2. As n — oo, we have P, %P andP, 5P weakly.

As shown by [GMPV12], from the ergodicity of the environment observed by the
particle under P,, we get the following formula for the speed

X A
]}Lrgo % E,[[X1 — Xo]x_..] (4.1.1)
for any n > 1 (see also (3.2.7)). Recall that [u — v],__ denotes the horodistance from u
to v relative to the boundary point z_.,, see definition (3.2.6). We note that the distance
[ X1 — Xo]x_, is only well-defined when the random walk in negative time is transient.
As mentioned above, v = §; is the only weak limit so that the Galton-Watson tree with
offspring law v is not supercritical and thus the random walk is not transient. We therefore
treat this case separately. The limits are given in the following two propositions.

Proposition 4.1.3. If the Galton-Watson tree with offspring distribution v is supercrit-
ical, the mean of [ X1 — Xo|x_., converges to its mean under PP,

lim En [[Xl — XO]X,OO] = IAEHXl — XO}Xfoo]'

n—o0
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Proposition 4.1.4. If v = §1, the mean of [X; — Xo|x_., vanishes,

lim En [[Xl - XO]Xfoo] =0.
n—oo
Since the random walk on a Galton-Watson tree with offspring law ¢, is recurrent, we
have

v(dy,p) = 0.

To see the recurrence, note that by Theorem 2.4.2, it is sufficient to show that the effective
conductance from the root to infinity is zero for almost all environments. For any envi-
ronment w where each vertex has exactly one descendant the Series Law (Lemma 2.4.4)
combined with Rayleigh’s Monotonicity Principle (Lemma 2.4.5) yields C,(p,00) = 0,
since the conductances are bounded.

Thus, in combination with the representation for the speed in (4.1.1), these two propo-
sitions provide the proof of Theorem 4.1.1.

We remark that the convergence of the speed in Theorem 4.1.1 is a direct consequence
of the weak convergence of the offspring law when the marginal law of the conductances
is degenerated, i.e. u = d, for some a > 0. Using the explicit formula for the speed of the
simple random walk on Galton-Watson tree in Theorem 3.2 in [LPP95], we obtain

N-—-1
lim v(v,,d,) = lim En{ 1 =E

%iﬂ:ww@

where N denotes the number of offspring of the root.

4.2 Proofs

4.2.1 Continuity of the speed: proof of Theorem 4.1.1

Recalling (4.1.1), for any n > 1 the speed of the random walk is given by
V(n, 1) = B [[ X1 — Xox_ )] Pn —as. (4.2.1)

We first note that the statement does not follow immediately from the weak convergence of
the invariant measures, since [X; — Xo|x__, is not a continuous function of the trajectory.
Moreover, as discussed above, we have to distinguish whether the Galton-Watson tree
with offspring law v is supercritical or not. If v # §y, it is still supercritical. Combining
Proposition 4.1.3 with the representation for the speed in (4.2.1), we obtain

lim v(v,, pn) = E[[Xl — Xolx_..] = v(v, ).

n—o0
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Otherwise, if v = ¢;, Proposition 4.1.4 implies that the expectation in (4.2.1) vanishes
as n — oo. Since the random walk on a Galton-Watson tree with offspring law d; is
recurrent, we get

lim v(vy,, 1) =0 = v(d1, ),

n—oo

which completes the proof. O

It remains to prove Proposition 4.1.3 and Proposition 4.1.4.

Proof of Proposition 4.1.3

The main ingredient of the proof is the weak convergence of the invariant measures. As
in the proof of Proposition 3.2.2 in Chapter 3, we approximate D, = [X; — Xo]x__ by
the continuous and bounded functions Dy, = [X; — Xg]x_,,, recall (3.3.7). We have
i i Bn [Dy] = lim B[Dy] = E[Dsc].

where we used the weak convergence of the invariant measure in Lemma 4.1.2 for the first
equality. The second step holds by dominated convergence, since D), converges to D
almost surely. Thus, it remains to show

lim limsupE,[|Dy — Dol = 0. (4.2.2)

M—=oo p oo

On the event that X _; # p for all £ > M we have D); = D, which implies
E,[|Dx — Doo|] < 2P, (X, = p for some k > M, Xy # p) + 2B, (X_ps = p). (4.2.3)

From the weak convergence of the invariant measure and the transience of the random
walk we get

lim P,(X_p = p) = P(X_p = p) —— 0.

n—00 M—o0
Concerning the first summand in (4.2.3), we bound the probability of hitting the root
in terms of effective conductances as in the proof of Proposition 3.2.2. Applying the
Cauchy-Schwarz inequality afterwards we arrive at

~

P.(X_g = p for some k > M, X_»; # p)

n Cw(XfMa :0)
<k, |z P
— Cw(XfM, OO) {X_m#p}
~ 1. 1
<E,[ColXonr 0)*Lix sizpy] "B [Ru(X_ar, 00)%] 2. (4.2.4)

Analogously to (3.3.20), the first term vanishes as M — oo, uniformly in n,

lim lim E, [Cw(X_M,p)Z]l{X_M#}] = A}EHOOIAE[CW(X—M>P)Q]I{X_M;ép}} = 0.

M — o0 n—00
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Consequently, we are done once we have shown that the second expectation in (4.2.4)
remains bounded. Using that the process (T, Xy, {)rez is stationary under P,,, we obtain

? : C(p) K

E, [Ruo(X_pr,00)?| = E,[Ru(p, 00)?] = B2 | R, (p, 00)* ———F—| < —E*8[R,(p,0)?].
[Ru(X-11,00)%) = B [Ru(p, 000 (oo O] < PR (.00’

By Rayleigh’s Monotonicity Principle (Lemma 2.4.5), removing edges can only increase

the effective resistance such that

E2% (R, (p, 00)?] < En [Ru(p,o0)].

Under P,,, T is a supercritical Galton-Watson tree without leaves and with uniformly
elliptic conductances. Hence, combining the bounds in (3.3.21) and (3.3.24) from the
proof of Lemma 3.3.1 gives the following upper bound for the second moment of the
effective resistance

K2E,[N72)(1 + E,[N7]

Bn[Rule: o)) < T, oy m )

where N denotes the number of offspring of the root. We notice that N=* is a continuous
function of the environment, bounded by 1, which implies

lim E,[N*] =E[N*],

n—oo

since P,, = P. Moreover, for a supercritical Galton-Watson tree without leaves we have
E[N~*] < 1. We finally obtain the boundedness of the second expectation in (4.2.4)

RPEIN?](1+ E[N"'))

lim [ X_ 2 < :
Jim B, [Roy(X-ar, 00)7] < SO —EN-2)1-BN-]) =%
In total, this yields (4.2.2) and completes the proof. O

Proof of Proposition 4.1.4
We have

lim B, [[X; — Xolx_.] = lim E,[[X; — Xolx_. | deg(p) =2], (4.2.5)
since P,,(deg(p) = 2) = v,,({1}) — 1. Recall that X_., is the boundary point to which
the random walk in negative time (X_j)g>o converges. That is, X_ is the infinite
path that does not backtrack and that intersects (X_g)r>o infinitely often. We write
X 00,00 X o015 X—oo2,... for the vertices along X_. Note that the random walk in
negative time is transient for all n > 1 and therefore X_, is well-defined. We have

_]-7 Xl :X—oo,l

X, — X, =
e Aol {+1, X # X
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On the event {deg(p) = 2}, we let v, and v_ be the two neighbours of the root. The
expectation in (4.2.5) is then given by
En[[Xl — Xo]x_., | deg(p) =2] = Po(X1 = v, Xoooq = v_ | deg(p) = 2)

+ P (Xy = v_, X_ooq = vy | deg(p) = 2)

- Pn(Xl = Xfoo,l = Ut | deg(p) = 2)

- PTL(Xl = Xfoo,l =v- | deg(p) = 2)
Let us study the first probability. For convenience, we set P An = pn( -] A) and Py =
P(-]A) with A = {deg(p) = 2}. We write E4,, and E4 for the corresponding expec-
tations. Moreover, we denote by 7j; the subtree up to the first generation of 7" and

wii = (11, p,€(€)ece(r;,)) is the associated environment. Recalling the definition of the
annealed law in (2.3.3), we have

I@n(*Xl = v, X1 = v- | deg(p) =2) = B, [Pw(Xl =04, X001 =0-) | deg(p) = 2}
[pw(Xl = U+,X_oo’1 = U_)}

= E n [EA,n [Pw(Xl = er)Pw(X*OO,l = v*) ‘ W\IH :
Here, in the last step we used that (Xj)g>o and (X_x)r>0 are independent under b,

The probability that the random walk moves to v, in its first step is o(wj;)-measurable.
Hence, we obtain

Po(X) = v, Xoooq = v_ | deg(p) = 2) = E4 F g’(z)*)EA,n [Po(X ooy =v_) | wuﬂ
=B, [g(g’(z;>ﬁlAn [PW(X,OOJ =v_) ! Wll]]

with C(p) = &§(p,vy) + &(p,v-). To see the last equality, observe that the distribution
of wy; under P4, does not depend on n. Conducting the same calculations for the other
probabilities in (4.2.5) we arrive at

E,[[Xi — Xo]x_.. | deg(p) = 2]

_F E(p,vy) —&(pyv) (¢ B . B
.o o (Ban [Po(X sor =0 [ ] = B [Po(X e = 0) | wu})]-

Using Lemma 4.2.1 below, we finally obtain

lim E, [[X; — Xo]x_.. | deg(p) =2] =0

n—oo

by dominated convergence, which completes the proof. O

Lemma 4.2.1. If v, — 6, with the notation from the proof of Proposition 4.1.4 we have

A R 1
lim By, [PW(X_OO,l =) ! w|1] = lim E4, [PW(X_OOJ =v_) ‘ W\l} = —.

n—o00 n—o00 2
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Figure 4.1: Under P An, the root p has two neighbours denoted by v, and v_. The subtrees
T, and T_ are independent Galton-Watson trees with offspring law v,.

Proof. To start with, we introduce some notations. We let w = (7', p, ) be an environment
where the root has two neighbours v, and v_. We denote the subtree rooted at v,
composed of v, and all its descendants by T’y = T'(vy ). Analogously, we set T_ = T'(v_),
see Figure 4.1. We write wy = (T%, vy, (§(€))ece(ryy) and w_ = (T, v_, ({(€))ece(r.)) for
the corresponding environments. We assume that the effective resistances R, (vy,00)
and R,_(v_,00) are both finite. Note that this is satisfied for almost all environments

under P An. Furthermore, we let G} and G, be the m-th generation of the subtrees T
and T, respectively. Using the continuity of probability measures, we can write

Py(X-wi=v1)=P,(3k €N: Vm e N: ngs <1ng-)
= lim P,(Vm e N: Nt < 77@,;)

k—o00

= lim lim P, (ng; <7g. ),

k—o00 m—o0

where 7p is the hitting time of a set of vertices B C T', recall (2.4.1). Using the Series Law
(Lemma 2.4.4) and the uniform ellipticity of the conductances, we obtain by Lemma 2.4.1
Cu(p, G)
P, <N ) = o
(e, < ;) Culp, G) + Cul(p, Gy,)
_ Ro(p: Gr)
Ru(p, G) + Rulp, G
(o) T+ R (v, G
§<p7 U+)_1 + Rw+ (U-i-v Gj_n) + £(p7 U—)_l + Rw, (U—7 Gl;)
K+ R, (v_,G,)

m

<
T 261+ Ry, (v4,G) + Re_(v-, GY)

(4.2.6)

and therefore
K+ Ry (v-,00)

P,(X_ 1= < .
( =) 2671+ Ry, (v4,00) + Ry, (v-, 00)
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Since the right-hand side is independent of the conductances in the first generation, we
get
« « K+ Ry (v-,00)
E n Pw X—oo - S E n
AnlPlXoen = va) [en] < {%—1 R, (v4,00) + Ru (v, 9) ““}
_B K+ Ry, (v_,00)
T 26 T+ Ry, (04, 00) + Ry (0,00 |

(4.2.7)

We notice that R, (vi,00) and R,, (v_,00) are identically distributed under P4 ,, which
implies

K+ Ry (v, 00) } 1

Ean
A {2/@‘1 + R, (v4,00) + Ry (v, 00) 2

by symmetry. Together with (4.2.7), we obtain

. 1 . K— KL
Ean[Po(X-o1 = <5t Ban
A [Pl 1=v4) | wp] 5 T, 2671 + Ry, (v4,00) +Rw_(’0700)}
1 - T K
< —-+Eun
ST 2671+ Ry, (vy, OO)}
1 . T K
g, _ 128
2 + 4, _2571 +Rw+(v+7G;rn):| ( )

To see the last inequality, observe that the effective resistance R., (v4, G},) is monotoni-
cally increasing in m, which implies

R (U+> OO) 2 Rw+ (er? G;rn)

W

for any arbitrary m > 1. If the m-th generation of 7', consists of a single vertex, the
Series Law (Lemma 2.4.4) combined with the uniform ellipticity of the conductances
yields C,, (v4, G) < km~! and therefore

K
1
267+ Ry, (vy, Grp) - UGHI=0

EA,n[ } < kEsn [Cw+(v+,G;)]1{|Gm:1}} < 2L

In case that the m-th generation of the subtree 7', consists of more than one vertex, we
establish the following bound

- K 21 + 2
Ban Lw +Rw+(v+,cin>1“%>”] < K an{(Grl > 1) = KPa{|GnlT)] > 1)
= k(1= v ({1})™),

where we used in the second step that under P An, 1Ty is Galton-Watson trees with law P,,.
Note that the right-hand side of the above estimate vanishes as n — oo, since v,, — 6,
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by assumption. In view of (4.2.8), combining the last two estimates implies

. 1
lm Egp[Po(Xooon =vy) |wp] < s +62m7 1 + hm K2 (1 — v, ({1H)™)

n—oo

— |

2, —1
= —+K'm
2+

for any arbitrary m > 1. Consequently, we obtain

lim EA,n [Pw(X ol = Uy) | w|1] <

n—oo

(4.2.9)

l\l)l»—l

When we bound the conductances in (4.2.6) in the other direction, we get the following
lower bound

K1+ Ry (v_,00)
T 26+ Ry, (v4,00) + Ry (v-,00)

PW(X—OO,]. v )

and an analogous calculation shows

1 Kk — k! 1
lim By, [Po(X_oo1 = >—— 1 En =—.
I Eig [ ( 1= vy) ‘ wu} 9 S EA %% + Ra, (01,00) + Ry (v_,00) 5
Together with (4.2.9), this completes the proof. O

4.2.2 Weak convergence of the invariant measure: proof of
Lemma 4.1.2

For any m > 1 we let P* and P* be the restricted annealed law on (€ x T2+ G @ F,,)
defined as in (3.3.39) with P. replaced by P, and P, respectively. It suffices to show that
IP* converges weakly to P*. The weak convergence of the annealed law P, then follows
by applying the Portmanteau Theorem analogously to the proof of Lemma 3.2.1. This in
turn implies the convergence of Pn, since P,, is the marginal law of w under P,.

Weak convergence of P

Let f: Q x T?*"*!1 — R be a continuous and bounded function. We have

'/fdﬁ»;;-/fdﬁ»*

< ‘/f]l{|Tm<M} d@Z—/f]l{mmkM} dﬁ”*’

+ ' /f]l{|T|m|>M} i

+ ' /f1{|Tm|>M} d]fp*‘, (4.2.10)

where Tj,,, as usual, denotes the first m generations of T. To derive an upper bound
on the second and third summand, we need to determine the probability of the event
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{IT},n| > M}. Due to the weak convergence of the offspring distributions, we have for all
kE>1

P2S(deg(p) = k) = va({k — 1)) —— v({k — 1}) = P"(deg(p) = k).

We let Tpopr = {7 €T : |T| < M, [v]| < mVv € T} be the set of trees with at most M
vertices and m generations. Then for any tree t € 7., i

lim P2¢(T}, = t) = lim P2"¢(deg,(v) = deg,(v) Vv € tjm_1)

n—00 n—00
= lim ] Pi(degr(v) = deg,(v))
Uet‘m,1
=TT Ps(degy(v) = deg(v))
VEL -1
:Paug(Tlm:t)

and therefore

. aug < — T aug — — Jpaug <
lim P (|Tj,0| < M) ”h*lg"te; Py (Tjy = 1) = PY8(| T} < M) (4.2.11)
m, M

Recalling the definition of the invariant measure in (3.2.2), we get the following upper
bound on the second summand in (4.2.10)

lim ‘ /
n—oo

where ||| denotes the sup norm. Obviously, this bound also holds for the third summand
n (4.2.10). Since the tree is locally finite, the probability on the right-hand side vanishes
as M — oo and we can write

2| < lim ([ flPa((Tl > M)

K au,
< ||f\|oo§P (| Tjm| > M)

n—oo

lim ‘/fd@;:—/fdl@’*

< nhjgo‘/f]lﬂTm<M} d@fl—/f]l{mmKM} dﬁ”*’ +6(M)
(4.2.12)
for 6(M), independent of n, with 6(M) — 0 as M — co.

As in the proof of Lemma 3.2.1 (see (3.3.42)), we have the following representation for
the integral of f on the event {|T},,| < M}

/fw )Ly, <y AP (w, ) Z / e (W) APE(w), (4.2.13)

----- Z'm

where h, . u:§ — R is the continuous and bounded function defined in (3.3.43).

77777

w
Thus, we are done once we have proven P2" — P*'6 weakly.
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Weak convergence of P3¢

Recall that P28 is the pushforward measure of P, ° = GW*® @u®™ under 7 (sce
(2.2.2)). Here, GW:"8 is the probability measure on 7 such that under GW:"8, T is an
augmented Galton-Watson tree with offspring law V,. We show that GWflug converges
weakly, which implies the weak convergence of P " Since the mapping 7 is continuous,
this also implies the weak convergence of P2"s. The proof is done in two steps. First, we
show

/ FdGwaE / FdGwee (4.2.14)
n—oo

for all continuous and bounded functions that only depend on finitely many generations.
Afterwards, we conclude that the convergence in (4.2.14) still holds when we integrate
uniformly continuous and bounded functions, which is equivalent to the weak convergence

of GW2"s,
We let f: T — R be a continuous, bounded and local function. That is, there exists

some m > 0 such that
f(T)=f(T") forall T, T" € T with T},, = T,

m*

We have

’/fdGWZ“g—/fdGW“g

= ‘/f]l{lelsM}dGWZug_/f]l{leléM}dGWaug

+)/f]l{'T""'>M}dGWZug +‘/fﬂ{|Tm>M}dGWa“g .

(4.2.15)

The following calculation shows that the first summand vanishes as n — oo:

i [ 08 can AGWH(D) = i 3 [ HOLm, - acwie()
tE€ETm, M

= lim Y f() GW(T) = 1)

tETm M

_ Z f Waug :t)

tGTm M
_ / ST, j<ary d GWH(T).

Due to (4.2.11), we obtain for the second summand

< [ fllee GWHE([Tjpn| > M) ——— 0

n—00 M—oc0

lim | / FLgm, oary d GW2S
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for the second summand in (4.2.15). Since this bound is also valid for the third summand,
(4.2.14) holds for all continuous, bounded and local functions.

Now, let f: T — R be a uniformly continuous and bounded function. We approximate
f by the following sequence of local functions

o T =R, fu(T) = f(Tim)-

The continuity and boundedness of f are transferred to f,,. Moreover, f,, converges
uniformly to f, which is implied by the uniform continuity of f. To see this, observe that
for any € > 0 there exists my > 0 such that

ol T) = F(T)| = | f(Ti) — f(T)| <& forall T €T, m > mo.

Finally, using that (4.2.14) holds for local, continuous and bounded functions, we obtain

lim [ fdGW:*™® = lim lim [ f,dGW2" = lim [ f,dGW* = / fdGWe
n—oo n—o0 Mm—0o0 m—0o0

by dominated convergence. Note that the uniform convergence of f,, allows us to in-

terchange the limits in the second equality. Finally, the Portmanteau Theorem implies

GW2u8 & GW?"8, Together with (4.2.12) and (4.2.13), this yields the weak convergence

of the restricted annealed law I@’; As mentioned above, an analogous application of the

Portmanteau Theorem as in the proof of Lemma 3.2.1 completes the proof. ]
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Chapter 5

A central limit theorem for the
random walk on Galton-Watson
trees with random conductances

As discussed in the previous chapters, it is well known since the work of [GMPV12] that
the random walk on Galton-Watson trees with random conductances moves away from
the root with a linear rate. Given a law of large numbers, the natural question arises
whether the distance of the random walk to the root satisfies a central limit theorem. In
this chapter we will prove a functional central limit theorem when the edges of the tree
are assigned randomly uniformly elliptic conductances. Moreover, we will investigate the
effect of small conductances on the fluctuations of the random walk.

On Galton-Watson trees the validity of a central limit theorem has been first studied
for the simple random walk, which corresponds to the case when all edge weights are
identical to the same value. [Pia98] showed that the distance of the simple random walk
to the root satisfies a central limit theorem under the annealed law. The proof is based
on the existence of a regeneration structure with good moment bounds. One important
generalization of this model is the biased random walk, which has a positive limiting speed
when the bias parameter is smaller than the offspring mean. A quenched central limit
theorem for the distance of this walk on Galton-Watson trees without leaves was proven
by [PZ08]. [Bow18] extended the result to the setting of biased random walks on Galton-
Watson trees with leaves. A further extension was proven by [Farll] who considered
random walks on randomly biased Galton-Watson trees. The other main generalization
is the random conductance model considered in this work. Here, a central limit theorem
is only known under very strong conditions on the offspring distribution: The number
of descendants of each vertex has to be larger than the ratio of the maximum to the
minimum edge weight, see [Barl13]. In our setting this is not satisfied. Especially when
we consider small edge weights, this would require a great number of offspring.
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Figure 5.1: Under P, the subtree T'(p) is a weighted Galton-Watson tree.

This chapter is organized as follows. At the beginning we present the main results
of this chapter, the functional central limit theorem in Theorem 5.1.1 and an estimate
on the volatility in Theorem 5.1.3. The proof of the central limit theorem relies on the
existence of a regeneration structure which yields independent increments with good mo-
ment bounds. We define the regeneration times in Section 5.2. Furthermore, the required
moment bounds for the regeneration times and distances are stated in this section. All
proofs are given in the last section.

The results of this chapter can be found in the preprint [GN24].

5.1 Main results

We let P be the law on §2 such that under P, T" is a Galton-Watson tree with offspring
law v, with i.i.d. conductances and with an additional edge (p*, p) added to the root p.
That is, under P, the root has an artificial ancestor which we denote by p*, see Figure
5.1. Note that this slightly different definition of the environment law is intended to
simplify the notation in the proofs, but it is not relevant for the validity of the central
limit theorem. We set |p*| = —1 and G_; = {p*}. Furthermore, we let T* = TU {—1}
be the Ulam-Harris tree with an artificial ancestor (denoted by —1) added to its root. A
tree with an additional ancestor at its root is then a subset of the extended Ulam-Harris
tree T*. Additionally to the assumptions on the offspring distribution in Section 2.2, we
assume that v has finite moments of any order, i.e. my = [2"dv(z) < oo for all k& > 1.
Since we are interested in the behaviour of the random walk when a positive faction of
edges has small weights, the marginal law of the conductances is given by

pe = ad. + (1 —a)p (5.1.1)

for some a € [0,1), € > 0 and a uniformly elliptic measure p satisfying (2.2.1) for some
x > 1. Without loss of generality we assume ¢ < £~'. In addition, we assume p({1}) > 0,
which means that each edge in the tree has a positive probability to have the weight one.
We write P. instead of P if we want to emphasize the dependency of the environment
measure on €.
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We let (X,,)n>0 be the random walk on 7" starting at the root. The main result in this
chapter is a functional central limit theorem for the process

1
— %(|XW| — [tn]o(v, p.)), fort e [0,1]. (5.1.2)
We denote by D[0, 1] the set of real functions on [0, 1] that are right-continuous and have
left-hand limits. We endow this set with the Skorokhod metric dg and its Borel o-Algebra.
The Skorokhod metric is defined by

ds(z,y) = nf max{f|lz o A —ylloc, [|A —id[lc}, (5.1.3)

Wi

where ||-||oo denotes the sup norm, id is the identity map on [0, 1] and A is the set of
all monotonically increasing, continuous and bijective functions A: [0,1] — [0,1]. The
process (W/")icjo,1) then defines a random variable which takes values in [0, 1].

Theorem 5.1.1. We consider a random walk on a supercritical Galton-Watson tree with-
out leaves and with random conductances. We assume that all moments my < oo of
the offspring distribution v exist and that the marginal distribution of the conductances
is given by pe = ade + (1 — a)pu for some fivred € > 0. Then there exists a constant
02 = o*(v, u.) > 0 such that

W7)

tef0,1] n_dmf (0-B1)

under P, with (By)ico,1) @ standard Brownian motion.

Remark 5.1.2. (a) In Theorem 5.1.1 it is possible to set o« = 0. This implies that
the central limit theorem is valid for any marginal distribution of the conductances
which s uniformly elliptic and has at least one atom. We assume that 1 is the atom
but since we can rescale the distribution the choice of the atom is arbitrary.

(b) For the construction of a regeneration structure with independent increments the
assumption that there exists at least one edge weight that occurs with a positive
probability is crucial. Unfortunately, this means that a continuous marginal law of
the conductances is not possible.

The volatility depends on the offspring distribution and on the marginal law of the
conductances in a highly non-trivial way. In particular, it depends on €. We investigate
the effect on the fluctuations of the random walk when a positive fraction of edge has
small weights. We show that the volatility o2 is bounded away from zero as € — 0 when
the subtree formed by the edges with larger conductances is supercritical.

Theorem 5.1.3. If the subtree T1(p) is supercritical, i.e. if (1 —a)my > 1, we have for
o2 from Theorem 5.1.1

liminf o2 > 0.
e—0

Here, T\(p) denotes the subtree of T(p) formed by the edges with conductance at least k™!
that contains the root.
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The question naturally arises whether the volatility is continuous in € = 0. If e =0, a
positive fraction of edges gets the weight zero and hence the random walk can only run on
a subtree of the original tree. The traversable tree is again a Galton-Watson tree, but it
might be finite. Provided that this tree is supercritical, the speed v(v, po) of the random
walk is given as the almost sure limit of |X,|/n under P, where P is the annealed law
when we condition on the survival of the traversable tree, see Section 3.1. Accordingly,
we may then define o2 as the limiting volatility in such a conditioned environment. But
a central limit theorem with volatility o2, i.e. for a random walk on Galton-Watson trees
with leaves, is only known for the simple random walk, which corresponds to the case
i = 01. Similar to the speed, we then expect a discontinuity of the volatility in ¢ = 0.
For small ¢ > 0 finite subtrees formed by edges with larger conductances act like traps
in the environment that can only be left via an edge with weight €. The time spent in
these subtrees is of order e'. Whereas, when the small edge weights are reduced to zero
the random walk cannot enter these subtrees at all, which allows larger fluctuation of the
walk. Therefore, we expect that

ligglf ol < op.
The comparable statement for the speed was specified in Theorem 3.1.2, where we showed
that

lim v(v, pc) = Bo(v, ko)

for a constant 8 € [0, 1).

5.2 The regeneration structure

A standard argument for proving a central limit theorem for random walks in random
environments is to construct a renewal structure to decouple the increments of the ran-
dom walk. This method goes back to [Kes77]. Similar formulations for random walks on
Galton-Watson trees can be found, for example, in [LPP95] and [Pia98]|. The advantage
of constructing regeneration times is that we obtain an i.i.d. sequence of increments be-
tween regenerations which allows us to apply classical limit theorems, provided that the
regeneration times and distances are sufficiently integrable. Since we have random con-
ductances, we need an additional condition on the local environment of the regeneration
point to obtain independence similar to [vdHHN20].

The regeneration times are constructed as follows: We wait until the random walk
reaches a generation by crossing an edge with conductance one for the first time. This
time is called the first potential regeneration time and is denoted by oy. If the random
walk never visits the ancestor of the vertex X,, again, o; is the first regeneration time,
which we denote by 77. Otherwise, if the random walk returns to the previous generation
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Figure 5.2: An illustration of the sample path of the random walk (in red) on a part of
the tree. Edges with conductances larger than ¢ are indicated by solid lines (in black),
whereby edges with conductance 1 are highlighted in thick; edges with conductance ¢ are
indicated by dotted lines. The dashed lines represent the generations of the tree. Potential
regeneration points of the walk and returns to the corresponding ancestors are marked
by dots. Observe that the hitting time of G is the first potential regeneration time oy,
since (57 is reached via an edge with conductance 1. But it is not the first regeneration
because the random walk visits p again. The hitting time of G is not the second potential
regeneration time, although the random walk reaches a new generation, because it has
passed an edge with conductance ¢ in its previous step. Finally, the second potential
regeneration time oy is the hitting time of GG5. This is also the first regeneration of the
random walk, i.e. 7| = 09, since the random walk never returns to the ancestor of the
vertex X,,.

at some time Ry, > o1, 07 is not a regeneration time. Instead, we wait until the random
walk first reaches a new maximal generation by traversing an edge with conductance one.
We refer to this time as the second potential regeneration time oy. If the random walk
never visits the ancestor of the vertex X,, again, then o is the first regeneration time 7.
Otherwise, we repeat the steps described previously. The transience of the random walk
on the tree and the positive density of edges with conductance one imply that the first
regeneration time 7y is almost surely finite. By repeating the above procedure we obtain
an infinite sequence (7;),>1 of regeneration times. Note that this construction guarantees
that the random walk visits disjoint parts of the tree between regeneration times. In
addition, the only edge that influences the increments before and after the regeneration
time has a fixed conductance. Both are crucial to obtain independent increments. A
sketch of this construction is presented in Figure 5.2. Let us now define the regeneration
times formally.
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Definition 5.2.1. Given an environment w = (T, p,&) and a random walk (X, )n>0 on
T, we define a sequence of stopping times

oy =inf{n > 1:|X,| > | X| for allm <n, §(X,—1, X,) =1},
Ry =inf{n > oy : |X,| =X, | -1}

and recursively for k > 1

o =1inf{n > Ry_1 : | Xy| > | X for allm < n, £(X,,—1, X,) = 1},
Ry = inf{n > oy : | X,| = | Xs,| — 1}.

We then have 01 < Ry <09 < Ry < ...

These stopping times are finite until Ry = oo for the first time, which indicates that
the random walk never returns to the ancestor of the k-th potential regeneration point.
As described above, this is the first regeneration of the random walk. Accordingly, we set

K=inf{k>1: R, =}, 7 =0k (5.2.1)

and 7y is called the first regeneration time. In Lemma 5.2.3 below we show that K < oo
holds almost surely, which means that 77 is well-defined. In order to define a sequence of
regeneration times, we let 6,, be the time shift of an infinite path (z,),>¢ path such that

em(l’n)nzo = (xn+m)n20~ (522)
For k > 1 the k-th regeneration time is defined by

Th =Te-1+ 7100,
where 7100, _, is the first regeneration time of the shifted path. We show in Lemma 5.2.4
below that these regeneration times are well-defined. In particular, this creates an infinite
sequence (7;)g>1 of regeneration times.

For the existence of the regeneration structure defined above, a uniform bound for the
probability that the random walk starting at the root never hits the ancestor of the root
is crucial. We denote this hitting time by

N =1, =inf{n >0: X, = p*}.

Moreover, given an environment w = (7', p, §), we recall that T'(v) is the subtree consisting
of the vertex v € T" and all its descendants. We write 7 (v) for the subtree of T'(v) formed
by the edges with conductance larger than ¢ that contains the vertex v. This subtree is
again a Galton-Watson tree, which is supercritical if (1 — a)m; > 1, where m; denotes
the offspring mean. The next lemma gives the required uniform bound.
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Figure 5.3: T'(v) is the subtree formed by v and all its descendants, 7*(v) (indicated by
the thick edges) is the subtree composed of T'(v) and v*.

Lemma 5.2.2 (Annealed escape probability). There ezists some constant c¢. = c.(v,a, k) >
0 such that

P(n. =00 | &(p,p") =1) > c. > 0.

If the subtree Ti(p) is supercritical, i.e. if (1 — a)my > 1, there exists some constant
c=c(v,a,k) > 0, independent of €, such that

P(n. = o0 [£(p,p") =1) = ¢ > 0.

The next crucial step is to verify that the regeneration times defined above actually
exist. The following lemma gives the existence of the first regeneration time 7.

Lemma 5.2.3. The random variable
K =inf{k > 1: Ry = o0}
18 almost surely finite with respect to the annealed law.

To show that all further regeneration times are almost surely finite as well, we have
to introduce some more notations. Given an environment w = (7, p,¢) and a vertex
v e T, v# p*, we denote the subtree composed of T'(v) and the ancestor v* of v by T%(v)
and the corresponding environment by w*(v) = (T*(v), v, (£(€))ece(r+(v))) » see Figure 5.3.
Having in mind that we think of a tree as a subset of the extended Ulam-Harris tree T*,
which means that each vertex corresponds to a sequence of integers, we may identify the
subtree (T*(v),v) with the set

T*(v)] ={2z—v:zeT*(v)} C T
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Here, the difference between two vertices z = (21,...,2,) and v = (21,..., %) is defined

by

R (zi41, -5 2n), 2z €T(v)
—1, z =v%.

In other words, [T*(v)] shifts the subtree T*(v) such that the root v is identified with ) in
the extended Ulam-Harris tree. This keeps the structure of the tree unchanged, but the
tree becomes independent of the position of the vertex v in the original tree. We write
[w*(v)] for corresponding environment. Next, we introduce the time shift ©,, of a set

Beg®F:
B o0, = {(w, (Xn)z0) : ([w (X5, (Xn = X5 )n>r,) € B}

Note that X,, — X, , which denotes the position of X,, in [T*(X, )], is well-defined by the
definition of 7. Moreover, for k > 1 we let G, be the o-algebra generated by the sets

{Tk =m, Xo=120,...,Xm = Un,w\w(v,) € A}. (5.2.3)

Here, for two environments w = (T, p, (£(€))ece(r)) and ' = (T7, 0, (&(€))eee(rr)) such
that 7" is a subtree of T' we write T\T" for the tree that we get when we remove from
T all edges of T" and all isolated vertices. The associated environment is denoted by
w\w' = (T\T", p, (§(€))eee(r\17)). The following lemma gives the existence of an infinite
sequence of regeneration times (7x)x>1.

Lemma 5.2.4 (Existence of regeneration times). For any k > 1, the k-th regeneration
time T, is almost surely finite with respect to the annealed law. Moreover, we have

P(Bo©,, } Gr) =P(B ‘ n. = 00,&(p,p*) =1)
for Be G® F.

In order to use the regeneration structure to prove a central limit theorem it is crucial
that the time differences between regenerations are independent, just as the increments
in between. At time 73, the random walk hits the generation | X, | for the first time and
after time 7, the random walk will never visit the generation | X, | —1 again. This means
that (X,)n<r, and (X,,),>r, visit disjoint parts of the tree. Moreover, the only edge that
influences the increments before and after 7, has a fixed conductance. Hence, the time
until the next regeneration 75,1 — 7 is independent of what happened before 7. The inter-
regeneration times therefore form an independent sequence, just as the inter-regeneration
distances. This is formalized in the following proposition.
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Proposition 5.2.5 (Stationarity and independence). Under P, the sequence
([w*(XTn)\w<XTn+l )]7 (Xk - XTn)TnSk’STn+1 9 Tn+1 - Tn)nzl

18 stationary and independent. Furthermore, the marginal distribution of this sequence is
given by

P([w*(XTn>\w(XTn+l>] E Al’ (Xk - XTn)TnngTn-Q—l e A27T7’L+1 - Tn e A3)
= P(w\w(Xn) € Ay, (Xi)k<n € Ag, 1 € Ag ’ N = 00,8(p, p") = 1)'

Remark 5.2.6. Proposition 5.2.5 implies in particular that the inter-regeneration times
(Tnt1 — Tn)n>1 are i.i.d. just as the increments between regeneration points (| X, ., | —
RER)ISSE

Using the regeneration structure, a central limit theorem can be shown, provided that
the regeneration times and the regeneration distances are sufficiently integrable. The
required moment bounds are given in the next two lemmas.

Lemma 5.2.7 (Moment bounds on regeneration distances). For e > 0 fized and for any
q > 1 there exists a constant C. = C.(v,a, k) > 0 such that

E[|XT1|Q} <C; and E[(|X72| - |X71|>q] < C..

If the subtree Ti(p) is supercritical, i.e. if (1 —a)my > 1, the bounds above hold for a
constant C = C(v,a, k) > 0 independent of €.

Lemma 5.2.8 (Moment bounds on regeneration times). For ¢ > 0 fized and for any
q > 1 there exists a constant C. = C.(v, a, k) > 0 such that

Elrf] <C. and E[(r—m)!] <C..

Remark 5.2.9. (a) We require that the moment bounds on the regeneration distances
wm Lemma 5.2.7 hold uniformly for € > 0 in the supercritical case. This allows to
study the behaviour of the volatility as € — 0, see Theorem 5.1.5.

(b) We assume in this chapter that the offspring law has finite moments of any order.
If instead we only assume that m, = [a"dv(z) < oo holds for some r > 24,
the statement in Lemma 5.2.8 is still valid for ¢ = 2, which is sufficient to prove
Theorem 5.1.1.

(¢) When € > 0 is small, finite subtrees formed by edges with larger conductances act
like traps in the environment. The time spent in such a subtree is of order e~1, but
the random walk is unlikely to regenerate there. Therefore, we cannot expect to find
moment bounds on the regeneration times that hold uniformly in e.

We note that the constants in this chapter may depend on several model parameters.
As mentioned above, uniform bounds for escape probabilities and moments of regeneration
distances are crucial to control the variance for small €. For this reason, we use a subscript
to explicitly indicate when constants depend on €. Moreover, the constants may vary from
line to line.
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5.3 Proofs

5.3.1 Central limit theorem: proof of Theorem 5.1.1

To prove the functional central limit theorem we follow the arguments of [Szn00]. It is
done in three steps. First, we consider a jump process such that its jump sizes have the
same distribution as the inter-regeneration distances of the random walk on the tree, but
the jumps occur after uniform deterministic time intervals. After an analogous standard-
ization as in the definition of the process W}* in (5.1.2), Donsker’s theorem implies that
this process converges to a Brownian motion. Next, we apply a random change of time
to this process such that the process jumps after random time intervals, which have the
same distribution as the inter-regeneration times. Lastly, we transfer the convergence to
the (standardized) random walk on the tree.

Jump process with i.i.d. increments
We define

Z/f = |X7'k| - |X7-k_1| — (Tk — Tk_l)v for k >1
with 7p = 0 and

_ ]E[|XT2| - |XT1H

E[TQ — 7'1]

We will show at the end of this proof that v is the speed of the random walk.

By Proposition 5.2.5 and Lemma 5.2.7 the random variables Z,, Z3, ... are i.i.d. and
square-integrable with E[Z;] = 0 and Var(Zy) = E[Z2] = 62 > 0. Applying Donsker’s
Theorem (see e.g. Theorem 14.1 in [Bil99]) implies

[nt]
1 -
(— > Zk> — s (5.B)scon. (5.3.1)
te[0,1]

n—oo

Moreover, the distance in the Skorokhod metric

d (— 7z ) , (— Z ) < |7zl < —(1
S< \/ﬁ; *) ety \/ﬁ; *)teony) = \/ﬁ| s \/ﬁ( Tom

vanishes in probability, since 7y is P-almost surely finite. By Theorem 3.1 in [Bil99] we
obtain

1 [nt) ;

(% ZZk> - n—>—oo> (&EBt)tG[O,l]' (532)
k=1 t€(0,1
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Random change of time

The next step is to correct the jump times of the process considered above by applying a
random time change. Afterwards, we can transfer the convergence result to this process

using the arguments of Section 14 in [Bil99].

We let k,, be the number of regenerations until time n, i.e. k, is the integer such that

Tk, < N < Tk, +1. Obviously, we have

Tkn < n Tkn-‘rl

ko = ko
Using the strong law of large numbers we obtain
T 1 e T
kn
k_ = k_ Z(Tk_H —Tk)+k—1 n—>—oo>]E[7—2 —7'1] P — a.s.
n Lo n
and
T 1 <o T
kn
k—H = Z(TkH — Tk) + k_l — E[lrp, — 7] P—as.
Consequently, we get
ky 1

This implies
Finy _ 2] Kty .t

> P — a.s.
n nt |nt] nooo E[r — 7] o

(5.3.3)

for ¢t € [0,1], which shows that the functions ¢ M%”, t € [0,1], form a sequence of
monotone functions converging to a continuous limit (P-almost everywhere). Using a
counterpart of Dini’s theorem (see Problem 127 in Part II of [PS72]), we get that the

convergence holds uniformly, i.e.

kin t
sup nt] 0 P—as.
tefo,1]| T E[TQ - Tl] n—00
As a result we obtain
ds<<LtJ) ( ) )gsup [mt]
n /tefp,1] \E[ry — 1]/ tef0,1] tefo1]| ™ E[ry — 1] | n—oo

which implies

() oo (=)
n /] n—oo \E[r — 7]/ tefo,1]
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Together with the convergence result in (5.3.2), Theorem 3.9 in [Bil99] yields

|nt]
(( Z )teOl (%)te[&l]) ﬁ (<6EBt>tE[O’1]’ <]E[T2t— 7'1])1;6[0,1})’

After applying the random time change to the jump process, we use the arguments of
Section 14 in [Bil99] to conclude that

Kine)
(L) gy (B
€[0,1] n—oo E[rg—71] telo, 1]

Due to the scale invariance of the Brownian motion, we obtain

Eint)
1 d
(% Z Zk>t€[0 1] oo (0-Bt)iepo,) (5.3.4)

with 02 = E[Z3]E[ry — 71] !

Comparison with the trajectories of the random walk on the tree

It remains to add the path between the regenerations. In order to transfer the convergence
result to this process we show that the distance of these two processes in the Skorokhod
metric vanishes in probability. We have

1
ds((TUXLntJ’ L”ﬂ”))te[m]; <% ; Zk)te[O,l])
Klne)

< Xy, Z

til[él,)l] \/_(‘ )| Z *

1

< T Sl[ép (HXLntJ| | TE |t H + |LntJ T Tk }U)

14w

IN

sup (|[nt] — Tk, )-
\/ﬁ t€(0,1] (L J “J)
To see the last inequality, note that the distance the random walk can gain in a given
amount of time is bounded by the number of steps it takes. By the definition of k, we

deduce

su nt| — 7 < sup (7% — Tk S MAX (|Tpp — T
te[OI’)l] ( L J [nt] ) tE[Oﬁ] ( [nt] +1 [nt] ) kE{O,...,n} | +1 |
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and therefore

K| nt)
1 1
ds<<_n(|XLntJ| - L"ﬂ@)te[m]a <% ; Zk)}fq()ﬂ)

< (1+v) (@ 4 DAkt [Tt T’“|>. (5.3.5)

,,,,,

cally distributed, non-negative and square-integrable by Proposition 5.2.5 and Lemma 5.2.8,
which implies for all § > 0

— 0.

n—oo

ma. n —
IP’( Xkell,..., }|Tk+1 Tk’25>

vn

This shows that (5.3.5) vanishes in probability. Due to the convergence result in (5.3.4)
and Theorem 3.1 in [Bil99], we finally arrive at

1 d
—= ([ Xpy| = Lnt)v))  —" (0B
(\/ﬁ (‘ [ tJ| Ln Jv) te[0,1] n—oo (U t>t€[0’l]

with

o _ E[(|Xn] — [Xn] — (1 — m)v)%]
o2 = B 7] . (5.3.6)

To complete the proof, we show that v is the almost sure limit of | X,,|/n under the
annealed law P. By the law of large numbers and (5.3.3) we obtain

|X7'kn’ o |X7'kn| kn EHX‘@’ - ‘X‘HH -
= — > =v P-—as.
n k, n n-ooo E[ry — 7]
and
X, — | X, — k,
OS‘ il k"|§n T g 50 P-as.
n n k, n n—oo

This implies

=v P-—a.s.

X X, X, - X, E[X.|—|X,
Gl _ gy (Bl Bl =) _ Elal = o]

e) — li
U(Vnu ) H n n E[TQ —'7'1]

n—oo M n—oo

|
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5.3.2 The volatility for conductances approaching zero: proof
of Theorem 5.1.3

To emphasize the dependence on ¢, we write P. and P. for the environment law and
annealed law, respectively, when the marginal law of the conductances is given by pu. as
in (5.1.1). The corresponding expectations are denoted by E. and E.. As shown in the
proof of Theorem 5.1.1, the volatility is given by

E.[(|Xo| = [ X | = (72 — T)v (v, 12))?]

o2(v, ) =
6( u ) EE[TQ _ 7_1]
(see (5.3.6)), where
EEHX7'2| — |X7'1|]
v(v, pe) =

is the speed of the walk. The proof of Theorem 5.1.3 is based on the next two lemmas.

Lemma 5.3.1. If Ti(p) is supercritical, i.e. if (1 — a)my > 1, there exists a constant
¢ > 0, independent of €, such that

E.[(IXn| = [Xn| = (12 = m)v(v, 1e))?] = ¢ > 0.
Lemma 5.3.2. If T1(p) is supercritical, i.e. if (1 —a)my > 1, we have

limsup E.[rp — 7] < 0.
e—0

Combining these two lemmas with the representation for the volatility above, we obtain

C C
> 0.

lim inf o > liminf =
ey oc (v, pe) 2 ey E.[r, — 7] limsup.,E.[ro — 7]

Proof of Lemma 5.3.1

We start with some notations. We let d be the minimal integer such that the probability
of a vertex having d descendants is positive, i.e. d = inf{k > 1: v({k}) > 0}. Thinking of
a tree as a subset of the Ulam-Harris tree, we denote the first descendant of the root p by
v1 and the first descendant of vy by vy. Moreover, we introduce the set of environments
A= AN Ay with

A ={weQ:deg(v) =d+1forallve {p}UGi(T)},
Ay ={weQ: & v)=1forallve {p} UG(T)UGy(T)}
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Figure 5.4: For each environment w € A, the structure of the first two generations is
fixed. The root p and each vertex in the first generation have d descendants (here d = 2);
each edge adjacent to one of these vertices has conductance 1. The first descendant of p
is denoted by wq; the first descendant of vy is denoted by wvs.

(see Figure 5.4 for an example of an environment w € A) and the set of trajectories
B = {XO = pP, Xl = V1, X2 = 'UQ} N {|Xn’ Z 2Vn Z 2}

If (w, (Xy)n>0) € A x B, the random walk regenerates for the first time when it hits v,
and for the second time when it hits vo. More precisely, we have

™ = 1, |X7-1‘ = |’U1| = 1, Ty = 2, |X7-2‘ = ’U2| = 2.
This implies

2
E. [(|Xn| = 1Xn| = (2 = m)v(v, 10))?] 2 Ee[(| X | = [ X | = (72 = 1) v (¥, 1)) Laxcss]
— (1= v(v, 12))*P-(A x B)
= (1 —v(v, p))?Ec [Po(B)La(w)]. (5.3.7)
Let w € A be an environment. Using the Markov property of (X,,),>0, we get

P,(B) = ciP*(| X, > 2VYn > 0) = ¢4 P2 (n,, = 00)

with ¢; = ( )2 and therefore

L
d+1
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A short calculation shows that
PL(A) = P.(A)P.(As | Ay) = v({d}) ({1} > 0
is strictly positive. Moreover, Lemma 5.2.2 implies
P.(n. =00 |&(p,p") =1) 2¢>0

for some constant ¢ = é(v, a, k) > 0. Consequently, there exists a constant ¢ = ¢(v, a, k) >
0, independent of ¢, such that

E.[P,(B,)1s(w)] > c.
Plugging this in (5.3.7), we obtain
E. [(|Xn| = 1Xn] = (2 = (v, p1e))?] = (1 = v(v, pe))*.

We establish a uniform bound for the speed of the random walk with random conductances
by comparing it with the speed of the simple random walk. It was proven by [GMPV12]
that random conductances can only slow down the random walk, see Theorem 4.4 therein.
For the simple random walk an explicit formula for the speed is stated in Theorem 3.2 in
[LPP95]. Combining both results implies

[ee]

o) < 0l 61) = SN < 1

where v(v, §1) is the speed of the simple random walk. Finally, we conclude that
ES [(‘X‘Fz’ - ‘X‘Fl’ - (7-2 - Tl)v(% ME))Q} > C(l - U(Va 51))2 > 07

which completes the proof. O

Proof of Lemma 5.3.2

In Chapter 3 we studied how the speed v(v, p.) of the random walk depends on e. If
T (p) is supercritical, Theorem 3.1.2 implies that the limit of the speed for conductances
approaching zero is given by

limv(v, pe) = po(v, po)

e—0

for some constant § € (0,1). By Lemma 3.2.4 the speed v(v, ) is strictly positive.
Consequently, we have

E || X, | — | X,
im0 ) — tim Bl = X

> 0.
e—0 e—0 E. [7’2 — 7'1]
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We may apply Lemma 5.2.7 to uniformly bound the numerator such that we obtain

: - C C
0 < limwv(v, ue) < liminf = —
e=0 e0 Efm — 7] lim sup, o Ec[r2 — 71]

for some constant C' > 0. This can only hold if

limsup E.[rp — 7] < o0,
e—0

which completes the proof. |

5.3.3 Annealed escape probability: proof of Lemma 5.2.2

We start with the supercritical case. If Ti(p) is supercritical, i.e. (1 — a)my > 1, the
probability that T} (p) survives is strictly positive and we can bound the annealed escape
probability as follows

P(n. = 00 | &(p, p*) = 1) = P(n, = o0, |T1(p)] = oo | £(p, p*) = 1)
—Pp

(5.3.8)

Here, we used in the second step that the conductance of the edge (p, p*) is independent
of the subtree T7(p). Recalling the definition of the annealed law P in (2.3.3), we can
write

P(n. < 00, &(p, p*) = 1,|Ti(p)| = o0)
P(&(p, p*) = 1,|T1(p)| = o0)

_ B[R0 < 00)Lig(ppr)=11(p)|=oc}]

P(&(p, p) = 1,T1(p)| = o0)

= E[P,(n. < 00) [ &(p, p") = 1,|Ta(p)| = o0].
(5.3.9)

P(n. < oo | &(p, p") = 1, |T1(p)| = 00) =

We let w = (T, p,&) be an environment where the root has an additional ancestor p*
with &(p, p*) = 1 and |T1(p)| = oco. Due to the continuity of probability measures, the
quenched probability in (5.3.9) is the following limit

P,(n. < o0) = kh—glo Pw(n* < M),

where 7, = inf{n > 0 : |X,| = k} denotes the hitting time of the k-th generation of
the tree. Applying Lemma 2.4.1, we can express the probability that the random walk
visits the ancestor of the root before it reaches the k-th generation as a ratio of effective
conductances

Co(p, p) _ 1
Cul(p, p*) +Culp, Gi) 1+ Culp,Gi)

Pw(n* < 77k) =
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We denote the backbone tree of Ti(p), i.e. the subtree where all vertices that do not have
an inﬁnite line of descent are removed, by TP and the corresponding environment by
wpP (TBb, p, (&(e ))eeg(Tle)). Rayleigh’s Monotonicity Principle (Lemma 2.4.5) implies
that removing edges can only decrease the effective conductance, so that

CW(P, Gk) > Cw?b (p> Gk)

Note that the effective conductance on the right-hand side is now independent of ¢, which
is crucial for deriving escape estimates uniform in €. We obtain

1 . Rw?b(pa Gk)
—1+C Bb(p, Gr) B 1+Rw%3b(p, Gy)

P (77* < nk>
and

. < _Rep (p, 00)
(M < < . )
<2 = TR (o)

The effective resistance Rwle(p, o0) depends only on the subtree rooted at p and is there-
fore independent of the conductance of the edge (p, p*). Due to (5.3.9), we get

* Rw?b(p7oo)
P(n. < oo | &(p,p") = 1,|Ti(p)| = o0) < EL + R (p, 00)

- wa‘b(p? 00) —
o[ g | 01
__E[Rup(p,00) | ITi(p)] = OO]

_1+E[R Bb p, ||T1 OO}

Here, the last step is obtained by applying Jensen’s inequality, since the mapping x — -
is concave on [0,00). Conditioned on the survival of T} (p), the backbone tree TP is a
supercritical Galton-Watson tree without leaves and with uniformly elliptic conductances
(see Proposition 4.10 in [Lyo92]). Hence, Lemma 3.3.1 implies that the mean resistance

is bounded:
E[RBbp, ‘|T1 )| = ]go

for some constant C' = C(v, o, k) < oo independent of . This leads to

P(n. < oo | &(p,p") = 1, |Ti(p)| = o0) < <1

1+C
and, due to (5.3.8), we conclude that

P(n*=m|§(p,p*)=1)2<l—1+%) (IT(p)] = o0) >
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Let us proceed with the subcritical case. If Ti(p) is (sub-)critical, i.e. (1 —a)m; < 1,
the tree T1(p) dies out with probability one. For this reason, we cannot expect to find
a uniform lower bound on the annealed escape probability. But we can still use the
same arguments. We let w = (T, p,§) be an environment with £(p, p*) = 1. Applying
Lemma 2.4.1 yields

]' o Rw(pa OO)
14 Cu(p,00) 1+ Ru(p,00)

P,(n. < o0) =

The effective resistance R, (p, 00) only depends on the subtree rooted at p, which is a
supercritical Galton-Watson tree with uniformly elliptic conductances. Note that here
the ellipticity constant depends on €. Lemma 3.3.1 then implies

B[R (p, 00)] < C-

for some constant C. = C.(v, a, k) > 0 depending on . We finally obtain with Jensen’s
inequality

C.
P(n. < 00 | £(p,p") =1) = E[Pu(n. < 00) [ £(p,p7) = 1] < irc b

which completes the proof. O

5.3.4 Existence of regeneration times

Proof of Lemma 5.2.3

Recall the definitions of the annealed law P in (2.3.3) and the stopping times in Defini-
tion 5.2.1. We can express the return probability to the ancestor of the first potential
regeneration point as

]P)(Rl < OO) = E[Pw(Rl < OO)} =FK ZPW<R1 < 00,01 < OO,AX'(71 = U>]1{U€T,§(’U,’U*)1}] .

veT

Since (X,,)n>0 is a Markov chain under the quenched law F,,, we use the strong Markov
property in o to compute the probability inside

P(R; < 00) =E| Y P,(R; < 0|0y < 00, X, = v)P,(071 < 00, X,,, = v)]l{vew,m:u]

L veT

=E Z Pg(%* < OO)PM(Ul < o0, XO'l = U)ﬂ{veT,ﬁ(v,v*):l}] .

L veT
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Here, 1, = inf{n > 0 : X,, = v*} is the time when the random walk hits the ancestor
of v for the first time. We notice that the number of vertices in the Ulam-Harris tree is
countable. Thus, monotone convergence implies

P(R; < 00) = > E[PS(n, < 00)Pu(01 < 00, Xo, = 0)Ljuere(vo)=1}]

veT

= B[Py < 00)Pu(or < 00, Xy, =v) | v €T, &(v,0°) = 1P € T,{(v,v°) =1).

veT

The random variable PY(n,~ < 00) is o(w*(v))-measurable and P,(o; < 00, Xy, = v) is
o(w\w(v))-measurable. Hence, they are independent under P(- | v € T,£(v,v*) = 1) and
we get

P(Rl < OO)
= ZE[P:;)(%* < 00) | v e T, &(v,v*) =1]E[P,(01 < 00, X,, =) | veT,E(v,v*) =1]

veT

x P(veT,&(v,0v*) =1)
= E[Pw(n* < OO) | £<pv P*) = 1} ZE[Pw(Ul < 007X01 = U)]l{vET,&j(v,v*)zl}]

veT

)P(01 < 00)

where we used the transience of the random walk and the fact that the random walk
reaches a new generation via an edge with conductance one almost surely for the last
equality. Analogously, we obtain for & > 1

P(Ry < 00) =P(n. < oo |&(p,p") = 1)P(ox < 00)
<P < oo |&(p,p*) = P(Ry-1 < 00),

which implies
P(R;, < 00) < P(n, < oo | &(p, p*) = 1)". (5.3.10)

By Lemma 5.2.2 the probability P(n, < oo | {(p, p*) = 1) is strictly less than one and
therefore

P(K = o00) =P(R,, < 0o for all n € N)
= lim P(R, < o)

n—o0

< lim P(n, < oo [&(p,p") =1)" =0,
n—oo
which concludes the proof. O
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Proof of Lemma 5.2.4

We first prove the lemma for £ = 1. From Lemma 5.2.3 we directly get that the first
regeneration time 7y is almost surely finite. To show the second part of the statement we
follow the arguments of [Guol6].

Given m € N, vertices vy, ..., v,, € T and a measurable subset of environments A; C
), we let

A= A(m,vg, ..., 0m, A1) = {7’1 =m, Xo =00, X;n = U, w\w(vy) € Al}
be an element of the generator of G; (see (5.2.3)). We set v = v,, and
Ag:{( n)n>0 o] = m,onvg,...,Xm:Um}

for [ > 1. Furthermore, we let B = By X By € G X F be a set of the generator of G ® F.
Recall that the first regeneration time occurs at one of the potential regeneration times
o1, namely the last finite one (see definition (5.2.1)). This implies

P(Bo O, NA)
= Z]P’(Bo@T1 NAN{n = al})

- Z]P(Bo@ﬁ NAN{o; < o0, R = o0})
- Z E[Pw({(Xn — U)anrz S BQ} N Alz N {Rl = OO})]lfh (w\w(v))]]‘Bl([w*(U>])]]'{U€T,§(U,U*):1}]'
leN

Using the strong Markov property at time o; we get
P(Bo O, NA)
=D E[PI((Xn = 0)nz0 € Ba, 1o = 00) Po(A5) La, (w\w(v)) L, ([ (0)) L uere(o,0)=1)]

leN

=D E[PI((Xn = 0)nz0 € Ba, 1w = 00) P(A5) L, (0\w(0)) L, ([w"(v)]) | v € T &(v,07) = 1]
x P(veT,(v,v")=1).

The random variables P, (A4)1 4, (w\w(v)) and P2 ((X,—0)n>0 € Ba, np- = 00}) 1, ([w*(v)])
are independent under P(- | v € T,&(v,v*) = 1). This implies

P(Bo©, NA)
=Y B[PY((Xy = v)nzo € Ba,nyr = 00) 1, ([w* (v)])|v € T, & (v, 07) = 1]

x E[P,(A5)1 4, (w\w(v) ‘veTﬁ(vv)_l]P(veTf(v v*) =1)
= E[P,((Xn)nzo € Ba,nu = 00) 1, (w) | £(p, p7) = 1] Y E[Pu(A) 14, (w\w(v))]
=P(BN{n. =00} | &(p,p") =1) Y B[P, (AY) 14, (W\w(v))].

leN
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The generator G x F of the o-algebra G ® F is a w-system, which implies that the identity
above holds for arbitrary sets B € G ® F. In particular, we can substitute B by the set
of all events Q x T such that we obtain

P(A) = P(1. = 00 | £(p, p*) = 1) ) E[Pu(Ap)1a, (W\w(v))]

leN

for all A in the generator of G; and therefore

#500,04) -2 U L)

=P(A)P(B | n. = 00,&(p, p*) = 1).

Using the uniqueness of extension of measures again, we obtain that the above holds for
all A € G;. This implies

E[P(B | 1. = 00,&(p, p") = 1)1a] = P(B | n. = 00,&(p, p*) = DP(A)
=P(Bo©, NA)=E[lpee, 14]

for any A € G; and we conclude that

P(B o6, | G1) =E[lp.e,,

G| =P(B | n. =o0,&(p,p*) = 1)
for Be G® F.

Let us now show by induction that the lemma is true for general k£ € N. Suppose the
statement holds for £ — 1. Then we have

P(r, < 00) =P(1%-1 + 1100
:P<7'1 Oeq—k71
= ]P(Tl < 0 ‘ Ny = oo,f(p,p*) = 1)

ey < 00, Th—1 < 00)

< 00 | Tpo1 < 00)P(73—1 < 00)

Due to Lemma 5.2.2 and the fact that the first regeneration time 77 is almost surely finite,
we obtain

0 <P(rp = 00) = P(11 = 00 | . = 00,&(p, p*) = 1)
< B(r, = co)B(1. = 0 | £(p. p") = 1) "B(E(p, p*) = 1) = 0.

The proof of second part of the statement works with the same arguments as for £ = 1,
merely the notation becomes even more cumbersome. O

90



Proof of Proposition 5.2.5

Lemma 5.2.4 implies

(w*(XTn \w Tn+l)] € Alv (Xk‘ - XTn)TnSkSTnH S A27 Tn+1 — Tn € AB)

[P( Tn \w( Tn+1):| S A17 (Xk - X’rn)’rn<k<’rn+1 S A27Tn+1 — Tn € A3 } gn)}
[IP’(w\w n) € AL, (Xi)rer, € Az, 71 € A3 ‘ N = 00,&(p, p7) = 1)]
(

=K
P(w\w(Xr,) € A1, (Xi)k<r, € Az, 11 € As ‘ e = 00,§(p, p*) = 1)'

It remains to show the independence. For convenience, we set

S”l - ([w* (XTn)\w(XTnJrl)]’ (Xk - XTn)TnSkSTnJrN Tn+1 — Tn)-

Given n > 1 and measurable sets By, ..., B,, we have
P(Sl S Bl, ey Sn € Bn) = E[]l{SleBﬂ CE ]l{SneBn}}
=E[Lsieny - Ls,mien B[ Ls.en.y | Gn]-

Lemma 5.2.4 implies

P(S, € B,|Gn) = P((W\W(Xﬁ)a (Xk)k<r, T1) € Buln. = 00,&(p, p*) = 1)'

Since the right-hand side of the above expression is deterministic, we obtain

P(S; € By,...,S, € By)

P(S, € B, | G,)P(S, € By,...,S,-1 € By_1)
=E[P(S, € B, | G,)|P(S1 € By,...,Su-1 € Bp1)
P(S, € B,)P(S; € By,...,S,1 € B,_1).

By induction we get
P(S; € By,...,S, € B,) =P(S1€ By)-...-P(S, € By),

which concludes the proof. O

5.3.5 Moment bounds on regeneration distances: proof of
Lemma 5.2.7

To show the moment bounds on the regeneration distances, we follow the arguments of
[SZ99] with modifications as in [vdHHN20]. Let us assume that the subtree Tj(p) is
supercritical, i.e. (1 —a)m; > 1 and Ti(p) has a strictly positive probability to survive.
If the subtree T7(p) is (sub-)critical, the proof works analogously but the moment bounds
then depend on ¢, since the lower bound in Lemma 5.2.2 depends on ¢ in that case.
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Lemma 5.2.2 and Proposition 5.2.5 imply

E[<|XT2‘ - |XTqui| = E[(|X7—1| — |X0’)q | Ny = Oo,é(p, p*) — 1}
<E[(|Xn| = | Xo)YP(n. =00 | £(p, p*) = 1)T'P(&(p, p*) = 1)7!
S CE[|XT1|q}

It is therefore sufficient to bound E [|XT1 |q} . Since the first regeneration time occurs at one
of the potential regeneration times, namely at the last finite one (see definition (5.2.1)),
we have

B[ X7 =) E[1Xn Do, coorimoct] € D E[[Xo, [0, <o0)]

keN keN
1
< B[ X, P (o <o0}] *P(o, < 00)2, (5.3.11)
keN

where the last step is obtained by applying the Cauchy-Schwarz inequality. For o to be
finite, the random walk has to visit a new generation via an edge with conductance one
and return to its ancestor at least k—1 times. As we have seen in the proof of Lemma 5.2.3
(see (5.3.10)), we can bound the probability of this event by

P(oy < 00) < P(Rp-1 < 00) < P(n < 00| &(p, p") = 1)
Lemma 5.2.2 implies that there exists a constant ¢ = ¢(v, a, k) € (0,1) such that
P(oy < 00) < (1 —c)" L (5.3.12)

To bound the expectation in (5.3.11), we decompose the trajectory of the random walk.
The path to the first regeneration consists, on the one hand, of excursions starting from
potential regeneration points at which the random walk does not regenerate. On the other
hand, the random walk may reach a new maximal generation outside of such excursions,
but not via edge with conductance one, so that the hitting time is not a potential regener-
ation time. To specify this decomposition of the trajectory into excursions and the steps
outside of them, we introduce

My, = |X0'k|7
Ny =max{m >1:1n,, < Ry}

so that M, is the distance of the k-th potential regeneration point to the root and Ny is

the maximal generation that the random walk visits before it returns to the ancestor of
the vertex X,,. Furthermore, we define

Hy =M, H,=M— Np_1.
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That is, Hj indicates the number of generations that the random walk visits after it
has passed the previous maximal generation N,_; and until it reaches the next potential
regeneration point. Lastly, we set

No=0, N,=N,— M,

so that Ny indicates the number of generations that the random walk reaches for the
first time after it has passed the k-th potential regeneration point and until it returns to
its ancestor. In other words, N, counts the number of new generations that are visited
during the excursion starting from the k-th potential regeneration point. The distance
from the k-th regeneration point to the root can now be expressed as

k—1
| Xo | = My =Y (Ni+ Hia).

i=0
Due to the bounds in (5.3.11) and (5.3.12), we obtain

1

k—1 2q 2
~ k-1
<Z(Nz + Hz'+1)) ]l{crk<oo}] (I-c)z.

1=0

E[X,7] <) E

keN

Applying Jensen’s inequality twice we arrive at

1

k—1 2
E[|XA|7] < D E[K*Y (N + Hz‘+1)2q]1{ak<oo}] 1-0%

keN L =0
r k-1 3
<N TE[@EPNY (NP + HYE ) L geeoey | (1= )7
keN L =0
k—1 k—1 %
< Z(2k) 2q2_1 <ZE[NZQq]l{RZ<OO}] + ZE[HzEl]]'{Rz<OO}]> (1 - C)%a
keN 1=0 =0

(5.3.13)

where we used for the last inequality that {0, < oo} C {Ry_1 < 0o} C {R; < oo} holds
for every ¢+ < k — 1. The right-hand side remains finite if we can uniformly bound the
occurring moments.

Uniform bound for ]E[Hfflll{RKoo}]

Recall that H; counts the number of new generations the random walker visits after it
has exceeded the previous maximal generation and until it reaches the next potential
regeneration point. In other words, after reaching the previous maximal generation, we
wait until the random walk enters a new generation for the first time via an edge with
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conductance one. For this reason, the idea is to stochastically dominate H; by a geometric
random variable. To do this, we have to derive a uniform lower bound for the probability
that the random walker hits a new generation via an edge with conductance one.

Provided the return time R; is finite, we denote the times at which the walker reaches
a new maximum generation (regardless of the conductance of the crossed edge) by

Furthermore, we introduce random variables Y7, Yy, ... which indicate whether the walker
reached the new generation via an edge with conductance one or not. That is,

ka: 1, lff(Xs};C,st):l
0, otherwise.
We denote by
Vi=W(T) = {v €T :&(v,z)=1forall z € Gl(T(v))}

the set of all vertices v € T" where every edge connecting v with a descendant has conduc-
tance one. Provided that the random walk is located at a vertex v € V; at time s and its
next step leads to a descendant, we have Y}, | = 1. This yields the following lower bound

P({Yi,; =1} NBi) = > P({Yi,, =1, X, =v}NBiy)

veT
>3 P({IXgil = ol +1, X =v,v € Vi} N Biy)
veT
=Y B[P ({IXgnl =1vl +1,X; =v} N Big)Lpeny],
veT
where B;, = {Y/ = ... =Y} =0, R; < oo}. Using the strong Markov property in s} we
obtain
P({Yi =130 Big) 2 Y BPS(1Xa] = [of + 1) P ({X = v} 0 Big) Lwery)-
veT

When the random Walk starts at a vertex v € Vi, it moves to a descendant with a

probability of at least —5. This gives rise to the following bound
P({Yi,, =1} NB;y) > —ZE ({ Xy = v} N Bix) Lewy]
veT
=— ;E o ({ Xy = v} N Bik) Levyy | v € T]P(v € T).
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Since P, ({XSZ =0} N B;x) and Ly,ey;y are independent under P(- | v € T'), we obtain

P({Yi,, =1} N Biy)
1
Kk+1

>

Y EB[P,({Xy =v}nBy) [veT|PweVi[veT)PveT)

veT

1
= — P(p e V)P(B
——P(p € VI)B(Bis)

and

P(Ylj-i-l =1 | Bz’,k) > P(pe Vi) =pe(0,1).

k41
This implies
P(Hit1l{r,<o0} > m) = P(Hip1 > m, R; < o0)
<P(Y/=0forallk<m|R; <o)
=P(Y/=0|Ri<o0)...-P(Y}, =0| Ry <00,Y{ =0,...,Y) | =0)
<(@-p"
and therefore

E[(Hit11{ri<so})™] < C1 < 0 (5.3.14)

for some constant C; > 0 independent of ¢.

Uniform bound for ]E[qu]l{m@o}}

In view of (5.3.13), the proof is completed once we have shown that E[N;91 (g, <o) is
uniformly bounded. This is the major challenge in the proof. Recall that N; counts the
number of generations the random walk visits during the excursion starting from the ¢-th
potential regeneration point. Provided that R; < oo, a large value N; means that the
random walk has to go a long distance back towards the root. We will show that the
probability of backtracking a long way decays exponentially. To prove this, the key is a
regularity estimate for trees similar as in [GK84].

Due to the construction of the potential regeneration points, the excursions take place
in disjoint parts of the tree. Therefore, the random variables N;1 (g, <} are i.i.d. and it
suffices to show

E[qu]l{R1<oo}} < 02 < Q.

for a constant Cy > 0 that is independent of . Using that 1+ x < e* holds for all x € R,
we get for all s > 0

E[N" (g, <o0y] < CE[e"M 1, c0y], (5.3.15)
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where C' = (s, q) is some constant. Consequently, it suffices to bound

E[GSMH{RKOO}} - ZesnP(Nl =n, R; <o) (5.3.16)

neN

for some s > 0. This means we have to show that the event {Nl = n,R; < oo} has
exponentially small probability. We introduce

T =max{m >1:n, <nx:} — | Xo

so that T" counts the number of generations the random walk visits until it hits the ancestor
of its starting point for the first time. We calculate

P(Nl =n, R < ) ZE N1 =n,R <00,01 <00, X, = U)]I{UGT,ﬁ(U,U*):l}]
veT
= Z E[PS(T =N, Ny < OO)Pw(Ul < 00, )(U1 = U)]l{veT,g(u,v*):l}]
veT
=Y B[PYUT =n,n < 00)Py(01 < 00, X, =0) | v € T, {(v,0%) = 1]
veT

x PlveT,&(v,v*) =1),

where the second step holds due to the Markov property. Under P(-|v € T,&(v,v*) = 1),
the random variables PY(T = n,n,» < o0) and P, (0; < 00, X,, = v) are independent.
This implies

P(Nl = n,R1 < OO)
- ZE[P::}(T = N, Ny* < OO) | v e T,g(v, U*) = 1}E[Pw(0-1 < 0, ch = U)]]‘{UET,E(U,U*):l}}

veT
= E[PW<T =N, < OO) | g(pa p*) = 1:|]P)(O—1 < OO)
=B Z Pw(nn<77* <77n+17X77n :U) g(pvp*)zll
LveGn(T)

<E Z Foy(ns 00y, < o0, Xy, =0)
L veGn(T)

E(p,p") = 1] :

Here, 1, 0 6,, = inf{m > 7, : X,, = p*} denotes the time at which the shifted path first
hits p*, recall definition (5.2.2). Again, due to the strong Markov property, we arrive at

P(Ny = n, Ry < o0) <E[Z PY(n. < 00)P,(X,, = v)
veEGRL(T)

E(p,p*) = 1] . (5.3.17)
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Quenched return probability

We need a quenched bound for the return probability PY(n, < oo). We let w = (T, p, &)
be an environment and v € G,(T') a vertex of the n-th generation. Given L < n, we set
r = | %] and denote the ancestor of v in G} = G;(T') by v* for i = 0,...,r. Recall that
Ny = inf{n > 0 : X,, = v'} denotes the hitting time of vertex v’, we obtain due to the
strong Markov property

PY(n. < 00) < Pi(nw < 00,...,mr < 00) < [[ PY (i1 < 00). (5.3.18)
i=1
We denote the unique path between v'~! and v' by v'~! = v, vi,... v} = v’. Again, due
to the Markov property, we have

P:jz (’r]vi—l < OO) = P:;}ZL (’I]Uz'L_l < 00, ... 7771;6 < OO) = H P:,}J (771};;

. 5(“; 1>U;)
_Hg -1 g)+c (U OO)

7=1

where we used Lemma 2.4.1 for the last equality. Since, by Rayleigh’s Monotonicity
Principle (Lemma 2.4.5), removing edges can only reduce the effective conductance, we
obtain

and therefore

P”i( ﬁ 5(“; 1>Ui)
w Myi-1 < OO
~ 0 S 05+ Cuipaen (v, 0)

L _ |
H P:jiw vi.i < OO) = P£<w(v1) (nvi—l < OO)
=1

.

Due to (5.3.18), we conclude that

=1

By removing parts of the environment we obtain independence of Pﬁiw(m)(nvi*l = o0) for
different ¢ under P, which is crucial for the rest of the proof.

We can derive an exponentially small bound for the probability above if the underlying
environment is good enough in some sense. Roughly speaking, we call an environment

97



good if for all vertices v € G} the fraction of ancestors v* with a sufficiently high indirect
escape probability is large enough. To be more precise, we introduce the set of good
environments

B, (6,B,L) = {w eN: Z 1 P H:oo)zé} > [r for all v € G[r]}

w\w('ul)

for 5,0 € (0 1). That is, for w € B,(4, 8, L) every vertex v € G|;)(T) has at least fr
ancestors v for which the indirect escape probability P o\ (v )(an = o0) is at least 4.
We have to show that B, (9, 5, L) has a sufficiently high probability, provided that § and

[ are small and L is large enough. Then we are done. To see this, observe that for
w € By(4,B,L) and v € G,(T') with r = || we have

P(n. < 00) < (1—511 1 )Sl_éﬂr
( ) E ( ) {Pw\w(ul)(" 1= oo)>5} { P 1_1:oo)<5} ( )
In view of (5.3.17), the above estimate implies

]P)(Nl =n, R, < OO)

<(- 5>BTE[ S PX, =)

vEG,(T)

Z Po(Xy, =)

vEGH(T)
+E[Pu(na < 00) | {€(p, p*) = 1} N B.(6, B, L)*|P(B.(6, 8, L)° | £(p. p*) = 1)
< (1=8)7 +P(B(0,8,L) | £(p, p*) = 1). (5.3.19)

(p.p") =1} N B,(4, 5, L)]

+E (p, ") =1}y N B.(6,8, L) | P(B.(6, 8, L) | £&(p, p*) = 1)

Since our aim is to show that the probability ]P’(Nl = n, Ry < o0) decays exponentially
(recall (5.3.16)), it remains to show that B, (d, 5, L)¢ has exponentially small probability.
B.(6, 8, L)° has exponentially small probability

We use similar arguments as [GK84] and [DGPZ02] to show that B, (d, 3, L)¢ has expo-
nentially small probability. We introduce

(0,0, L) Z]l{vz

. =00)>
Pl i (o1 =00)26))

for v € G|,y and

Z,(5,0,L) = Y e 40ul),

UEG[T]
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The Markov inequality implies

P(B,(8,8, 1) | €(p.p") = 1) = P( min A,(6,v,L) < Br)
vEGr]
S eGBrE [6_6 miny, Ar(d,v,L)}
< TE[Z,(5,0, L)) (5.3.20)
This means we have to show that the expectation of Z,(d,0,L) decays exponentially,
provided that 6 is large enough. Using the independence of P”\w vl)(mi_l = 00), we
obtain the following recursion
[ (5 0 L Z Z e—@Ar(E,z,L)]
V€G] 1) 2€GL(T(v))
= E Z efeAr—l(J:'UvL) Z eeﬂ{PfJ\w(z>(”lv0°)>5}]
LveG_q 2€GL(T(v))
- E Z E e—HAr—1(6,v,L)E Z e —01¢pz "\ (z) (=028} w\w(v) G[rfl]
_'UEG[T,H L zeGL(T(v)) _
—E Z E|e—fA—16v.0p Z “OLPE (o) (0=00)26) Gy ]
LveG—1 L L 2€GL(T(v)) i
_E Z e@ﬂ{Pf]\w<2)(”lp00)25}] E [ Z E [eeAr_l((S,v,L) G[rfl]
LzeGr, UEG[T,”
= E[Zl<5’ 67 L)]E[Zr—l((sv 07 L)]
[terating this leads to
E[Z.(6,0,L)] = E[Z,(6,0,L)]". (5.3.21)

Recall that m; denotes the offspring mean, the expectation of Z;(4,6, L) can be bounded

as follows

> (e

zeGp

E[Z.(5,0,L)] = E[
< e*(’mf +E

—e 'ml +E

Y Lie L =oo)<s)

_ZEGL

=e 'm{ +mE [

L veG1

9]]-{1:’

w\w(z)

J(mp=o0)>s} T Lgpz | (np—OO)<5}>]

|

Lipz, | (np=o0)<s}

] |

> E > e

[zEGL_l(T(v))

Z ]l{ w\w( ) 77* OO)<6}

z€Gr_1
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In Lemma 5.3.3 below we show that there exists a constant C' = C(v,a, k) > 0 and a
function v with v(L,v,a) — 0 for L — oo such that

oK
—0(1+ K%L —-1))
We can therefore fix L sufficiently large such that mivy(L — 1,v,a) < 1 holds. We then

choose 0 large and 0 small enough so that the right-hand side is strictly less than one.
Finally, due to (5.3.20) and (5.3.21), we obtain

P(B,(5,8,L)" | £(p, p") = 1) < (°¢(0,6, L, r))".

Provided that  is small enough, this bound decays exponentially in 7 and then also in
n, which completes the proof. To see this, let us briefly summarize the results. Recall
that due to (5.3.19), the above estimate implies that the event {N; = n, Ry < oo} has
exponentially small probability and therefore

E[qu]l{31<oo}] <Oy <o

(see (5.3.15) and (5.3.16)). In view of (5.3.13), we conclude from this and from the uniform
bound in (5.3.14) that E[|X,,|?] remains finite. O

E[Z:(5,0,L)] < e ’ml +miy(L — 1,v,a) + C’1 mi = (0,6, L,K).

Lemma 5.3.3. There exists a function v with v(L,v,a) — 0 as L — oo and a constant
C =C(v,a,k) < 00, both independent of €, such that for 0 < § < ﬁ

0K
E[ Z ]l{p;z\w(v)(n*:oo)@}] <~(L,v,a) + C’1 ~50 1 +20) mlL.

veG],

Proof. A quenched bound for the indirect escape probability P‘fj\w(v)(n* = 00) highly
depends on the realization of the tree. The possibilities of the random walk to escape
depend in particular on the structure of the backbone tree TP, For this reason, we
differentiate according to the size of the L-th generation of T3P,

E[ Z H{Pf\w(v)(”*zwk‘;}] - E[ Z ]I{Pﬁ\w(v)(”*:OO)<5}]1{|GLHT1Bb\:0}

veEG], veGy,

B Y U =<t g iy
L veG,

+E Z IL{Pg\w)(n*=oo)<6}]l{|GmTle\>1} : (5.3.22)

L veG

As a reminder, T2" denotes the backbone of T1(p), i.e. the subtree where all vertices that
do not have an infinite line of descent are removed. For convenience, we write T} for the
subtree T3 (p). We study the three summands in (5.3.22) separately. Let us start with the
first one.

100



‘ (g -
”
ke o——9p2 c A

'Go(T)

Figure 5.5: Edges with conductance ¢ are indicated by dotted lines; edges with conduc-
tance larger than e are indicated by solid lines; vertices in the sixth generation Gg(7T)
are marked by dots on the dashed line. T} = Tj(p) is the subtree of T'(p) formed by the
edges with conductance larger than e containing the root (indicated by the thick lines).
In the sixth generation Gg(T) the vertices z', 22, 2% are in T}. For a vertex v ¢ T the
edge (vg,—1,vg,) is the first edge of the path from p to v with conductance €. A vertex v
is located in the set A if v = vy_ or if every vertex on the path from vy to v* has degree
2. In the sixth generation the vertices v!, v?, v3 are in A. The ancestors of v* which must

have degree 2 for v* being in A are circled.

The case |G NTEP| = 0: We start with considering the expected number of vertices
that have an indirect escape probability less than ¢ on the event that the L-th generation
of the backbone tree TEP is empty. This means that the subtree T; has to be finite.
We denote the unique path between p and a vertex v € G, by p = vg,vq,...,v, = 0.
Provided that v ¢ T3, we let k. be the index such that (v, _1,vy.) is the first edge of the
path from p to v path with conductance ¢, i.e.

ke = k.(v) = min{k > 1: §(vk_1,vx) = €}.
Moreover, we introduce the set
A={veT\Ti: k(v) = |v] or deg(vy) =2 for all k € {k.(v),...,|v] —1}}

so that A contains a vertex v € T\T if v = vy, or if every vertex on the path from vy to
v* has degree 2, see Figure 5.5 for an example. Whether the indirect escape probability
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P\ o) = 00) is small depends on where the random walk starts: in 73, in A or in
neither. We therefore distinguish between these cases,

E[ ). ]I{P[j\w(v)(m00)<5}]1{GL0T1Bb|=0}] = E[ > H{Pg\w@)(moo><6}]1{|T1<oo}]1{ven}]

veGy, veG

+E[ Y 1{Ps\w(v)(m=oo><6}]1{T1|<oo}]1{veA}]

_UEGL

+E[ Y ]l{P;’\w(U)(m:oo)d}]l{T1|<oo}]1{v¢T1uA}]-

_UEGL

(5.3.23)

We will treat the three summands separately in order of their appearance.

Bound for the first expectation in (5.3.23): When the random walk starts at
vertex v € T, we cannot expect the probability of never hitting p* to be small, since in
this case the walker has to take an edge with conductance ¢ to escape on the pruned tree
T\T(v). We therefore bound the first expectation in (5.3.23) by the expected number of
vertices in the L-th generation of the subtree T} conditioned on this tree dying out, that
is

2 Z ﬂ{Pf\mu)(”*:OO)d}ﬂ{lTl|<00}]1{UGT1}] < E[ Z Lieny | ITh] < OO] = (m)"

vEGT veGy

(5.3.24)

with m’ = E[EZEGl ]l{n_lgg(p’z)gﬁ}HTﬂ < 0o]. Conditioned on extinction, the subtree T}
is a subcritical Galton-Watson tree, which implies that m’ is strictly less than one (see
e.g. Theorem 3.7 and Exercise 3.17 in [vdH17]). Consequently, the above bound and thus
also the first expectation on the right-hand side of (5.3.23) vanishes as L tends to infinity.

Bound for the second expectation in (5.3.23): When the random walk starts at
a vertex v € A, we cannot expect the probability of never hitting p* to be small either.
This is because in this case the random walk first has to enter the subtree 77 in order to
escape on the pruned tree T\T'(v), which in turn implies that the walker has to cross an
edge with conductance . We therefore bound the second expectation in (5.3.23) by the
expected number of vertices v € G, in A. A vertex v can be located in A in two different
ways. HEither its ancestor has degree 2 and is already in A, or its ancestor belongs to T}
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and the edge connecting them has conductance . This gives the following upper bound

El Y Lipn o te=oo<oy Liii<o0) Liucay
veGT,

<E Z L{my)<oo} (L{vrea, deg(or)=2} + ]1{v*eT1,£(v*,v)=a})]

LveGL,

=B Z ]l{‘T1|<OO} Z (]l{veA,deg(v):Q} + ]l{veThg(wz)g})]

L veG 1 2€G1(T(v))
Y Wncsd ) ]1{veT1,s(v,z>=e}]-

+E
veGr_q z€G1(T(v))

=B Z ]1{‘T1|<00}]1{UGA, deg(v)=2}

LveGr_1

(5.3.25)
The first expectation in (5.3.25) is equal to

Bl ) ]1{|T1|<oo}]1{veA,deg(v)=2}] =Bl > E[]l{|Tl|<oo}]1{deg<v)=2}ML—J]

veGr_1 LveGL_1,vEA

—E| Y P(deg(v) = 2)E[l{n)<a0) |W|L—1}]

LveGL_1,vEA

ZV({l})E[ > LynjcooyLieay | (5.3.26)

veGr_q

where wj;_; denotes the first L — 1 generations of the environment. To see the second
equality, note that the indicator functions 1{geg(v)=2)y and Ly7|<oo} are independent, be-
cause the first one is o(w(v))-measurable, while the second one is o(w\w(v))-measurable,
since v € A in particular implies v ¢ T;.

Concerning the second summand in (5.3.25), we note that the tree 7} can only die out
when the subtrees T7(y) become extinct for all y in the (L — 1)-th generation of 7. If
this holds for all y € Gy NT} except v, this provides the following upper bound

E[ SRR n{vgbm,@ﬁ}]

veGr_1 2€G1(T(v))

<E| ) E{“{T1<y>|<oo\fyeGLmﬂ\{v}} > igwe=e

| veGr_1,v€T 2€G1(T(v))

_ ]

=k > E[ﬂ{m(y>|<ooVyec:L_mT1\{v}}|W|LJE{ > ]1{4(v,z>:s}H-

LveGL—1,v€TL 2€G1(T(v))
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Here, for the equality we used that the random variables 17, (y)|<co for all yeG,_nT1\{v}}
and ZzeGl(T(v)) Li¢(v,2)=} are independent. Let my. = E[Zzeal ]l{g(m)zs}} denote the
expected number of descendants of the root which are connected via an edge with con-
ductance €. We calculate

E Z 11y <o0} Z ]l{s(w)s}]

veG_q 2€G1(T(v))

<myEl Y E[lyng)ccovecs ooy | wi1]

LveGL _1,v€T)

=mEl Y E[lyngcowecsnmy | @p-1]P(Ti()] < 00)1]

_UGGL_I,UETl

= m1|8E Z ]l{yeTl}]l{|T1|<oo} P(‘Tll < OO>_1
LveGL 1

= m1|aE Z H{UET1} |T1| < OO]
LveGL 1

— ml|z—:(m/)L_1'
To see the last equality, recall that conditioned on extinction, the subtree 7} is a subcritical

Galton-Watson tree and the mean size of the (L — 1)-th generation is given by (m/)f1
see (5.3.24). In view (5.3.25), combining this bound with (5.3.26) we arrive at

+mye(m) 7t (5.3.27)

E[ > 1{|T1<oo}]1{v€A}] < V({l})E[ > Tgmicot e

veGL veGL_1

This means that we have a recursion of the form z,,y < ax, + ¢b”, rg = 0 for some
a, b, ¢ > 0. Iterating this leads to z,+1 < ¢, a'd" ", In our setting, iterating (5.3.27)
yields

E[ Z ]l{|T1<oo}ll{veA}] < mueiy({l})i(m/)uki = e (/) ‘_ (1/({1}))z

velGy, 1=0

(5.3.28)

If m" # v({1}), the geometric sum formula implies

myje(m')

P~ <y(?£l1,})>i N GOt S N

: m = o({1}) 1o
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To see the convergence, observe that m’ and v({1}) are strictly less than one. Otherwise,
if m" = v({1}), we have

L-1 i
1
ml\s(m/>L_1 <V({ ,})> — Lml‘g(m/)L_l 0.
o m L—o0
This shows that the second expectation on the right-hand side of (5.3.23) vanishes as
L — oo.

Bound for the third expectation in (5.3.23): Roughly speaking, when the ran-
dom walk starts at a vertex v ¢ T3 U A, it has a good probability of never visiting p*. This
is because, on the one hand, starting at a vertex outside of 77 implies that the walker
has to cross an edge with conductance € to reach p* at some time. On the other hand,
there exists a path in T\T'(v) to escape, since the random walk starts at a vertex that is
not located in the set A. For this reason, we derive a lower bound for the indirect escape
probability to bound the third expectation in (5.3.23).

We let w = (T, p, &) be an environment with |G, N TEP| = 0 and v € G, a vertex in
the L-th generation with v ¢ 77 and v ¢ A. Recall that (v, 1, vk, ) denotes the first edge
with conductance € on the path from p to v, Lemma 2.4.1 implies

Cos(woy, ) \w(v) (Vk., 00)
:jwv . = 00 ZPUkE , — 00) = ke € .
\w( )(77 ) w\w(v) (7] ke—1 ) 4+ Cw(’l)kg)\w(”) (ng, OO)

Let us denote the environment where each conductance in w is replaced by a > 0 by
w® = (T, p, (a)ece(r)). By Rayleigh’s Monotonicity Principle (Lemma 2.4.5), reducing all
edge weights to € can only decrease the effective conductance. This implies

Corvr ) \w(w) (Vker 00) > Coe (v )\ (v) (V. , 00)
and, due to the monotonicity of the mapping x — —%— on [0,00), we obtain

Cooe (5, )\w (v) (VR » 00)
€ + Coe (v )\w* (v) (VB , )

v

w\w(v) (77* = OO) >

= P:)]:iws(v) (nvkrl - OO)

__ Coruet @) (U, 0)
14 Cot (o N\t (0) (ke 0)

= P:J)Ifiwl(v) (nvks—l = OO)

1
1 + Rwl(vkg)\wl(v) (Uke, OO) .

To see the third step, observe that multiplying the conductance of each edge in the tree
with the same positive value does not change the transition probabilities of the random
walk. Since v ¢ A, there is a vertex on the path from v, to v that has at least two
descendants, i.e. there exists an index &' € {k.,...,L — 1} such that deg(vy) > 2. In
particular, this implies that there exists a vertex u # v with u € G N T'(vg.). Thinking
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of the tree as a subset of the Ulam-Harris tree, let u be the first vertex in G N T'(vy,)
with u # v. We use Rayleigh’s Monotonicity Principle (Lemma 2.4.5) and the Series Law
(Lemma 2.4.4) to bound the effective resistance as follows

Rt (o )\t (0) (Uke s 00) < Rt (U, 1) + Ry (4, 00) < L+ Ry (u, 00).
This implies

1
v . = > .
wiw(v) (77 ) — 14+ L+ Rwl(u) (u, OO)

We conclude that ij\ ( )(77* = 00) < 0 can only hold if

1-6(1+1L)
5 .
This leads to the following estimate for the third expectation in (5.3.23)

Rwl(u) (u, OO) >

[ Z ]l{ Pl °°)<5}]l{|T1<OO}]l{v¢T1UA}]

veGT,

<E Z ﬂ{ungluA}E[]l{Pv\w<v (ne=o0)<s} | W|L}]

L veG L

<E Z ]I{U§ET1UA}E|: {R 1y (1:50)> - 6(1+L)}:|]

L veG,

1—4( 1+L)

> ]l{vngluA}] (5.3.29)

veEG],

= P(Rwl(p, 00) >

For ¢ > 0 small enough, the Markov inequality implies

P(Rw1(p,oo) > 1_5(51+L)) < 1_5((51+L)E[Rw1(p,oo)].

The first moment of the effective resistance is finite by Lemma 9.1 in [LPP95], since w!

is a supercritical Galton-Watson tree with unit conductance. The expectation in (5.3.29)
can be bounded by the mean size of the L-th generation

[ Z Tvgruay

veGT,

< E[|G.]] =my,

recall that m, is the offspring mean. In view of (5.3.29), we conclude from the last two
estimates that

0 L

<Oy
SO Sar o™

(5.3.30)

[ D Len o e=oo)<oy L <oo Liugriuay

veGT,
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for some constant C; = C4(v) < 0.

Finally, due to (5.3.24), (5.3.28) and (5.3.30), we obtain the following estimate for the
first expectation in (5.3.22):

0 L

E Z ]l{P:f\w(v)(U*=00)<5}1{\GLHT1B"|:0} < h(L, v, Oé) + C4 T my (5331)

veGy, <1 + L)

for some function h that vanishes as L tends to infinity. This bound is independent of
¢ and becomes arbitrarily small when we first choose L large enough and then choose §
sufficiently small.

We remark that a (sub-)critical tree T} dies out with probability one, which implies
|G, NTEP| = () and therefore

I Z]l{PZf\w(U)(n*:oo)<5}]l{|GmTle|21} =0.

veGy,

Consequently, in the (sub-)critical case we are done at this point. For the rest of the proof
we therefore assume the tree 77 to be supercritical.

The case |G, NTEP| = 1:  We proceed studying the second summand in (5.3.22). That
is, we consider the expected number of vertices that have an indirect escape probability
less than ¢ on the event that the L-th generation of the backbone tree TP contains exactly
one vertex. Whether the indirect escape probability ij\w(v) (n. = 00) is small depends on
where the random walk starts: at the vertex in the backbone tree or at some other vertex.
We therefore distinguish between these cases,

E Z ]I{Pj\w(v)(n*:oo)<§}]l{GLmTle|:1}] = E[ Z ]I{PS\W(U)(77*:00)<5}]1{|GLI"ITF1)=1}]1{U€T1Bb}]

veEGT veGy

+EB

Z ]l{Pﬁ\u(v)(”*zoo)d}ﬂ{GLﬂTlelzl}]l{v¢T1Bb}] :
veGy

(5.3.32)

As usual, we treat both summands separately.

Bound for the first expectation in (5.3.32): When the random walk starts at
the single vertex in the L-th generation of the backbone tree TP, we cannot expect the
probability of never hitting p* to be small. This is because in this case the walker has to
leave the backbone tree to escape on the pruned tree T\T'(v), which implies in particular
that the walker has to cross an edge with conductance € in order to escape. We therefore
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bound the first expectation in (5.3.32) by the probability that the L-th generation of the
backbone tree TEP contains only a single vertex

E

Z ]I{Pﬁ\w(v)(’7*:"0)<5}ﬂ{|GLﬁT1Bb|=1}]l{v€Tle}]
veG]

<5l ¥ tam

veGy

=P(|GLNTP* =1). (5.3.33)

GLNTPP =1|P(|GL N TP = 1)

When we condition on the survival of Tj, the backbone tree T2 is again a supercritical
Galton-Watson tree. This implies

lim P(|G,NT" =1) < lim P(|G,NTPP =1 | |T1| =00) =0
L—oo L—o0
and thus the first expectation in (5.3.32) vanishes as L tends to infinity.

Bound for the second expectation in (5.3.32): When the random walk starts
outside of the backbone tree T2 it can escape via the backbone tree. This indicates that
the random walk has a good probability of never hitting the vertex p*. Just as for the
third expectation in the previous case, we derive a lower bound for the indirect escape
probability to bound the second expectation in (5.3.32).

We let w = (T, p,€) be an environment with |G, N TE?| = 1 and v € G, a vertex
in the L-th generation with v ¢ T2P. Then there exists exactly one vertex u € G N'Ty
such that the subtree T} (u) survives. Applying Lemma 2.4.1, we can express the indirect
escape probability as a ratio of effective conductances

CUJ\W(U) (P, OO) > 1
g(pv p*) + Cw\w(v) (p7 OO) 1+ KRw\w(v) (p7 OO)

Using Rayleigh’s Monotonicity Principle (Lemma 2.4.5) and the Series Law (Lemma 2.4.4),
we can bound the effective resistance as follows

A\ (v) (7 = 00) > Pf}\w(v) (n. =o0) =

Runww)(p,0) < Ru(p,u) + Ry (u, 00) < KL + Rwlsb(u)(u, 00),

where wPP(u) is the environment formed by the backbone tree of Tj(u) and the corre-
sponding conductances. This implies

1
>
T 1+ KL+ KR yso(y (u, 00)
1

v

oty (M = 00) (5.3.34)

and therefore PZ)\w(v) (n* = oo) < ¢ can only hold if

1—6(1+K%L)
0K

Rw?b(u) (U,7 OO) >
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We calculate

[ > 1 P2 o (1 ><6}]1{GmTPb|=1}]1{v¢Tle}]

vEGT,

=B| >, D Bl o< lyonmpeimy Lperpny Lim o= | WlL]

L veGr ueGrNTy

=B Z Z E |:]l{RwBb(u)(uyoob1_6%:“2”7T1(U)|=oo}]l{|T1(Z)|<00VZEGLﬂT1\{U}aU¢T1Bb} ‘ w|L:|]

'UEGL ueGNT

=E| > > E[lyneicoovcanmi, v¢TBb}\WL]E[]1{R By (1:00)> =202 i OO}H
B

UEGL ueG NIy

=E Z Z {m )| <ooVzeGLNTi\{u}, v¢ TBP} ‘ W\L] (|71 (u)| = OO)]

L veG L ueGLNTy

1 —90(1 27
xP(Rmemoo) > 120Ut h) ]|T1|=oo),

where we used the independence of the indicator functions for the second last equality.
For ¢ > 0 sufficiently small, the Markov inequality implies

1—0(1+ L) oK
B == < B —
P(Ruplpoc) > 1200 \|T1| %) < T ERup (00 | T3] = o]

Conditioned on the survival of the tree T}, the backbone tree T2" is a supercritical Galton-
Watson tree with uniformly elliptic conductances, thus by Lemma 3.3.1 the first moment
of the effective resistance is finite. Using the independence of the indicator functions again
yields

[Z Lipe, oy e oo><6}]1{|GmTPb|=1}]1{v¢Tle}]

veEGT,

<Cr—; 1+/<;2L [Z Y Elgnjmso, o <oovzearnm g, ogrpey | @ic]

veGL ueGLNT

0K
v L

oK I

<
ST ™

(5.3.35)

for some constant Cy = Cy(v, a, k) < 00.
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In view of (5.3.32), due to the bounds in (5.3.33) and (5.3.35), we conclude that

0K
b
Z Lipy oy e=oor<erbjapareoi=ny | < P(GLNT™=1) + C(21 —0(1+ /*sz)mf
veGy,
(5.3.36)

This bound is independent of € and becomes arbitrarily small when we first choose L large
and then 0 small enough.

The case |G NTEP| > 1: Lastly, we consider the expected number of vertices that
have an indirect escape probability less than J on the event that the L-th generation of
the backbone tree TP consists of at least two vertices. This means that there is always
a path in the backbone tree along which the random walk can escape no matter at which
vertex in the L-th generation it starts. More precisely, for every vertex v € G there
exists a vertex u # v with u € G NTEP and therefore we have the same lower bound for
the indirect escape probability as in (5.3.34). This implies that Pl o) (N = 00) < 0 can
only hold if

1—6(1+rK%L)
Rw?b(u) (U, OO) > o .
Let us denote the vertices in the L-th generation of T' by z, 2z5,... (ordered as in the

Ulam-Harris tree). Similar arguments as in the previous case lead to

Z Lipy o= °°)<5}]I{GLOTBb|>1}]

veG

i IGLl
=E Z ]1{P:\w<q,><n*=oo)<5}]l{leTlebl} Z Liziemy, zito, T3 (21) | =00, |T1(zj)<oow<z-}]
L veGy, =1

|Gl
=P Z ZH{ZZGTI’Z#U}E{ {Rwlem)(zi,oo>>71““§:“2%,|T1<Z¢>|=oo}]l{'Tl(zj)'@W“}

LveG i=1

r GL wILH

=B| 2 2 een e Bllimeicevicn | wL}Eh{Rw?b<m<zi,w>>l“%ﬁ*’“%ﬂ(zz-)l:oo}”

L ’UEGL =1

i |Gl
=E| YD Ienncs s BLn )i | 0] PT1(z1)] = )]

L veG i=1

1—-0(1 2L
xP(Rw?b(p,oo)> o+~ )’|T1|:oo).

0K
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By an analogous application of the Markov inequality and Lemma 3.3.1 as before, we
conclude that

E Z ]I{Ps\w(v)(n*:oo)<5}]l{GLmTle|>1}]

veGT,

|Gl
0K
< (Y 1— 5(1 T I{2L)E [ Z Z ]l{zieTlmGL7zi7é'U7 [T (21)|=00, |T1(25)|<co Vj<i}

veGy =1

oK
< L
ST S en™

(5.3.37)

for some constant Cy = Co(v, v, k) < 0o and § > 0 small enough. For L fixed this bound
becomes arbitrarily small when we choose § sufficiently small.

In total, adding up (5.3.31), (5.3.36) and (5.3.37) yields

o L
E EZG: ]]-{P:j\w(v)(n*:oo)<5} S h(L7V7 OZ) +Clmml
v L
+P(IGL NI =1) +C et
L1 1-6(1+r2L) !
0K
C L
+ 21—5(1+I€2L>m1
oK
< (L T
< ’V’a)+01—5(1+l-€2L)m1

for some constant C' = C(v,a, k) < oo and some function 7 that vanishes as L — oo.
We note that this bound is independent of € and becomes arbitrarily small when we first
choose L large enough and afterwards o sufficiently small. O

5.3.6 Moment bounds on regeneration times: proof of
Lemma 5.2.8

By Lemma 5.2.2 and Proposition 5.2.5 we obtain
>k * -1
E[(r, — )" = E[r{ | n. = 00,&(p, p") = 1] < E[H{|P(n. = 00,&(p,p") = 1) < C.E[r].

This shows that it suffices to bound E[7{]. Tt holds

o0

E[rf] =) (n?— (n— 1)")P(r; > n).

n=1
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This can be easily verified by the following short calculation:

Y (= (n—1)IP(r; =n) =Y (n?— (n— 1) Zpﬁ m)
=Y Plri=m)> (n?—(n—1)9
=Y mP(r, = m) = E[r{]

Consequently, we obtain the boundedness of the g-th moment of the first regeneration
time once we have shown that P(my > n) < C.n™" holds for r sufficiently large. The
first regeneration time is large either when the first regeneration occurs in a generation
far away from the root, or when the random walk stays in the first generations for a long
time,

P(r > n3)

P(ri > n®, 7 > n,) + P(m > n’, 71 <)
< P(r1 = ) + P, > n). (5.3.38)

Applying Markov’s inequality and Lemma 5.2.7 leads to the following estimate for the
first summand:

B[l X, |"]

P(n 2 ) = P(Xn | 2 m) < =2

<Cn™" (5.3.39)
for any arbitrary r > 0 and some constant C. = C.(r) < co.

To derive a polynomially small bound for the second summand in (5.3.38) we follow
the arguments of [A1d10]. The hitting time of the n-th generation is large either when the
random walk visits a great number of distinct vertices or when the walker returns many
times to a single vertex. To formalize this, let ¥, be the k-th distinct vertex visited by
the random walk. Furthermore, we introduce the local time of a vertex z

2) =D Tix—).
k=0

That is, L(z) counts the number of visits in z. We now estimate the probability that the
walker requires more than n? steps to reach the n-th generation as follows

P(n, > n’) <P({Xo, ..., Xy }| > n*) + P(3k < n®: L(9) > n). (5.3.40)

We determine upper bounds for both probabilities separately. Let us start with the first
one.
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Bound for P(|{X,..., X, }| > n?)

The random walk can only visit more than n? distinct vertices before reaching the n-th
generation if the walker sees more than n distinct vertices in at least one generation.
This in turn implies that the random walk has to return to the ancestor of each of these
vertices. Using a uniform bound for the probability of hitting the ancestor of the root as
in Lemma 5.2.2, we can show that the probability of this event decays exponentially in
n. To specify this, we set t¥ = n, and recursively for i > 1

th =inf{m >t |X,,| =k, X,, # X, for all | < m},
so that t¥ is the hitting time of the i-th distinct vertex in generation k. We then have

P(|{Xo, ..., Xy }| >n2) <Pk < n: |{Xo,..., Xn,} NGl = n)

\E

P({Xo,.... X, } NGi| > n)

o

3 |l

1

IN

P(t5 < o). (5.3.41)

k

For tk to be finite, t* | has to be finite as well and the random walk has to return to the

ancestor of the vertex Xy . Due to the Markov property, this implies

P(th < 00) = > B[P,(th < 00, Xpr . = v)1pery]

n

vETY

< Z E[Pw(t’fb 1 < oo,Xtﬁi = U, My» O Gtﬁf < oo)]l{veT}]
vET

= Y E[P)(ne < 00)Pu(th <00, X =0)Tery]. (5.3.42)
’UETk

Here, T denotes the k-th generation of the Ulam-Harris tree and 7,« o th s the time at
which the shifted path first hits v*, recall definition (5.2.2). We note that the quenched
probabilities in (5.3.42) are not independent, since the edge (v*, v) influences both. There-
fore, the idea is to fix its weight. If the conductance of the edge (v*,v) is raised to k, the
probability of hitting the ancestor v* when starting at v can only increase. To formalize

this, we denote the modification of a given environment w = (T, p,&) by @, = (T, p, &)
with

~ ):{f(z*,z), z £

K, z2=0

.

see Figure 5.6 for an example. Lemma 2.4.1 and the monotonicity of the mapping = — - %3
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(a) Environment w (b) Modified environment @,

Figure 5.6: In the modified environment @, the conductance of the edge (v*,v) is replaced
by k.

on [0,00) then imply

E(v*,v) < K

PY(ny < o0) = g(v*,v)+cw(v)(v,00) = /i—i—Cw(U)(U,oo)

= Py (1, < 00).

Observe that this upper bound is independent of P, (tk | < oo, Xy =v). Together with
(5.3.42), we obtain

P(th < o0) < > E[PS (e < 00)Pu(th y <00, X =v) [veT|PveT)

vETY

=Y B[P (e <o) | veT|E[P(th | <00, Xp  =v)|veT|PeT)
vET

= E[ng (77* < OO)] Z E[Pw (tﬁfl < OO7X’5§L71 = U)]l{veT}}

vET
= E[PJ(n. < 00 [ £(p*,p) = #)|P(t;_; < 0)
=P(n. < o0 | &(p",p) = K)P(th_; < 0).
Iterating this yields
P(ty < 00) < P(n. < oo | &(p*,p) = #)"
Analogously to Lemma 5.2.2 we can show
P(n. = oo [ £(p",p) = k) = c.

for some constant ¢. = c.(v,, k) > 0. Finally, due to (5.3.41), we obtain the following
bound for the first probability in (5.3.40)

P({Xo,..., X, }| >n*) <n(l—c)", (5.3.43)

which decays exponentially in n.
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Bound for P(3k < n?: L(Y;) > n)

Next, we study the probability that the random walk returns to one of the vertices
V1, ...,0,2 at least n times. Lemma 5.3.4 below gives an estimate for the probability
of returning to the root many times. With this result we can derive a bound for the
probability of visiting the vertex ¥4 at least n times, which decays polynomially in n. We
have

P(3k < n®: L(Y) > n) ZIP’ (0y) > n). (5.3.44)

We set 77( ) = 1, and recursively for k£ > 1
n®) =inf{m > nlF-Y . X,, = v}

so that nz(,k) indicates when the random walk hits the vertex v the k-th time. Now we
calculate

P(L(Yy) >n) = > E[P,(n{"" < 00,9 = v)Ljery]

<N E[Pu(ne < 00,0 = v)(1 = PU(nf = 00,1+ = 0)) " Livery],

(5.3.45)

where 77 = inf{m > 1: X,, = v} denotes the first hitting time of the vertex v after zero.
Note again that both quenched probabilities in (5.3.45) are influenced by the edge (v*,v),
so they are not independent. We recall that @, is the environment where the conductance
of the edge (v*,v) is replaced by k. The following calculation shows that this modification
of the environment reduces the probability of never returning to v and never visiting the
ancestor v*:

PY(nf = o00,me = 00) = Y Pl =00, X1 = 2)

Z2rov, 27V
= ) PUXi=2)F(n =)
zrov,z£V*
£(v, 2)
- B3 (ny = 00
zwév 5'[}* +Zm~v ,TFEV* €(U>$) U( )

>y 02 ___p: (g, = )

2o, 2740* K+ wav,a};ﬁv* 5(,07 QT) “

= Y PL(Xi=2)PE (1, = o)

zZrov,zF£V*

= P}jy(n;’ = 00, Ty = 00).
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In particular, this lower bound is independent of P, (n, < oo,v; = v). Together with
(5.3.45), this implies

P(L(Yx) > n)
< ZE[PW(T}U <00, % =v)(1 = P (nf =o00,mp =00))" |veT|P(veT)

veT

= ZE[Pw(nv <o0,U=v) |veT|E[(1- Py (n; =o0,n» = 00))" |veT|P(veT)
veT

=E[(1- ng(nj = 00,1, = 0))" ] ZE[Pw(nv < 00,V = v)Lpery]

veT

= E[ng(n; < 00)"]
=P(L(p) > n [ £(p", p) = K).

By Lemma 5.3.4 below this bound decays polynomially in n. In view of (5.3.44), this
implies that for any 5 > 0 there exists a constant C. = C.() such that

P(3k < n?: L(¥;) > n) < C.n® "

Combining this estimate with the exponentially small bound in (5.3.43) gives the polyno-
mial decay of the probability in (5.3.40),

P(n, > n*) < Cn*".
In total, due to (5.3.38) and (5.3.39), we conclude that
P(ry > n®) < Cen™ + Cln® 7, (5.3.46)

where 7, 5 > 0 can be chosen arbitrarily. This shows that the g-th moment of the first
regeneration time E[7{] remains bounded, which completes the proof. O

For the proof of Lemma 5.2.8, we need a bound for the probability that the random
walk returns at least n times to the root. The required estimate is given in the following
lemma.

Lemma 5.3.4 (Bound on local time). For any > 0 there exists some constant C. > 0
such that for alln > 1

P(L(p) > n | &(p,p*) = &) < Cen™.

Proof. Recall that L(p) counts the number of visits in the root, i = inf{m > 1: X, = p}
is the first hitting time of the root after zero and @, denotes the environment where the
conductance of the edge (p*, p) is replaced by x. We have

P(L(p) > n | &(p*, p) = k) = B[Pa,(L(p) > n)] = B[P, (n} < c0)"].
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(a) Environment @, (b) Modified environment @

Figure 5.7: v is the first descendant of p. In the modified environment @ the conductance
of each edge in T'(v) is replaced by € and all edges in T'(z) for z € G1(T")\ {v} are removed.
The first generation G, of the subtree T (v) is marked gray. Edges with conductance ¢
are indicated by dotted lines; edges with conductance larger than € are indicated by solid
lines.

We start with determining a bound for the quenched return probability P, (77; < o0) by
modifying the environment w, once again. We denote the first descendant of the root by
v and we reduce the conductance of each edge in the subtree T'(v) to €. For convenience,
we write Gy for the first generation of this subtree. Furthermore, we remove all edges in
the other subtrees T'(z) rooted at a descendant z of p with z # v. The new environment

~

is called w = (7, p, &) with

K, z2=0p
S E(z%,2), |z2|=1
£ 2) = (z%2), |2l :
g, z, z* €T (v)
0, otherwise

see Figure 5.7 for an example. The following calculation shows that a random walk in
this new environment has a higher probability of returning to the root:

Py, (0} < 00) = Py, (X1 =0)P} (n, <o)+ Y Py, (X1 =2)P} (n, < )

zrp, 27V
£(pv)
< Py(Xi=v + P,(Xi =2
X =) 3 Co o (0,59) Zyé (X, = 2)
£(p,v)
< P,(X|{=vw + Py(X1=2)P:i(n, < o0
=) T G (0.9) Z?& (X, = 2)Pi(n, < o)

To see the third step, observe that we have PZ(n, < oo) = 1 for all z ~ p, z # v and
Cow)(v,00) < Cy,w)(v,00) by Rayleigh’s Monotonicity Principle (Lemma 2.4.5). This
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implies
B[P, () < o00)"] <E[PL(n} < o00)"] = E[Py(L(p) > n)]. (5.3.47)

If the random walk enters the subtree T'(v) sufficiently often, it is unlikely that walker
will return to the root many times. We introduce

n+1

o)

Hy = Z ]l{Xk72:P7Xk71:U:XkEG1}
k=2

so that f[n indicates how often the random walk moves from the root to a vertex in Gl
before it returns to the root for the n-th time. Now we write

E[P,(L(p) > n)|] = E[P:(L(p) > n, H, > nd,)] + E[Ps(L(p) > n, H, < nd,)], (5.3.48)

_e
K24ek”

where we choose 6, = c.n 5 with Cc. = We derive bounds for both summands

separately.

Bound for the first expectation in (5.3.48): The main idea is to compare the re-
turn probabilities of the random walk on @ with those of a simple random walk on a
Galton-Watson tree. In the environment @, each edge in the subtree 7'(v) has the same
conductance. For this reason, if the random walk is only observed at the vertices of
T'(v), it has the same distribution as a simple random walk on 7'(v). On the event
{L(p) > n, H, > né,}, the random walk on T returns at least nd, times from G to p.
This in turn means that the walk restricted to T'(v) returns from Gy to v at least nd,
times. Therefore, it suffices to investigate the probability that a simple random walk on
a Galton-Watson tree hits the root at least nd, times. Using the estimates for the law
of the first regeneration time of the simple random walk shown by [Pia98|, we obtain a
stretched exponential bound for this probability.

We specify this in the following. Given an environment w = (T, p, &), we denote the
first descendant of the root by v. We define a sequence of stopping times

G=inf{m>0:X,, eT(v)}
and recursively for £ > 1
G =inf{m > (41 : X;p, € T(v), Xon # X¢,_, }

so that (; denote the points in time when the random walk is located in the subtree T'(v)
(in a different vertex than at time (j_1). The process X¢ = (X, k>0 is then a random
walk on the subtree T'(v). Since (Xj)r>o starts at p, the process X¢ starts at v. To
determine its transition probabilities we let x, y € T'(v) be two neighbours. We note that
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it is not possible for the random walk X¢ to visit more than one neighbour of x during a
single excursion starting from x. Hence, Lemma 2.4.1 implies

Co(z,y)
C@ (IL‘, ZT(u) ([L‘)) ’

where Zp)(x) = {z € T'(v) : z ~ x} denotes the set of neighbours of the vertex z in the
subtree T'(v). Using the Parallel Law (Lemma 2.4.3), we have

Colr, Zrwy(@) = Y &(z.2) = |Zrw(2)le

z~x, z€T (V)

Py(Xeon =y | X, =) =

such that

€ B 1
" Zrw(@)e 1 Zrw @)

This shows that X¢ is a simple random walk on T'(v) starting at v.

On the event {L(p) > n, H, > nd,}, the random walk X¢ returns to the vertex v
at least |nd,| times. Consequently, the first regeneration time 7;(X°¢) of the process X¢
cannot occur before time |nd, |, which implies

E[Ps(L(p) > n, H, > nd,)] < E[P(ri(X°) > [nd,])].
[Pia98] showed that there exists a positive constant ¢ > 0 such that for all n > 1

E[P2(r(X6) > |nd,])] < e~clnonl?

1

Recall that 9, = c.n™3, we get the following stretched exponential bound for the first
probability in (5.3.48):

ol

E[P.(L(p) > n, H, > nd,)] < e clndnl? < g=éen (5.3.49)

for some constant ¢, > 0.

Bound for the second expectation in (5.3.48): We introduce

(n+1)

Ry, = Z Lixy s=xXp=p} = Z]l{ (B4 (0 o

which is well-defined on the event {L(p) > n} = {77 () o oo}. That is, R, counts the

number of excursions of length 2 starting from the root until the random walk returns
to the root for the n-th time. Given an environment w = (7', p,€) and the modification

119



w introduced above, the random variables 77,(;2) — nél), o ,n,(,nH) — né") are independent

and identically distributed under P;(- | L(p) > n). As a sum of i.i.d. Bernoulli random
variables, R, is binomially distributed with parameters n and success probability

Py(nt =2)

wW\'p

This implies

I
e
—~
=

S
Vv
=
—_
|
&

:kM:—%ﬂ(Z)<é%é%;;&%)k<l_fg%%§£;;%>nkfbmj<i“ﬁ”
= 3 () =2t <00 - R =)
k=ln(1-6,)]

where B, is a binomially distributed random variable with parameters n and P, (1} = 2).
The probability that the random walk returns to the root after two steps can be bounded
as follows

Po(ny =2) =1 = Po(Xa # p) = 1= Po(Xy = 0)P5(X, € G1)

p

—1_ é(puv> . ‘€|é1|
H_'_Ezwp,z;ép* £(p7 Z) g(pa ’U) +E|G1|
€ €
<1- : 1—p
- k+|Gi(T)|k Kk+e ~ b
with

A CE Cc. = 62
P=oic0m) “7 Ryen

Thus, B, can be stochastically dominated by a binomially distributed random variable
B,, with parameters n and 1 — p, which implies

P.(L(p) > n, H, < né,) < P(Bn >n(l—96,))
= P(B, —n(1 —p) >n(p—d,)). (5.3.50)

An application of Hoeffding’s inequality yields a stretched exponential bound for the
probability above if p — §,, is strictly positive. To guarantee this, we introduce the set

3

Wl

D, = {w = (T, p,6) € Q: |G1(T)] < %n
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Then for w € D,, (or equivalently @ € D,,) we have

P—bp= s — e >
2|G1(T)] 2

and by Hoeffding’s inequality
R R 2 1
Py(L(p) > n, H, < nd,) < P(Bn —n(l—p)> C€n§> <e zn?,
Since this bound holds for all w € D,,, we conclude that

3 2 1

Moreover, the Markov inequality yields
. 1
E[P.(L(p) > n. Hy < nd,)Lpg] < P(IGU(T)] > 0¥ ) < SYE[GHT)In™ (5.3.51)

for 5 > 0 arbitrary, since the offspring law has finite moments of any order by assumption.
Combining the last two estimates implies

E[P,(L(p) > n, H, < né,)] < Cen™

for some constant C. = C.(8) > 0.
Together with (5.3.47) and the stretched exponential bound in (5.3.49), this implies
that for any 5 > 0 there exists some constant C. = C’() > 0 such that

E[PL (n} < 00)"] <E[Py(L(p) >n)] < Cln?,
which is what we wanted to show. O

Finally, we note that, as mentioned in Remark 5.2.9, the assumption that the offspring
law has finite moments of any order can be weakened without affecting the validity of the
functional central limit theorem in Theorem 5.1.1. If instead we assume that the r-th
moment of the offspring law is finite for some r > 24, the bound in Lemma 5.3.4 still
holds for some § > 8 (see (5.3.51)). This in turn implies P(r; > n) < Con™" for some
r > 2 (see (5.3.46)), so that the second moment E[7{] is finite, which is sufficient to prove
Theorem 5.1.1.
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List of Symbols

Trees and environments

deg(v)
dr(u,v)
|v]

[u - U]x—oo

u~v

¢(e)
C(v)
Cu(v, A)
Ro(v, A)
g(T)
Gu(T)

TW 7@

degree of v

graph distance between u and v

graph distance between v and the root

horodistance from u to v, relative to the boundary point x_ .,
u and v are adjacent

ancestor of v

conductance of e

sum of conductances at v

effective conductance in w between v and A

effective resistance in w between v and A

edge set of T’

n-th generation of T’

the first n generations of T’

subtrees that form the augmented tree by connecting their roots
subtree formed by v and all its descendants

shifted subtree T'(v) such that v is identified with @) in T
subtree formed by T'(v) and (v*, v)

subtree formed by 7 and (p,v)

subtree of T' that contains v after removing all e-edges
subtree of T'(v) that contains v after removing all e-edges
subtree T1(p)

backbone tree of T'

subtree where T" is removed from T’

Ulam-Harris tree

set of rooted trees

set of environments
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13
29
13
29
13
14
16
16
21
21
13
14
14
28
39
75
75
31
38
74
27
38
76
14
14
14



Probability measures and related objects

O Dirac-measure in a 8
offspring law 15
v offspring law of T} 27
mg k-th moment of v 15
W conductance law, uniformly elliptic 15
[le conductance law p. = ad. + (1 — a)p 26
ellipticity constant of p 15
first moment of 29
GW law of a Galton-Watson tree with offspring law v 15
P law of a Galton-Watson tree with offspring law v and conduc- 16
tance law p
pave law of an augmented Galton-Watson tree 28
p invariant measure for the environment observed by the particle 29
P, quenched law of the random walk on w 16
P, quenched law of the bi-infinite random walk on w 28
P annealed law 17
P invariant annealed law 29
P pushforward measure of P under the projection IL,, 51
g Borel o-algebra on 2 15
F Borel o-algebra on TMe 16
F Borel o-algebra on T?# 28

Hitting times and related objects

un first hitting time of a set of vertices A 20
Mo first hitting time of the vertex v 20
nt first hitting time of the vertex v after 0 20
s first hitting time of p* 74
s first hitting time of the k-th generation 85
O k-th potential regeneration time 73
Ry, time of the first return to X o after time oy, 73
Tk k-th regeneration time 74
L(v) local time of v 112
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