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Abstract

Random walks on dynamic graphs have received increasingly more attention from
different academic communities over the last decade. Despite the relatively large
literature, little is known about random walks that construct the graph where they
walk while moving around. In this paper we study one of the simplest conceivable
discrete time models of this kind, which works as follows: before every walker step,
with probability p a new leaf is added to the vertex currently occupied by the walker.
The model grows trees and we call it the Bernoulli Growth Random Walk (BGRW). We
show that the BGRW walker is transient and has a well-defined linear speed c(p) > 0
for any 0 < p < 1. Moreover, we show that the tree as seen by the walker converges
(in a suitable sense) to a random tree that is one-ended. Some natural open problems
about this tree and variants of our model are collected at the end of the paper.
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1 Introduction

Random walks on graphs that change over time have received much attention over
the past decades. Within this context, a large body of work assumes only edge (or
node) weights change over time while the graph structure (i.e., edge set) remains
constant. Examples include reinforced random walks and random walks in random
environments [1, 8, 9, 10, 15, 11, 6, 7]. A much smaller line of work assumes that the
graph structure (edges and nodes) changes over time. However, such works generally
assume graph dynamics to be independent of the walker [3, 12, 17] (an exception is [14]).

This work explores a novel model where the random walk constructs its own graph,
mutually coupling the walker and graph dynamics. This model is defined as follows:
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On a random walk that grows its own tree

(0) start with a finite tree with the walker sitting on one of the vertices;
(1) with probability p, add and connect a new leaf to the current location of the walker;
(2) let the walker take one step on the current graph;

(3) go to step 1.

We refer to this model as BGRW (Bernoulli Growth Random Walk). Note that our model
may be seen as a sequence of pairs (7, X, )necn, where T, is a tree and X, is the walker’s
position on the tree T,,. A more formal definition is given in Section 2. This model is a
variant of the Non-Restart Random Walk (NRRW) proposed and studied in [2, 13]. There,
the initial graph is a vertex with a loop edge, and new leafs are created every s steps
for a fixed s > 0. Prior to [2], other models of walks creating graphs had been proposed,
but they all had periodic restart step where the random walker would jump to a uniform
vertex in the tree [5, 19].

A fundamental question on dynamic graphs is the recurrent or transient nature of
the walker. Figure 1 shows simulated sample paths from the BGRW model for different
values of p. The depicted trees have exactly the same number of nodes (i.e., regardless
the value of p the simulations stopped when the number of nodes reaches n = 5000). For
larger values of p the generated trees are very slim and long, as p decreases the trees
become fatter and shorter. Intuitively, with large p the random walk can escape more
easily, while for small p the random walk wanders more. Our findings show that for any
fixed p, the random walk escapes with a positive speed ¢(p) > 0.

p=09 p=05 p=0.1 p=0.01

Figure 1: Trees with n = 5000 nodes generated by simulating BGRW using different
values for p.

Figure 1 naturally raises a question regarding the tree from the perspective of the
walker as it walks around. This “point of view of the particle” has proven to be powerful
in the investigation of many examples of random processes on random environments, see
[18] and references therein. In our case, this approach gives fine information about the
speed of the walk, as well as about the topology of the environment the walker constructs
around itself. More specifically, we show that the tree around the walker converges (in
a suitable sense) to an infinite one-ended random tree whose law does not depend on
the initial states, i.e., the initial graph is in some sense “forgotten”. Remarkably, we
also show that the frequency with which the walker sees any given tree of finite height
around itself is strictly positive for any value of p € (0,1).

1.1 Main results

Our first main result, proved in Section 5, shows that our process has a well-defined,
linear' asymptotic speed.

1We also use the term “positive speed” to mean linear speed.
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Theorem 1.1 (Positive speed). For each 0 < p < 1, there exists a well-defined speed 0 <
¢(p) < p for the BGRW process with parameter p. That is, for any initial condition (Ty, x¢)
of the process, the distance between X,, and x( satisfies:

lim diStT" (Xn, SC())

Jim - = ¢(p), Pr, 2, p-almost surely.

Our second main result is to understand the environment from the perspective of the
random walk. To make this precise, we consider pairs (73, X;) as random elements of
the space 7, of rooted locally finite trees considered up to isomorphisms, with the local
topology. The definition of 7, and its local metric (which makes it a Polish space) are
recalled in Section 6.

For each t € IN, one may define an element [T}, X;] € 7. as the equivalence class of
the tree T; rooted at X;. In what follows, [T}, X;];, is the subtree of height % consisting of
X, and all nodes of T; within distance at most i from X;. The next theorem counts how
many times the tree of radius h around X, takes a certain shape.

Theorem 1.2 (Convergence of the tree as seen by the walker). For each 0 < p < 1, there
exists a probability distribution P, over rooted trees such that, for any initial condition
(To, xo) and any finite rooted tree S, x] € T, with height h > 0,

1 n
i Z]l{[Tt,Xt]h,:[S,z]} — P,({[T,o] € T. : [T,0lp =1[5,2]}), P, a,p-almost surely.
t=0

This is essentially a mixing property of the BGRW when viewed as a Markov chain
over 7,. Our proof reveals that P, is the unique stationary measure of this chain with
the following property: if the process is started from F,, then almost surely, forall £ > 1,
the walker will eventually be at the tip of a path of length /. Theorem 1.2 follows from a
stronger statement, Theorem 7.3 in Section 7.

The next theorem gives us some information on the probability measure P,. Recall
that an infinite rooted tree is one-ended if it contains a single infinite path starting from
the root.

Theorem 1.3 (Support of P,). Given 0 < p < 1, let P, be the limit measure in Theo-
rem 1.2. Then P, is supported on one-ended infinite trees. If 0 < p < 1, any rooted
tree [S, x] (with a certain height h) satisfies

P,{[T,0] € Ts : [T,0]p =[S,z]}) > 0.

Moreover, the degree of the root has exponential tails under P,: that is, there exist
¢,C > 0 such that for all k > 1:

P,({[T,0] € Tx : dr(0) > k}) < Ce ™,

where dr (o) denotes the degree (number of neighbors) of the root in T

Theorem 1.3 is in fact a corollary of Theorem 7.4, which we present in Section 7.

1.2 Intuition and some difficulties

Behind our theorems, there is a probabilistic mechanism that explains our claims.

1. Given a constant ¢, the BGRW will often create new induced paths of length ¢. That
is, there will be frequent times when the walker is at the “tip” of a path of length /.

2. On the other hand, the probability of backtracking on a path of length ¢ by more
than £/2 steps goes to zero very fast with /.
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The moments when BGRW creates a long path and does not backtrack by more than
half its length are “local regeneration times” in the following precise sense: the sequence
of neighborhoods of radius ¢/2 seen by the walker from that point on are independent of
the past.

As it turns out, there are difficulties in establishing the intuitive picture drawn by
items 1 and 2 above. Creating paths looks easy enough: all one needs is to create a new
leaf and jump to it ¢ consecutive times. However, in order for this to happen often, the
walker needs to come across lots of nodes of low degree. For this to take place, it is
necessary that nodes are usually not visited too many times. To prove that returns to a
vertex are unlikely to be numerous, one needs to show that the walk moves away fast
enough from any vertex. The upshot is that a weaker form of positive speed is needed
before we can justify the above items.

Proving that distr, (X,,, Xo) grows at least linearly with time for any positive p will
thus be the first goal in our proof. In essence the proof consists in establishing a coupling
between the random walk in BGRW and a biased random walk on Z. While this can be
readily achieved for p sufficiently large (e.g., for p = 1 see [13], but also for p > 2/3, more
generally), establishing such a coupling for all positive p turns out to be surprisingly
laborious. We do that by resorting to a grass-roots argument which we believe closely
mimic the actual behaviour of the walker in BGRW. Given the preliminary result on the
growth of disty, (X,, Xo), we can move on to establishing the convergence of the tree as
seen by the walker. The latter result, in particular, implies the existence of a well-defined
positive speed. It will be crucial for us that this tree — or rather, the corresponding
empirical measure - converges almost surely to an invariant measure P, for the dynamics
on rooted trees, for all “nice” initial conditions. There is a high-level similarity to the
work of Lyons, Pemantle and Peres [16] on random walk on Galton-Watson trees, where
the existence of a speed relies on ergodic-theoretic arguments in the space 7,.. However,
in that paper the stationary measure can be described explicitly (leading to an explicit
formula for the speed), which is not the case in our setting. Our analysis will also require
more quantitative estimates on the convergence.

1.3 Organization and main proof steps

The remainder of the paper is organized as follows. In Section 2 we define our
process formally. One important conceptual point will be to define it on locally finite
trees from the start.

The proof of linear growth of disty, (X,,, Xo) begins in Section 3, where we show
that, for any positive M, it is very likely that distr,  (X,,, Xo) > log™ n for some m < n.
This requires comparisons with simple one dimensional random walk. The argument
continues in Section 4, where we prove that backtracking on a long path, if it happens at
all, typically takes a really long time. For this we introduce a simplified “loop process”
that only keeps track of the path itself along the way. Combining polylog distances and
long times to backtrack, we prove in Section 5 that our process has positive drift away
from X, and derive some consequences of this fact for the degrees in the tree.

We switch gears for the remainder of the paper, as our arguments become more
abstract. In Section 6 we extend the definition of our process to the space of rooted
locally finite trees. The statement in Theorem 1.2, on the convergence of the tree as
seen by the walker, can then be stated as a weak convergence result for the empirical
measure of this process. Tightness and weak convergence criteria are discussed in this
section, and tightness is proven right away.

Section 5 begins to study the loss-of-memory mechanism described above, whereby
long paths are created and never backtracked on. Since we deal with infinite trees, we
need some condition on the initial distribution to ensure that this takes place. We use
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this in Section 6 to prove that the averages of “local functions” along the trajectories of
the process always converge almost surely. This is basically the last ingredient we need
to prove stronger versions of Theorems 1.2 and 1.3 in Section 7. One key point is that
the limiting measure P, is a stationary distribution for our process.

The paper wraps up with Section 8, with some final comments, and an Appendix
containing technical results.

2 Definition of the model

2.1 Preliminaries

All trees in this paper are locally finite (all vertices have finite degree). Given a tree
T, we let V(T') and E(T) denote its vertex and edge sets. For z,y € V(T), dr(z) denotes
the degree (number of neighbors) of z in T and distr(x, y) is the shortest-path distance
between z and y.

We let Q) denote the set of all pairs (T, x), where T is locally finite tree with V(T') C IN
and IN\V(T) infinite, and « € V(T'). This set 2 can be described as a subset of a product
space {0,1}N x {0, 1}@) x IN with a natural o-field; we omit the details.

Given a probability measure p over some space, we use the symbol U ~ p to mean
that U is a random element with law p.

2.2 Definition of the process

Let p € (0,1]. The BGRW process with parameter p is a Markov chain with transition
kernel K. To define this kernel, given (T, z), we sample (T7,z") ~ K,((T, z), -) as follows.

1. Let m = minIN\V(T'). With probability p, set V(T') = V(T) U {m} and E(T") =
E(T)U{{m,x}}. Otherwise, set 7" =T.
2. Conditionally on the above, let 2’ be a uniformly chosen neighbor of z in 7”.

It is easy to see that this does define a valid Markov transition kernel on 2. We use
(T%, Xt)¢>0 to denote a trajectory of K, and P, , and E, , to denote probabilities and
expectations when (7, Xo) ~ p. If p is a point mass on (Sy, zg), we replace u by Sy, zg in
the subscripts.

Remark 2.1. Most of the time we will ignore this formal definition of the process and
stick with the informal version presented in the introduction. We will later need to define
this process on the set of rooted trees up to isomorphisms. See Section 6 for details.

3 Nontrivial distance from the root

In this section we show the following property of our process: for any y € Ty, and any
constant M > 0, the random walker will most likely reach distance > logM n from y in at
most n steps.

Lemma 3.1. For any M > 0 and 0 < p < 1 there exists ny = no(p, M) € N, depending
only on p and M such that, for all n > ng, all finite trees Ty and all xg,y € Ty,

1/4

Pry,20,p (Em < n, disty,, (Xom,y) > log™ n) S e

m

For the proof of this lemma, we need the following definition.

Definition 3.2. Say that M > 0 is admissible if the conclusion of Lemma 3.1 holds for
this specific value of M. That is, M is admissible if, for any 0 < p < 1, there exists
ng = no(p, M) € N, depending only on p and M such that, for all n > ng, all finite trees
Ty and all xy,y € Ty,

1/4

Pry.aop <3m < n,disty, (Xm,y) > logM n) >1—e™"
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Clearly, if M is admissible, so are all 0 < M’ < M. Lemma 3.1 follows from the next
two propositions.
Proposition 3.3 (“Easy”; proof in subsection 3.1). M = % is admissible.
Proposition 3.4 (“Harder”; proof in subsection 3.3). If M > % is admissible, so is M +1/2.
The proof of Proposition 3.4 relies on an intermediate result. It basically says that,
when M is admissible and z( is “far” from y, then it is likely that the distance from the

walker to y will increase by at least one unit by time n. This probability is large enough
that we are likely to see many such increases in a small time window.

Claim 3.5 (Small growth in distance; proof in subsection 3.2). Assume M > % is admis-
sible (cf. Definition 3.2). Then there exists n,(p, M) € IN such that, for n > ny(p, M),
the following property holds. Take a finite tree T and x,y € T with dist(z, y) > log™ n.
Then

log 1 2
Pr g p (disty, (X, y) = distp(z,y) + 1 for somet <n) > 1 — 2((?#71).
og”'n

As we will see, the “harder” Proposition 3.4 follows from this claim and the assumption
that M is admissible applied to time ~ /n instead of n.

Throughout this section we will use the following simple and standard lemma, which
we prove in the Appendix for completeness.

Lemma 3.6 (Proof in Appendix A). Suppose (Ij)jeﬂ\]\{o} are indicator random variables.
Assume p is such that P (I; = 1) > p and

VJ>1IP(IJ=1|11,,I]_1)Z,U,
Then for any k,m € IN\{0}
IP (at least k consecutive 1’s in the sequence (I;)7,) > 1 — (1 — pkym/k],

3.1 The “easy” proposition

Proof of Proposition 3.3. It suffices to show that there exists ng = ng(p) € IN such that,
for all n > ng, for any initial tree Ty and any vertices zq,y € Tp,

. 1 _pl/a
Pr, z0.p (Ht <n : disty, (X, y) > log? n) >1—e .

To do this, we define, for each time 1 <t <n,
I := 1{distr, (X¢,y) = disty,_, (X¢—1,y) + 1}
Notice that we have the following inclusion of events
{Et <n : disty, (X, y) > log% n} > {at least [log% n| consecutive 1’s in (It)le} .

So we will apply Lemma 3.6. The point is that, by the Markov property:

Prymop (I = 1] Iy Tit) 2 inf Prgy (I = 1) 2 g. (3.1)
Indeed, the value p/2 is achieved when z is a leaf of T'. In that case I; = 1 only occurs
when a new neighbor is created for x (with probability p) and then the walker jumps to
that neighbor (with probability 1/2). If z is not a leaf, then the probability of the latter

event is strictly larger than 1/2.
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Combining (3.1) with Lemma 3.6, we obtain:

2 (3.2)

10) Mlog 2 Tﬂ) Llog% nj

Pryaop (Ht <n : disty, (X¢,y) > log% n) >1-— (1 - (7

Now, observe that

(1 B (g) Mog 2 "]) Llogn% M—‘

<expg —expllogn|1-—

log (12?) (Viogn +1) _ loglogn

logn logn

o5(2) (vIogn+1)

logn

4 loglogn 3, the lower bound

logn

Choosing ng sufficiently large such that :

(3.2) is larger than 1 — e‘"l/4 for all n > ng. For later purposes we point out that, ng(p)
is non-increasing as a function of p. O

3.2 A key claim

We now come to the proof of Claim 3.5, which connects the “easy” and “hard” propo-
sition in the proof.

Proof of Claim 3.5. Consider the vertex y. on the unique path from z to y with
distp(z, y») = [log™ n] — 1. We recall that the admissibility of M implies, forall 0 < p < 1,
the existence of ny depending only on M and p such that:

Vn>ng @ Prg,(3t <n: disty, (X¢, ye) > logM n)>1-— et (3.3)

Now let F,, (for failure) denote the event that distr, (X, y) < distp(z,y) for all ¢t < n.
Let 7, the hitting time of ¥,

Ty, =inf{t e N : X; =y} € NU {+o0}.
Define 7}* the k-th return time to z. That is, we set 7% := 0, and then (recursively for

k€ IN\{0}):

Tz

+h._ ) 100, if i 7Y = foo;
' inf{t > DX, = x} € NU {400}, otherwise.

Note that, for any k£, we may upper bound the probability of F,, by three terms, which
we will bound separately.

Prop(Fn) < Prgp(FN{ry. >n}) + Prg,(F, 0 {szk <7y <n})+ IPT,%:D(T;rk > Ty, )

(3.4)

We start with the first term in the RHS. Note that if 7,, > n, then the unique path
from X, to y passes through y. at all times ¢ < n. Therefore,

Vi <mn : disty, (Xy, y) — distp(x, y) = distq, (X¢, ys) — distr(z, ys).
In particular, when F,, N {7,, > n} holds, we must have

Vi <n o distr, (Xe, ys) < distp(z, ) < logM n, i.e. the event in (3.3) does not hold.
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We conclude:
1/4
Prgp(Fon{r, >n}) <e ™ . (3.5)
We now consider the second term in the RHS of (3.4). In order for F, N {7} * < 7, <n}
to take place, it must be that X; returns at least k times to = before visiting y. but never
gets to jump to a neighbor ' of z with dist(2’,y) = dist(x, y) + 1. Now, at each return to
x, the probability that X; jumps to such a neighbor conditionally on the process up to
that point is at least p/2: the probability of creating a leaf and then not jumping in the
direction of y (similarly to what we did in Equation (3.1)). We deduce:
k
P p(Fn N {7 <7y, <)) < (1- g) . (3.6)
Finally, we come to the third term in the RHS of (3.4). Consider the walk X, at
the sequence of time steps that it spends on the path from z to y, up to the time 7,,.
The resulting process is a simple random walk on the path with potential delays and
reflecting barriers: indeed, since our graph is a tree at all times, whenever the random
walk leaves the path, it must return to it (if it does return) at the same point that was last
visited. Now, in order that 7% > 7, , it must be that this simple random walk on the path
hits 7, before returning k times to z. Since the path has length distr(z,y) = [log™ n] — 1,
the probability of this happening is < k/([log™ n] — 1), and we obtain:

k
Pro,(rF>7,)< —r—0. (3.7)
T v) < Mlog™ n] —1
Combining the terms in (3.5), (3.6) and (3.7), we obtain a bound in (3.4):
_1/4 P k k
Prgp(F) <e ™ +(1—*> 4+ —
rop(Fn) 2 flogM n]—1
< [(loglogn)?] | _,i/a logMn 4 o~ b (loglogn)? logM n logM n_ |
log™ n [(loglogn)?] [(loglogn)?] ~ log"n —1
(3.8)

where the last inequality follows by choosinng[e := [(loglogn)?]. Chooski[ng ny = n%u(p7 M)

. . _pl/4 og'n —2(lo n)? o n og”' n
sufficiently large in (3.8) such that e™™ ]'(lclggloﬁ)ﬂ—"_e 5 (loglogn) r(k}g%og =] +101g1%4 1 <
2 we obtain that, for all n > nq,

log 1 2
Prap(F,) < o (loglogn)” o8 n)” (3.9)
log™ n
This proves the claim. Note that n;(p, M) is non-increasing in p. O

3.3 The “harder” proposition
We now prove Proposition 3.4, thus finishing the proof of Lemma 3.1.

Proof of Proposition 3.4. Fix an admissible M > % Define (with hindsight) two time

lengths:
t = |-10g]w+1/2 nl, £, = L\/ﬁJ . (3.10)

Both of these time lengths depend on n, but we omit this dependency from the notation
to avoid clutter. The definitions of these quantities will probably seem misterious, but
we comment on them in due time; see Remarks 3.7, 3.8 and 3.9 below.

The fact that M is admissible and ¢, — +o0o when n — 400 implies that, for any
0 < p < 1, there exists ny(p, M) such that if n > ny(p, M), we have the following
properties for any finite tree Ty and any xg,y € 1p.
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1. By the definition of admissibility (Definition 3.2) applied with ¢, replacing n:
. -M M _p1/4 _1,1/8
P20, (3m <y, disty,, (Xm,y) > 27" log n) >1—e % >1-e72""". (3.11)

2. By Claim 3.5 applied with ¢, replacing n, if T is finite and =,y € T with disty(z,y) >
2—M logM n, then:

(loglog n)?

Pr . p (distr, (X, y) = diste(z,y) + 1 for some t < £,) > 1—2 T
2=Mlog™ n

(3.12)

Remark 3.7 (/, is large enough). In the above we used the fact that log ¢, = log | /1] to
guarantee that the two events under consideration have high probability. We will later
need that n/¢.t. is large; see Remark 3.8 below.

We now define a sequence of stopping times o; and indicators I;. Intuitively, we
will want that distr, (Xo,,y) > distr, (Xs,_,,y), and we will signal such a success by
setting I; = 1. More formally, for j = 0, 0; = 0 and I; = 0. We define o; and I; for j > 0,
with the following two choices.

(@) When X, , is too close to y: if distr, (X1 y) <27M log" n, we let:

o; = inf{t >o;_y : disty, (X, y) > 2" MlogM nort — oj—1 =Uy},

I = 1{distr, (Xo,,y) > 2 "log" n}.

(b) When X,,_, is not too close to y: if distTU%1 (Xo, 1,y) > o—M logM n, we set

o; = inf{t >o;_1 : disty, (X, y) = distTaji1 (Xo,_yy)+lort—o;_1 =L},
Ij = ]l{diStTU]_ (Xaj s y) = diStde_l (Xaj71 y y) + 1}

We note some basic properties of these new random variables. First, we have the
deterministic bound ¢; — 0;_1 < /. In particular, o; < ¢, j for all j. Second, we observe
that, if we have m + 1 consecutive successes, i.e. if I;) = I 41 = -+ = Ij 4, = 1 for
some jo, m € IN\{0}, then:

disty, (Xo,,,9) >2 "log" n,
Jo
and

distr, (Xojyim>¥) = distr, . (Xojgim 1Y) +1=or = distr, (X y) +m.

We thus arrive at the following crucial observation (recall the time lengths t,, ¢, in (3.10).

Observation 3.1. Assume that there are ¢, + 1 consecutive ones in the sequence
(1) j:/f*J. Then, there exists ¢ < n such that

distr, (X¢,y) >t > logMJrl/2 n.

Indeed, if we have t, + 1 consecutive ones in this sequence there exists j, with
(jo+ ts)ls <mnand I, = Ij;41 = --- = Ij,++. = 1. What we are after is to show that the
probability of ¢, + 1 consecutive ones is very likely. The upshot is that we may apply
Lemma 3.6 above to control the probability that the random walk reaches distance
logM“/2 n from y in n time steps, i.e. that M + 1/2 is admissible.

Remark 3.8. Note that for the lemma to be effective we need n/¢, > 1 so that there
are “many indicators” to consider, and also that n/¢.t. > 1. It will later become clear
that (for ¢, polylogarithmic) it suffices that n/¢, > n!/4t¢+e(l) for some ¢ > 0.
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In order to apply Lemma 3.6, we must lower bound Pr, 4, ,(I1 = 1) as well as
Prywop (L =1 I1,...,1;_1). By the strong Markov property, these quantities are lower
bounded by

inf P (I = 1)

Crucially, conditions (a) and (b) in the definition of o7 and I; correspond precisely to
the situations in the two bounds (3.11) and (3.12) (respectively). It follows that, for any
0 < p <1, there exists a n3 = n3(p, M) such that, for all n > ngs,

. B . (loglogn)?

Lemma 3.6 implies that:

Ln/e. |
Pry.aop (at least ¢, + 1 consecutive ones in (Ij)JLZ/f*J) >1—-(1- HZ*H)L et

What is left to show is that, for any 0 < p < 1, there exists ny = n4(p, M) such that

Vn>ng : (1—pbth) gl < exp(—n'/?), (3.13)

which would imply
Yn>mng @ Prygop (at least ¢, consecutive ones in (Ij)jLZ/le*J> > 1 — exp(—n'/?).

The latter bound, which is uniform in 7g, g, together with Observation 3.1, will prove
that M + 1/2 is admissible.

Remark 3.9. The important thing here is that, because ¢, = logM +1/2 the probability
of t, + 1 consecutive ones, i.e. uf**!, goes to 0 slowly with n. Remark 3.8 shows we are
considering “polynomially many indicators”, so such not-too-small probabilities make a
long run of ones very likely.

Let us show that for our choices of ¢, and ¢, we can find an n4 sufficiently large such
that Equation (3.13) holds. We point out that we will implicitly assume n4 > ng so to
guarantee that infy , Pr, , (I1 = 1) > p,. It is for this reason that n, will depend on p
(in particular, n4 will be non-increasing in p).

L/ 1/2
(1 _ M;*-H)LWJ < exp <_M$;+1 n .

2(logM*+/2pn + 1)

Since t, = [1ogM +1/2 n], for sufficiently large n we have

i = exp (= (2(loglog )22+ + o (loglog n)?)) v/log n ) ptn = ="y,

an
where we are using that (1 — Z—) ~ e bn—o(bn) for sufficiently large n whenever

ap, b, = 400 and b, = o(a, ). Thus,

. 1/4—0(1)
1 -ttt | Lt | exp | —n'/4 n Hn < exp (7711/4) 7
(L= ™) N 2logM 2 n 1)) ~

for large enough n. O
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4 The loop process, or why it’s hard to go back

Now we stop the discussion about the BGRW process, to introduce a simpler process
which will help us to understand how long the walker X stays on specific subgraphs of
the random trees {7, },en. Roughly speaking, a loop process on an initial graph G is a
random walker such that at each step adds a loop to its position according to a coin and
then chooses uniformly one edge of its current position to walk on. In other words, the
process is quite similar to the BGRW but here the walker adds loops instead of leaves,
which makes it possible for it to stand still.

We will be particularly interested in the loop process over specific graphs which we
define before the definition of the process itself. We call a finite graph B a backbone of
length / if B is a path of length ¢ having a loop attached to its £+ 1-th vertex and possibly
to its other vertices, see Figure 2.

. D

Figure 2: A backbone of length /.

In this section, we will abuse the graph terminology saying degree of a vertex even
though we do not count loops twice. We then reserve the special notation deg, (i) to
denote the number of edges attached to vertex ¢ at time ¢.

The model has one parameter p € [0, 1] which is the parameter of a sequence {Z; }+en
of i.i.d random variables with law Ber(p). The loop process on a backbone of length ¢
is a Markov chain {(B;, X;°®®)},cn where B, denotes the resultant backbone at time
t and X°® is one of its ¢ + 1 vertices. The loop process is also defined inductively
according to the update rules below

1. Obtain B, from B, by adding a new loop to X° if Z,,, = 1;

2. Choose uniformly one edge attached to X;°°® in B,,. If the chosen edge is a loop
set X;%P as X,°P. Otherwise, X,°°? becomes the neighbor of X;°* corresponding
to the chosen edge.

We stress out to the index t 4+ 1 of B in (2). It means that we may add a new loop at (1)
and then choose it at (2).

For a fixed backbone B of length ¢ and i € {0,1,--- ,¢} we let P;(-) denote the law
of {(B:, X;°®)}sew when (By, X°°P) = (B, i).

Once we have defined the loop process, we are interested on the time it takes to go
from one end of the backbone to another. More precisely, we would like to obtain bounds
on the stopping time below

T]%)OOP ;= inf {t Z IIX}/OOP = O} y

when the process starts from ¢. The next lemma gives us some estimates.

Lemma 4.1. There exist positive constants c; and cy depending on p only, such that, for
all integer K

loop K 1 e —c1 K
IP@(T]O <e )517 17? +e .
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Proof of Lemma 4.1. We need some notation and definitions. Consider the following
sequence of stopping times

7_0507

T 1= inf {t > Tk_1|Xi00p #* Xi‘;(’,pl} .
Observe that the probability of X;°° leaving its current position is at least 1/(t + C)
(where C'is a constant depending on B, only) since the degree of a vertex at time ¢ is at
most ¢ plus the number of edges in By. This implies that 7, is finite a.s. for all k. This
allow us to define the process
Yy, 1= X0

Note that by the strong Markov Property, {Y } is a simple random walk on {0,1,--- , ¢}
with reflecting barriers. Regarding the process {Y}}, we let o be the following stopping
time

o :=inf{k > 0]Y; = 0}.
Observe that n°® = 7.

We prove the lemma by showing that X'°°P spends at least exp{K} steps on the
vertex ¢. More precisely, we prove that the degree of ¢ at time 7, is at least exp{K},
w.h.p. To do this, first observe that the degree of a vertex may be written in terms of Yj
and A7y := Tp+1 — 7% as follows

deg, (£) =2+ Z_: 1{Y, = ¢} ( Zf Zm> =2+ Z_j 1{Y}, = }Bin (A7g, p) -

k=0 m=Tk k=0

Also notice that if Y}, = ¢, then the number of steps X'°°P spends on / is exactly A7y,
which satisfies the following stochastic ordering

A7), > Geo (1/deg,, (£)) .

To see the bound above, consider the random variable which counts the number of steps
X10%P spends on ¢ by choosing only the loops which were already attached on ¢ when
X" grrived at ¢. This random variable is clearly (stochastically) smaller than A7, and
follows a geometric distribution of parameter 1/deg,, (¢). Thus, we have

n—1

deg, (£) > Z 1{Y, = ¢}Bin (Geo (1/deg,, (£)) ,p) .
k=0

Regarding the random variables Bin (Geo (1/deg,, (¢)) ,p), we claim that
Claim 4.2. For alle € (0, 1), there exists a positive constant ¢ = q(e,p) such that

Py (V) = £, Bin (Geo (1/deg,, () ,p) > epdeg,, ()| Fr.) > q1{Yr = £}, Ps-as.
Proof of the claim: To simplify our writing, write
Gy, := Geo (1/deg,, (€)); dyp := deg,, (£),

and let ]:—m- be the o-algebra generated by G, and F,,. Now, by Chernoff bounds, we
have that

_e)2
(1 2) ka) ]l{Yk :&Gk > dk}

]PZ (Yk = €7Bin (Gkup) > EpdkaGk: > dk‘ﬁ'rk) > (1 —e

o2
> <1 e Pdk) 1{Y;, = £, Gy > di ).
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Recall that dj, is greater than or equal to 2 for all k. So, taking the conditional expectation
wrt F,, on the above inequality yields

Py (Y = ¢,Bin (Gy,p) > epdy, G, > di|Fr,) > (1 - 6_(1_8)21’) Py (Y = 4,Gr > di|F7,)

Y

(1 — e_(l_a)zp) 6_3/2]1{Yk =/{},

which proves the claim. u

The above claim tells us that conditionally on the past, every time {Y}} visits £ it
has probability at least ¢ of increasing the degree of ¢ by a factor of at least 1 4+ ep. This
points out that the degree of ¢ must be at least exponential of the number of visits ¢
receives from {Y}}x. So, let N, (¢) the number of visits made by Y to ¢ before it reaches
vertex 0. Since Y is a simple random walk on {0,1,--- ,¢}, N,(¢) follows a geometric
distribution of parameter 1/¢. Moreover, the random variable W that counts how many
times we have successfully multiplied the degree of £ by 1 + ep may be written as follows

W= ZU: 1{Y; = £}1{Bin (Geo (1/deg,, (¥)) ,p) > epdeg,, ({)},
k=0

and dominates a random variable distributed as Bin(N, (1), ¢). Consequently, by Chernoff
bounds

P (WS ) < P (BR0N00 < )

<P, <Bin(No(f)7Q) < bg(lﬂp)’NU(@ 2K>

>
~ qlog(1+ ep)
+ Py (No(0) < 27" K/ log(1 + ep))

1 CQK
< exp{-e K} +1- (1 - f) ,
where ¢; = (4log(1+¢p))~', c2 = 8¢1 /g and ¢ = (1 — e_(l_‘f)zp) e~3/2. Finally, observe
that if W > K/log(1 + ep), then deg, (¢) > 2¢X which implies that 7, is at least this
amount, finishing the proof. O
The following special case of Lemma 4.1 will be particularly useful to our proposes.
Corollary 4.3. There exists a positive constant C' depending on p only, such that

C
]PZ( loop < e\/Z) < .
Mo \/Z
Proof of Corollary 4.3. Letting K = v/ in Lemma 4.1 and using that (1 — %)O“ﬂ ~
e=e/Vland 1 — e~ < g, choosing properly the constants the corollary follows. O

4.1 Coupling the BGRW and the loop process

In this subsection we construct a coupling of the BGRW and loop processes in such
way that the loop process is always closer to the root than the walker X. For this, let T be
a rooted locally finite tree of height at least 2(¢+1), = a vertex such that distr(z, root) > ¢
and dr(z) > 2 and y its ancestor at distance ¢. Since T is a tree, there exists only one
path P connecting « to y. With this in mind, we define a graph operation B which
associates to each pair (7, z) and ancestor y satisfying the aforementioned conditions a
backbone B(T,y, z) of length ¢ as follows:
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1. delete all vertices of T whose distance from P is at least 2;

2. replace each edge zy € E(T) with € P and y ¢ P with a loop edge at x (so each
edge stemming out of the path becomes a loop).

3. label the vertices on P by their distance from y (so y gets label 0, its neighbor on P
gets label 1 and so on).

Figure 3 below gives a concrete example of 55 in action when y is taken as the root:

root 0

1

x 4
T B(T,root, x)

Figure 3: Example of a pair (7, z) transformed into a backbone.

So far, we have shown that the BGRW is capable of reaching long distances — powers
of logn — away from the root. Now, we would like to argue that once it has gone so far, it
takes too long to return. More specifically, if the initial condition is Ty, ¢y and y is one
ancestor of zy, we would like to obtain lower bounds on the following stopping time

ny = inf {n > 1|X,, = y}.

The way we bound 7, from below is comparing it with 5°°?, which we recall its definition

NP = inf {t > I‘Xio‘)p = O} .

The next proposition tells us that we may couple the BGRW and the loop process in such

way that 7, is greater than 7}°°® almost surely.

Proposition 4.4 (Coupling). Let Ty be a rooted locally finite tree, xo one of its ver-
tices different from the root and y an ancestor of xy. Then, there exists a coupling
P of {(T,, X,,) }nen starting from (Ty,zo) and a loop process {(B,, X°P)}, cn starting
from (B(To,y, xo), zo) such that

P (ny > ) =1.

Proof of Proposition 4.4. Let P denote the path connecting z( to its ancestor y on Tj
and / its length. Also consider the following sequence of stopping times,

C=0; (:=inf{m > (_1|Xm € P},

and let {W}}rew be a sequence of i.i.d. r.v’s independent of the process BGRW, such
that W;, ~ Ber(p). We couple a loop process { (B, X,°°")}rew to the BGRW inductively as
follows. Start by defining

(Bo, X¢™*P) = (B(To,y,%0), zo),
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and assume we have defined {(5;, X,°°*)}*~} in such way that this random vector is
distributed as k—1 steps of a loop process starting from (By, ¢). Now, we define (B, X,L"Op)

o If (1 < o0, we set By, = B(TCk—1+17y’$O)’.
» If {1 = oo, we make use of our independent sequence {Wj }ren. We modify By
adding a loop to X,lff"l’ whether W, = 1;

Observe that if ¢, is finite, then X;°®® = X, ,. In fact, when X,°® = X/, , we know
that X, _, has jumped outside P. Thus, the only way of X coming back to P is through
X¢,_,, which implies X, , = X, ,. On the other hand, when X;°® = X¢, ,. we know
that X¢,_, has moved on P implying that (,_; = (x—2 + 1. Consequently, regardless the
finiteness of (;_1 — since W}, is independent of the BGRW, By, is obtained by adding a
loop on X,°°® independently of the whole past and with probability p.

To define X ,ICOOP we proceed in the following way
o If (1 < 00,

- we set X,lfol) = X¢, 41, if X, moves on P;
- otherwise, when X, , jumps outside P, we let X,°® be X, ,.

« In case (,_; = oo, we select uniformly an edge of X;°®® on By to walk X,°® through.

By definition of the above coupling, we obtain that 5, > 7. The best scenario
would be that in which the BGRW only walks over P, in this case the stopping times are
equals. O

As a straightforward consequence of the above coupling, we restate Corollary 4.3 in
terms of the hitting time 7,.

Corollary 4.5. Let T; be a rooted locally finite tree, xo one of its vertices different from
the root and y an ancestor of x( at distance {. Then there exists a constant C' depending

on p only, such that

P7y,20,p (77y < €ﬂ> < 52

5 Positive drift and its consequences

In this section we show that the BGRW has a positive drift away from the root. In
particular, we show that

.. .distp (X,,root)

liminf ———~

n—00 n

>0,

almost surely, which implies the transience of the walker X. We do that by tracking
the distance of X from the root at random times and comparing it to a right biased
simple random walk on Z. Furthermore, this comparison with the right biased simple
random walk allows us to improve the results given in Proposition 3.4 and Corollary 4.5.
Specifically, we can now prove

¢ the walker achieves distances of order n in n steps w.h.p;
* the probability of the walker going back long distances is exponentially rare.

Intuitively, the main message of this section is that if we look at the distance of X from
the root properly normalized and at some “random times” we see a random walk on
the line that dominates a right biased simple random walk. Let us begin by formally
define what we mean by “random times”. For a fixed positive integer r, we define three
stopping conditions from a vertex x.
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1. disty, (X, root) — distr, (xo, root) = r;
2. distr, (X, root) — disty, (zo, root) = —r;
3. X walks exp{\/7} steps and none of the previous conditions occurs.

We say (1) — (3) occurred from X,, whenever one of the three stopping conditions
occurred when we put z( as X,,. We must point out that if disty, (X,,,root) < r, then
stopping condition (2) cannot be attained.

We define our sequence of stopping times as follows:

oo =0;

o :=inf {m > 0'1(@1)1 | (1) — (3) occurs from Xokfl} :

From the definition of (1) — (3) follows that, for all £, J,(:) is bounded from above by
exp{+/T}k. To avoid clutter, when r is fixed we suppress the upper script from the nation

of J,(:).

Lemma 5.1 (Coupling to the biased random walk). Let T, be a rooted locally finite tree
and x( one of its vertices. For any q € (1/2,1) there exists r = r(p,q) depending on p
and g only, such that the process {distr, (Xo,,root)/r}r>o can be coupled with a simple
random walk {S;},~, on Z, whose probability of jumping to the right is equal to ¢, in
such way that -

P (distT% (X,,,root) > rSk,Vk) ~1,
when the process { Sy}, starts from |distr, (2o, root)/r|.

Proof of Lemma 5.1. We begin by a few notations. To simplify our writing, put d; :=
distr,, (X, root). Note that the process {di},, is a non-markovian random walk on
the half line whose increments belong to the interval [—r, r|. Let {Us},-, be a sequence
of i.i.d random variables independent of the BGRW and following uniform distribution
on [0, 1]. Also let Fi, be the c-algebra generated by the BGRW process up to time oy
and let Hj be the o-algebra encoding all information of Fy, and all the uniform random
variables up to time k.
Regarding the increments of {d},~,, we claim

Claim 5.2. There exist positive constants r and C' depending on p only, such that for

all k
C

W.
Proof of the claim: First of all, observe that Ady,+, = r if, and only if, o1 Stops
because of condition (1). Also, by the strong Markov Property, it is enough to prove
the claim for o;. Said that, let us first assume we start from an initial condition (7o, )
with distr, (zg, root) > r. We derive the desired lower bound by proving upper bounds
for the probability of the events {Ad; = —r} and {|]Ad;| < r}. The former occurs if, and
only if, oy stops because condition (2) and the latter because of condition (3).

Observe that if o; stops because of (2) (which can happen given that distr, (x, root) >
r) then the walker X visited the ancestor y of z( at distance r, spending at most exp{/7}
steps. So, using Corollary 4.5 we have

inf Poy oo (Aazk+1 - r‘ﬁk) 11—

To,z0

!

C
Pry.20,p (01 Stops because of (2)) < Py 4.0 (ny < eﬁ) < 7
T

Note that the above upper bound holds for all possible pairs of a rooted locally finite tree
Ty and one of its vertex z( at distance greater than r from the root.
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Finally, if X stops because of (3) then X has walked for eV steps and has neither
visited the ancestor y of x( at distance r, nor has increased its distance from x by r. This
is the same of observing a process X on the subtree T, that in eV” steps does not get at
distance 2r from the root y. Applying Proposition 3.4 (page 6) with n = V"™ and M = 4
we obtain that there exists oy = r(p) such that for all » > r, we have

Tinf Pr, zo.p (Hm < V7, disty, (X,,, root) > r2) > 1 —exp{—e¥"/*}.
0,0
Choosing r large enough so that r > rq, exp{—eV™/*} < C’/,/r and > > 2r we conclude
that

sup P, ., (01 stops because of (3)) < exp{—e¥"/}.

To,zo
To drop our assumption that we start at distance greater than r from the root, just recall
that when this is not the case the condition (2) has probability zero and the above upper
bound for condition (3) still holds. This implies that

. C
Tlonglzo P, 2,,p (01 stops because of (1)) > 1 — 7
which combined with the strong Markov Property proves the claim. |

Since we may increase r, we choose it large enough so
C
1-—>4¢.
T

Now we couple the process {di/r},>1 and {Si},>1 in the following way. Set

S = {distTo (zo,root)J ’
r

and assume we have defined {S; }?;5 in such way that it has the distribution of k — 1
steps of a g-right biased random walk. Let (J;_; denote

Qk—l = ]PTo,mo,p(Adk - T‘]}k—l)7

and recall from Claim 5.2 that Q; > ¢ for all k. We then define Sy in the following way

g — Sk—1+1 if Ady =rand Uy < q/Qk—-1,
7\ Si_1—1 otherwise.

In words, if at time o the walker X increased its distance from the root by r, then Sy
jumps to the right with probability ¢/Qx—_1. In this way, whenever the process {di /7 }r>0
jumps back (at most one unit), the SRW also jumps back one unit.

Now, we show that the process {S;};>0 does have the distribution of a ¢-right biased
random walk. We start by checking that the increments are 1 with probability ¢ or —1
with probability 1 — ¢. By the definition of S we have

Pryaop (ASy = 1 Hk—1) = Pry zo.p (Adkr1 =7, Uk < ¢/Qr—1|Hi-1)

= Py a0 p (A = r{Hi1) 5

(5.1)

=4q,

since U} is independent of H;_; and ();_1 is measurable with respect to H;_1. Moreover,
the equality below holds

Qi1 =Py 0y p(Ady, = 7| F1) = Py oy p(Adi = 7[Hi_1),
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since Hj,_1 is Fj_1 added of information independent of the whole process {(Th, X&) br>1-
Equation (5.1) allows us to derive the independence of all the increments of our right
biased random walk {Sj};>1. For any fixed set of indexes k1 < ks < --- < k; and any
vector (a1, -+ ,a;) € {—1,1}/ we have

P (ASk, = a1, - ,ASy, =a;) =E [H{Asklzal} o Lias,  =a; 1} E []l{Ask_j:aj} Hkrlﬂ
=P (ASkl =Aay,- - ,ASk]._l = aj_l) P (A5k7 = aj) 5
which implies the independence of the increments ASy. So, {Si}i>¢ is distributed as

simple random walk on Z with probability ¢ > 1/2 of jumping to the right starting at the
left of dy/r. And, by construction, we have that dy/r > Sy, for all k. O

As a consequence of the coupling above, we prove the ballisticity of the walker.

Proposition 5.3 (Ballisticity of the walker). There exists a constant ¢ > 0 depending on
p only, such that

st (X
lim i distr, (X, root)

> ¢, Pp, 4, p-almost surely,
n—o0 n

for all initial conditions (Tp, x¢).

Proof of Proposition 5.3. Given a ¢ > 1/2 and {Sj},>0 a ¢-right biased simple random
walk on Z, Lemma 5.1 guarantees the existence of a positive constant r, depending on p
and ¢, so that, for any initial condition on the BGRW,

distr,, (X4, r00t) > 7Sk, a.s.

By the Strong Law of Large Numbers we also have that

lim %:2(171:,u>07 a.s.

k— o0

This implies that
distr, (Xs,,root)
lim inf k
k— oo k

>ru, a.s. (5.2)

On the other hand, by the definition of the stopping times o5 we have that, for all &, the
following inequality holds

|ok+1 — o] < exp{v7},

almost surely, as well as

distr,, (X, ,root) — distr,

Tk—1

(XO')C717

root)‘ <r,
almost surely. Thus, if n is an integer such that n € [oy, o%+1] we have

distr, (Xn, I'OOt) > diStTak_H (Xdk-,+1 ) I‘OOt) -T
n - evr(k+1)

b

which combined with (5.2) proves that

distr, (X, root)

lim inf >c¢, a.s,

n—oo n
for some positive constant ¢ depending on p only. O
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Remark 5.4 (A lower bound for the speed). From the proof of Proposition 5.3 one can
derive a lower bound for the speed ¢(p) of the form exp{—C'p~C"}, for some universal
constant C’. In our argument, given ¢ > 1/2 we choose r satisfying

-

and obtain that . . o
lim inf istr, (Xn, I‘Oot) . 7"( q— )
n—oo n eﬁ

(5.4)

Since ¢ can be chosen arbitrarily close to 1/2 and independent of p, to obtain a lower
bound for the velocity as a function of p, one must know how C' depends on p. By
inspection of the proof of Lemma 5.1, the constant C' is coming from Corollary 4.3
and it is obtained by setting K = v/ in the expression 1 — (1 — %)czK + exp{—c1 K},
where ¢; = (4log(1 +ep))™t, ca = 8c1/q, ¢ = (1 - 67(175)%) e~3/2 and ¢ is an auxiliary
parameter in (0,1). Choosing ¢ = 2/3, ¢ = 1/2 and using that (1 — 1/x)* > e¢~3/2 for all
x > 2, one obtains that C' = 3¢, and Equation (5.3) is satisfied with /7 = 9c¢s. Finally,
replacing this expression for r in Equation (5.4) one obtains a lower bound of the form
exp{—C"p~"}.

5.1 Controlling returns and degrees

The coupling gives us a picture of the dynamics of the walker: it is moving away from
the root at linear speed. Before moving on, we use the coupling to show that vertices
are not visited many times and (as a result) degrees in our tree tend to be small.

Lemma 5.5. Let (Tp, o) be the initial state of the dynamics and y € Ty be given. Then
for any 0 < p < 1, the number v(y) of visits to y,

v(y) = {0 <t < 400 : X; =y},
satisfies
VE >0 : P, .0 p(0(y) > k) < CePF

and
Py a0p(v(y) > 0) < Ce P dsmlron),

for some 3,C' > 0 depend only on p. Moreover, if po > 0 and py < p < 1, C' and « can be
chosen uniformly in py.

Proof of Lemma 5.5. Recall from the coupling we just constructed that we may choose r
large enough so that the process {distr, (X,,,y)/r}r dominates a right biased random

walk {Sk}, on Z starting on sq := ij We count the visits to y per time interval

(0k—1,0%] (with a possible additional visit at time 0).
00 Ok
v() = Uxgmy 2, D, Lixi—y)
k=1t=0j_1+1
Recalling that o, — 0,1 < eV", we may rewrite the expression as:
)
v(y) < Lx,—y + evVr Z Ty x,=y for some op_1 <t<oy}-
k=1

Now, by the definition of the stopping time sequence {o1}x, for t € [og, or41] then

\distTa,c (Xop,y) — distr, (X, 1) < 7.
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As a result, if X; = y for some 0,1 < t < oy, then S, < distTﬁk (Xop,y)/r < 1. In
particular,

0(y) < Lpxgmyy TV ) Lisp<ay-
k=1
The RHS is (up to a constant) the number of visits of a right-biased random walk started
from Sy > 0 to the interval (—oo,1]. This number has an exponential tail that only
depends on the bias. The first inequality follows because we can choose r = r(po) to
guarantee a bias of 1/3 (say) for all py < p < 1. The second inequality also follows
(perhaps with changes to C, 3) once we realize that Sy > distr, (2o, y)/7. O

Lemma 5.6. Given py > 0, there exist constants C, « > 0 depending only on py such that,
for all pg < p <1, all finite (Ty, zo), and alln, k > 1,

ZIPToyl’oyP(th (X1) 2 k) < C(n+|V(To)]) e* (A(To)ik)v
t=0

where dr,(X:) denotes the degree of vertex X; in T;.

Proof of Lemma 5.6. Assume without loss of generality that V(T') = {1,...,¢}. Also let
{4+ 1,4+ 2,... be the vertices that the BGRW process started from T, x creates. Finally,
we let v,(i) denote the number of visits to ¢ up to time ¢, so that v, (i) = 0if i > ¢+ ¢. Note
that d;(v;) > k implies that v, (i) > k — A(T), as the degree only grows at times when i is
visited. Therefore, forall0 <t<n,a>0and k > ¢+ 1:

l+n

Prop(dr, (Xi) 2 k) =Y Prop(X; = i,dr, (i) > k)
i=1
l4+n

< e (A(T)—K) ZET’O,p[]l{Xt:i} exp(awvy,(i))].
i=1

As a consequence:

n n {4+n
> Propldrn, (X)) = k) < @O NNy, o[1ix,—iy explava(i)]
t=0 t=0 =1
l+n
(wse 3y, Dixomip = Va(i) < e BN Ty [0n (i) exp(ava(i))].

i=1

By Lemma 5.5, v, (i) < v(¢) has an exponential tail uniformly in i, n, Ty, zo and p € [po, 1].
Thus we may take o = [3/2 (with  from Lemma 5.5) and adjust C to obtain our result. O

6 The local point of view on infinite trees

In this section we start our study of the environment as seen by the walker. From
now on, we consider the pair (7, X;) as random elements of the space of rooted locally
finite trees.

6.1 Rooted graphs and trees

We recall the definition of rooted graphs, rooted trees and the local topology on these
objects. All notions we need are defined and studied in Bordenave’s lecture notes [4].

A rooted graph is a pair (G, 0) where G is a connected, locally finite graph and o
is vertex of (G. Note that any rooted graph must have a countable vertex set which
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we may assume to be a subset of IN or Z. Two rooted graphs (G, o) and (G’,0’) are
rooted-isomorphic - denoted by (G, 0) ~ (G, o') - if there is a bijection of the vertex sets
of G and G’ that maps o to o’ and preserves edges. We let [G, o] denote the equivalence
class of (G, 0) under rooted isomorphisms, and let G, denote the set of all such [G, o].

Given h € IN and a rooted graph (G, 0), (G, 0),, denotes the graph obtained by retaining
only the vertices of G within graph-theoretic distance & from o and the edges between
those vertices. Clearly, (G,0) ~ (G', o) implies (G, 0);, ~ (G'0);, for all h > 0, and we may
define [G, o], as the equivalence class of (G, 0);. The distance between [G, o], [G', 0] € G.
is defined by:

1
! / e
PG oL G ) = o e N TG o = [ I
One can show that (G., p) is a Polish metric space.

The set 7. C G. of rooted trees is the set of equivalence classes [T, 0] where T is a
locally finite tree. This is a closed subset of G, and is therefore a Polish space with the
metric p.

Our BGRW dynamics (see, Section 2.2) may be naturally extended to the set 7, of
random rooted trees. The idea is that the state [T}, X;| describes the tree “rooted at the
position of the walker”. With some abuse of notation, we use K, to denote the Markov
transition kernel of our process over this space as well.

6.2 Empirical measures and local functions

Much of the remainder of the paper will be spent dealing with the tree as viewed by
the walker. More precisely, we will study the empirical measure of the tree around the
walker.

Definition 6.1. Given a realization [T}, X;] of the process K,, we let }3” denote the
empirical measure, that is, the random probability measure over 7T, given by:

R 1 n
P, = 0 .
n+1 ; (T2, Xe]

Thus for a given element [T, v] € 7, and h € N,
(n+ 1P, ([G 0l € T : [G, 0l = [T, v]p),

counts the number of times 0 < ¢t < n at which the ball of radius A around X; in T; is
isomorphic to [T, v]p.

In this section we show the convergence of empirical averages of bounded local
functions on the space 7, under suitable assumptions on [Tj, zo]. A specific instance of
this general result easily implies that the walker has a well-defined speed. In Section 7
we show that P, = P, almost surely, where P, is an invariant measure for the process K.
In the proof of such results, local functions will play an important role.

Definition 6.2 (Local function). A function v : 7, — R is said to be h-local if ([T, o]) =
([T, o]p) for all [T, o] € T.. A function 1) is local if it is h-local for some h € IN.

To avoid clutter, with a slight abuse of notation, we will write ¢(G, o) instead of
U((G, ).

In order to prove the convergence of empirical averages we restrict ourselves on
measures on 7, which have some nice properties. To define this class of measures we
first define certain stopping times. Given ¢ € IN\{0}, let Q; be the path of length /, i.e.
the graph with vertex set {0,1,...,¢} and edges {(i: — 1),¢} (1 <14 < {). We define 7y as
the first time when the graph around X; in T3 is Q.

Ty 1= inf{t >0: [Tt,Xt]g = [Q[,f]}
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Definition 6.3. A measure p over pairs (T, z) is called p-escapable if 7, < 400 P, -
almost surely for every ¢ > 1.

We can now state the main theorem of this section.
Theorem 6.4. For each parameter 0 < p < 1 and each integer h > 1 and all h-local

function ¢ : T, — R, there exists a constant M, such that

lim P,y = My P, ,-almost surely ,

n—-+o0o

for all p-escapable distribution 1 on T,.

As we will see in Section 7, this result implies that “the tree seen by the walker” con-
verges to an infinite random tree when n — +o0.

The proof of Theorem 6.4 relies on the following results. The first lemma shows
that the empirical measures of processes started from two p-escapable measures are
asymptotically the same, i.e. the initial distribution is “forgotten”. The second lemma
shows that the empirical measures of local functions when our process starts from
specific p-escapable measures, corresponding to dz, .., with 7p finite, converges to a
constant.

Lemma 6.5 (Forgetfulness of empirical measures; proof in §6.5). Let u, v be two p-
escapable measures. Let h be a positive integer and v : T, — R be a bounded h-local
function. If there exists a constant M such that ﬁnw — My P, ,-almost surely, then
we also have P, — My P, ,-almost surely.

The above statement allows us to restrict ourselves to subclasses of initial distribu-
tions and then extend the results to the whole class of p-escapable distributions. This
procedure greatly reduces the amount of work in our proofs. The next lemma is a finite
version of Theorem 6.4.

Lemma 6.6 (proof in §6.6). Consider an initial condition (Ty,x¢) with T, finite. Fix
0 < p <1 and a bounded h-local function v : T, — R (with h a positive integer). Then
there exists a constant M, such that P,y — My, P, 5, p-almost surely.

Combining the two lemmas gives us a straightforward proof of Theorem 6.4.

Proof of Theorem 6.4. Let [T, zo] be a finite rooted tree and consider v = 07, 4,]- By
Lemma 6.6, we have that ?nw — My, P, ,-almost surely. But, by Lemma 5.6, v is
p-escapable. Therefore, by Lemma 6.5, P,y — My, P, ,-almost surely. O

Now we know how Theorem 6.4 follows from our lemmas we organize the remainder
of this section as follows. In the next subsection we prove Theorem 1.1 as an application
of Theorem 6.4. Then, in Subsection 6.4, we discuss the concept of p-escapable trees
and give quantitative criteria for escapabality. Finally, in Subsections 6.5 and 6.6, we
prove Lemma 6.5 and Lemma 6.6, respectively.

6.3 Existence of the speed

In this section we prove a stronger version of Theorem 1.1 as an application of
Theorem 6.4. We prove that the random walker in the BGRW model has a well-defined
positive speed for any p-escapable initial distribution on 7. This result illustrates how
the our results regarding the “point of view of the particle” can give finer information
about the walk.

Theorem 6.7 (Linear speed of the walker). For each 0 < p < 1, there exists a constant
0 < ¢(p) < p such that, for any p-escapable distribution p on T,
lim distr, (X, root)

lim_ - = c(p) P, p-almost surely.
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Proof of Theorem 6.7. Our strategy is to prove that the distance from the root at time n
may be written as a sum of a bounded term, a martingale, and a sum of a 1-local function
computed along the trajectory. The result will then follow from Theorem 6.4.

Fix a p-escapable measure ; and define the following bounded 1-local function:

pldr(z) 1) (1= p)dr(z) - 2)
dp(x) +1 dr(x) '

(T, x) =
Note that:
B, p [Adisty, (X, ro0t) | Fp] = (Tn, Xpn) + (1 — (Th, X4)) T x,=root}-

Thus
distr, ,, (Xp41,100t) = My 1 + Z (T, )+ Crt1,

where {M,}, is a martingale with bounded increments and

n

Cn+1 = Z(l - d}(Tna Xn)) ]l{anroot}»
§=0
is bounded by the total number of visits to the root, which is a.s. finite because our
process is transient.
Since the martingale has bounded increments, Azuma’s inequality implies that
M,,/n — 0 almost surely. Since C, is a.s. bounded, C,,/n — 0 almost surely as well.
Theorem 6.4 gives us that

disty . (X411, 00t
lig 8t (Xnsr,root) Zw = (p) = My(0), Py s,

n—+o00 n+1 ”HOO n+

with M, (¢) is a constant depending on p and ¢ only (but not on x). Proposition 5.3
implies ¢(p) > 0. O

6.4 Escapable trees and mixing

The concept of escapable trees is closely related to the forgetfulness of the walker.
A tree T is p-escapable if the measure d(r ;) is p-escapable for every = € V(T). Note that,
by the Markov property it is enough to show that 67, is p-escapable for a particular
x € V(T). In this section we prove a quantitative criteria for checking “escapability”.
Let us notice that not all trees are p-escapable. The next example gives a useful example
to keep in mind.

Example 6.8 (A hard tree). Consider an infinite rooted tree T},,q, with a root node
Tnard, Such that each node at distance h from the root has g(h) > 0 children, with 1/g(h)
summable. Consider the BGRW from (7T},ard, Thara). One can show via the Borel-Cantelli
Lemma that there is a positive probability that distr, (X, #nara) = ¢ for all t € IN (i.e.
the walker simply “walks down the tree” for eternity). For the same reason, for any
£ € N\{0} there is a positive probability that 7, = +oco.

The next lemma explains one reason why p-escapability is important to us. The lemma
gives a quantitative criterion for “escapability”. In a way, it says that what makes the
tree in Example 6.8 non-escapable is that X; sees very large degrees along the way.
Lemma 6.9 (Quantitative escapability). Assume p is a starting measure for which there
exist C, D, > 0 such that, for alln,k > 1,

> Pup(dr(X:) > k) <C(n+D)e k. (6.1)
t=0

EJP 26 (2021), paper 6. https://www.imstat.org/ejp
Page 23/40


https://doi.org/10.1214/20-EJP574
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

On a random walk that grows its own tree

Then u is p-escapable and

E,,[m An] < (6.2)

«

0271 21og(n + D) +log C
- +1.

Moreover, the following event holds with probability > 1 — 1/n'%: for all times 1 <t < n,

Er, x,p[re An] < (6.3)

201 Fog(?n + D) + 17logn + log C’—‘ 1
= .

Pl
In particular, all measures . = 07, with T' a finite tree, satisfy the above inequalities,
with C < e*2(T) by virtue of Lemma 5.6.

So Lemma 6.9 also guarantees that not only u is p-escapable, but also that, with high
probability, each intermediate [T}, X;] satisfies a quantitative escapability property. One
important point is that the assumptions of Lemma 6.9 always apply to initial trees that
are finite, by virtue of Lemma 5.6.

Proof of Lemma 6.9. We first prove inequality (6.2) for E,, ,[7; A n], noting that it implies
p-escapability because, assuming it, we can show:

-1
E, p[me A < 1 (624 PIOg(n—i—D)—HogC—‘ +1> nrgoo
n n\ p a

]Pu,p(Tf = +o00) <

Fix some A > 0. Let na be the first time the walker “sees” a node with degree > A,
Na =inf{m >0|dr, (Xn) > A},

and consider the event A; in which at time i/ the walker creates a new leaf, jumps to it
and grows a path of length ¢ — 1 from it in such way that at time i/ + ¢ — 1 the walker
finds itself at the tip of a path of length /. Now we define another stopping time

70 :=inf {i > 0| A; occurs },

and note that 7, < 47,.
By the definition of the event A;, we have that

P (P £—1
Pua (AilFi) = ) (2) '

Thus, by the definition of the stopping time na, we also have

) p /p\¢1 .
Lna > )Py, (Al Fi) > X (5) 1{na > if}.

Using the above inequality and noticing that 1{na > k¢} < 1{na > (k — 1)¢}, we obtain

IPM’;D (7:( >k,na > ké) = Eﬂ’p

k-1
B, p [Lac | Fre) 1{na > ke} H ]lAzg]
i=0

-1
S(l_Z(IQ)) )Pu,p(fézk_lanA>(k_1)€)'

Then, proceeding by induction, we obtain the following upper bound

k
7 p(P\"!
P, (72 > k,na > k) < (1 - X (5) >
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Since

P, (1o An > kl) s{ lg””’(ﬁzk)’ k<

, otherwise;
we have:

P,,(meAn>kl) <P, ,(7c>k,na>kl)+P,,(na <kl),

and consequently,

L2] 1
02
EuplmeAn] <> (P, (e An>jl) < A+nP,,1na <n). (6.4)
j=0
But, by our condition (7.1),
Pup(ma <n) <Y Pup(dr, (X)) > A) < C(nt1)e ™2, (6.5)
t=0

SO
{—1

E,p[meAn] < A—|—C(n+1)267°‘A.

We may choose

A= PIOg(n +1)+ logC—‘
(0%
to finish the proof of (6.2).
To prove the last statement in the lemma, we go back to (6.5) and note that was the
only step in that proof where we used (6.1). In particular, we can go back to (6.4) and

obtain:
-1

ETth,p [Tg/\n} < A‘i’nIPTt,Xt,p("]A < n)

In particular, if A is given and we consider the event

n

G(A) == [P, x,p(na <n) <1/n)},

t=0
we have that, when G(A) holds, then:
-1

Er, x, p[re An] < A+1, (6.6)

for each 0 < ¢ < n. To finish, we show that P,, ,(G(A)) > 1 — n~ !¢ for an appropriate
choice of A. Indeed, by union bound and Markov’s inequality:

1=Pup(G(A) S0 EuplPr, x,p(1a < n)).
t=0

Now by the Simple Markov property, for 0 <t < n
]EH;P[PTt’XtaP(T]A <n)]= Pup(F3t<s<t+n:dr (Xs)>A)<P wp(a < 2n).

And again, by condition (6.1),

2n
1=P,p(G) <nPu,(na <2n) <n ZIPM,p(dt(Xt> >A)<Cn(2n+ D) e A,
t=0

Taking

(0%

A Fog(?n + D) + 17logn + logC-‘

guarantees P, ,(G(A)) > 1 — n~16. Plugging this choice of A into (6.6) gives (6.3) inside
the event G(A). O
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6.5 Forgetfulness of empirical measures: proof of Lemma 6.5

The proof of the lemma will follow as a consequence of another result that highlight
the relation between “escapabability” and forgetfulness. As we will see, it implies an
approximated renewal property of the BGRW process in the sense that after a random
time it may be coupled to a BGRW process starting from a semi-infinite path. Then, both
walkers see around them the same tree structure as long as this coupling works.

For this purpose, we will need additional notation. Let Q* be a semi-infinite path, i.e.,

Q* :{U07U17’02a"'}7 (67)

rooted at vy and consider a trajectory (T}, X;);>0 of BGRW started from (Q*,vy) with
empirical measures P;. Also, for each pair of integers h and n, let w(h,n) be

m(h,n) :=Pqs ve.p (I <n, X7 =vp). (6.8)

Lemma 6.10. Let ¢ : 7, — R be a h-local and bounded and yu be a p-escapable dis-
tribution. Consider a trajectory (T;,X;);>0 of BGRW starting from p, with empirical
measures P,,. Then,

(a) for every ¢ € (0,1), there exists a coupling of the processes (T, X;);>o and
(T}, X[ )i>0 such that:

1P< lim |(P, — P)y| :o) >1—ec.

n—-+oo

()
2[[9lloc By, plron A

[Epp [Pot] = Egr o [Pt ]| < 2 ocr(hym) + S e BRETE,

Proof of Lemma 6.10. Part (a). Take an ¢ € IN bigger than 2h. Consider a chain started
from measure p. Since p is p-escapable, the stopping time 7 is finite IP, ,-almost-surely.

Let yo = X+,, Y1, ..., ye be the unique vertices at distances 0,1,2,...,¢ at time 7.
Define a random time 7, ;, as follows:

Té’h =inf{t >0 : X1t =yo_nt-

Notice that this time may well be infinite. In fact, since dist(X,,,y¢—n) = ¢ — h, the
second statement in Lemma 5.5, combined with the strong Markov property and the
p-escapability of y, implies that

P, (Té’h < —l—oo) < Ce BN,

Note that 7y is the time X, is at the tip of a path of length ¢ and 7, + TA ;, is the first time
at which X; comes within distance h of the other end of that path.

Now consider the process (T}, X;°) started on vertex vy of the infinite path vy, vy, .. ..
Let

Ty i=inf{t >0 1 X7 =vp_p}.

This time may also be infinite. It is easy to see that one can couple (7}, X;) to
(Try+t, Xrp+t) so that 7y = 77, and [T7, Xf|n = [Try4t, Xope]n for all 0 < ¢ < 77,
Under this coupling, if Té, p > nand 7, < n, then

~ 1 n
Pn = Ti7 X’L
b o= — ; (T, Xi)
TeAn—1 1 n—1eAn
(coupling and h-locality) = ] ; (T, X;) + T ; W(Ty, X[)
1 TeAn—1
= P;w + n+ 1 ; (w(Tu XL) - T/J(TI’L—Tz/\’!L-‘ri-'r17 X7L—Tg/\n+i+1))- (69)
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Since 7y < +0o0 is bounded and ]Snw < ||#]|co, this implies that, under the coupling:

2 loe (e A7)

Té’p>n:|in—P;z/J|§ T

So, for any fixed ¢, we have

P < lim (P, — P*)y| = o) >P(r), =400) >1—Ce PN,
n—-+o0o ’
In particular, this can be made greater than 1 — ¢ with an appropriate choice of /. This
proves part (a).
Part (b). Put ¢ = 2h. From Equation (6.9) and the fact that under the coupling
T, = T/, We may obtain that

Pt = | = [Pt = P | Ui < n}+ |Pow = Piv| 1, > )
2[[¢)]loo (¢ A )
<2\ 1{7), < Pt
< 2ot {77y < n} + T
taking the expected value both sides it is enough to proves part (b). O

Now we see how Lemma 6.5 follows immediately from the above result.

Proof of Lemma 6.5. From part (a) of Lemma 6.10, one sees that, given a deterministic
ceR,
Pup(Poth = ¢) =1 Py yyp(Patp — ¢) = 1.

This holds for any p-escapable measure u. In particular, if v is also p-escapable the same
must hold with v replacing p. O

6.6 Convergence of average of local functions: proof of Lemma 6.6

The proof of Lemma 6.6 will follow essentially from the lemma below that states that,
when started from a finite initial condition, the average of local functions is close to its
expected value but started from the semi-infinite path * introduced in (6.7).

Lemma 6.11. Given py > 0, there exist constants C,a > 0 depending only on p, such
that, for all po < p < 1, all finite (Ty,x¢), all —1 < ¢ < 1 h-local, all ¢ > 0, and all
1<g<mn,|n/q] >0,

~ ~ 2 1
IPTO,mO,p ( in - EQ*,q;o,p |:Pq"/)i| ‘ e+ Zq + BTT(‘L h)) < 26Xp{*€2 Ln/qJ /32} + Fv

where

err(q,h) := 4n(h,q) +

qp2h o

h22h Fog(Qq + |V (To)]) + 171og g + aA(Tp) log Cw N 1
q

Proof of Lemma 6.11. Let n = kq + s, with £ > 1. Obseve that, for every k,q > 1, we can
write

kq—1 —1 kq—1

Q

~ 1 11 1
Pogorty = 1= D (T X)) = o | =D (T X+ = D (T3, Xo)
q =0 q =0 q i=kq—q
k
1
=225
j=1
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1 Jjg—1 ~
where, §; = p Z (T;, X;), for j € {1,--- ,k}. Let us denote by {F;};>o the

i=(j—1)q
following filtration:

fo = .7:0; ]}j = -qu—1~

By the definition of S;, the process {S;};>1 is adapted to the filtration {F;},>0. Moreover,
the process { M} }>1 defined as

My, = i S —Er, wo.p {Sj’ﬁj_l} =My_1+ Sk —E1, 20 [Sk’ﬁk—l] )

j=1

is a mean zero martingale with respect to {F;};>o, whose increments are bounded by 2,
since S; is an average of random variables bounded by 1.
With all these definitions, by triangle inequality, we have that

Puth = Bqr o [ Prt]| <

ﬁnw_ﬁkqflw} (a)

k
ZETD,GCO,P {Sj
j=1

73‘—1} (b)

T =

+ ﬁkq—l(w) -

~

fj—l} —EQ+ vo,p [qu} ().

k
1
+ k Z E1y,20,p |:Sj
j=1
As far as (a) is concerned, we observe that the following deterministic bound holds:

k’q 1 kq—1 1 kq+s
P — qu—ﬂﬂ‘ = <n+ T 1) T Z (T, X5) + " Z Y(T;, Xy)
i=0 i=kq

2[Yllo(s+1)  2g
[ < —_
n—+1 n

<

)

since, by hypothesis,

9]0 < 1. Thus, to prove the claim, it suffices to show that
1
IPTOJM,((Z)) + (¢) > e+ err(q, h)) < 2exp{—c?k/32} + 75 (6.10)
Using the simple observation that

PTO,xo,p((b) + (¢) > e+ err(q, h))

eterr(gh e+err(q,h

we will prove Equation (6.10) by showing
(1) Pragy () 2 5) < 2exp{—"k/32),

(2): Pryaep ((c) > wr(j’h)) < q%'

To show (1), we observe that the martingale M, can be written as the following
difference

M, = k’ﬁkqfl(w) - iETO)“J’ [Sj‘ﬁjfl} '
j=1
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Thus, (b) is equal to |My/k| and we apply Azuma’s inequality which gives us:
ek 5
Py zop | [Mk] > 5 )= 2exp{—ek/32} .

To show item (2), we first observe that, by the Simple Markov Property, for all
j €42, -+ ,k} the following identity holds

. 1 ~
Eto20p [Sj‘]:j_l} - aZETw—l)rle(%l)q—hP [T Xi)l = By iy X1y {qu)} '
i=1

Then, by Part (b) of Lemma 6.10 we have

- = 27, 1y X (- 1yqrp [T2n NG
’]ETO#L’OJ) [SJ‘ijl} - EQ*,U(MD [PQ(’(/})” < 27T(h>Q) + e ql) & y

which implies

k
1 2Er,, X [Ton A q]
< 97(h - (j—1)g—1>*(j—1)q—1,P )
(€) < 2r(h.a) +

= 4

Therefore, it is enough to show that the following event

’SZEm,l,qu,l,p[rz;qu]>h22h log(2q + [V(Th)]) + 17logq + aA(Ty) log C] , 1
= kq qp*h o qa(’

happens with probability at most ¢~ '6.

By Lemma 6.9 (using the constants coming from Lemma 5.6) we know that, if we
define

«

h22h Fog(Qq + [V (Ty)|) + 17log q

Ap = {ETt7Xt7p[7-2h Ng) < 2 + A(To)logC-‘ + 1} ;

it holds that
q
1
Pry.00.p <m At) >1-—,
t=0 q

which implies P, 4, » (B) < ﬁ, and concludes the proof. O

The next step towards the proof of Lemma 6.6 is to derive from the above lemma
three small results which combined will give us the proof. The first corollary is a more
convenient version of Lemma 6.11.

Corollary 6.12. Given py > 0 and (Ty, x¢) finite, there exists ny and a constant ¢ depend-
ing only on py, Ty such that, for all n > ng, for all p € [py, 1] we can find values for h and ¢
such that, for all —1 < ¢ < 1 h-local

Prosan (|Pot = Bar s [Ba(0)] | >

c 2
< —.
210gn> —nd

Proof of Corollary 6.12. We use Lemma 6.11, suitably choosing the values of ¢, h and ¢.
We begin observing that by Lemma 5.5 we have that

Cy
< .
m(h,q) < Tog
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Choosing ¢ = n'/2 and h = {&J , we obtain that

8log(2/p)
4h2*" og(2q + |V (T, 171 A(Ty)logC | 1
err(q, h) = 4n(h,q) + —; {og( q+|V(To)|) + 171og g + aA(Tp) log “ 1
qap o p
4Cy logn log 2n/2 4 [V(Ty)| + 9logn .
= A(Ty)log C _—
~logn = 2nl/4log(2/p) ( o + A(Tp) log + i

< 4C,  log?2n  |V(Tp)|logn ~ 9log*n  logn A(Ty)log C 1

~ logn  anl/4 anl/4 anl/4 nt/4 nt/2’
Given that the constants C, (4, « only depend on pg, and Ty is finite, there exists a
constant ¢ and a sufficiently large ng, both depending on py and T only, such that

err(q, h) <

c
6logn’

1 1

Setting € = ¢/6log” ' n and since 2¢/n = 2n"'/2 < ¢/6log ™~
Lemma 6.11 we have that

]PTU,IO,:D ( 13711/} - EQ*WO»? |:13q¢:| ‘ >

for sufficiently large n (how large depends on ¢ which only depends on pg, Tp). O

n for sufficiently large n, by

1 2
<9e /M L < 2
2logn) = +q16 —nd’

Corollary 6.13. Given py > 0 and (Ty, o) finite, there exists ny and a constant ¢ de-
pending only on py, Ty such that, for all n > ng, for all p € [pg, 1] and for all -1 < ¢ <1
h-local:

Pry.00.p (‘ﬁmw — 13m/z/;‘ > @, for some m,m’ € {n,n+1,--- ,n2}) < —.

Proof of Corollary 6.13. By union bound, it suffices to show that there exists ng such
that for all n > ng and for all m,m’ € {n,n+1,---,n?},

o) 3 c 4
Pozor <’me B mew\ o 1ogn) S8

From Corollary 6.12 we obtain that for every m € {n,n +1,--- ,n?}

IPTo,iEo,P (

and the claim follows by triangle inquality. O

~

ﬁmw - EQ*,vo,p [Pd(w)] ‘ > c ) < 1

2logn ns’

Corollary 6.14. Given py > 0, for all p € [pg, 1], for all finite (Ty, xo) and for all h-local
function ¢ such that —1 < <1, {P,%},en is a Cauchy sequence Pr, ., -almost surely.

Proof of Corollary 6.14. Using Corollary 6.13, together with a Borel-Cantelli argument
implies that P, ., almost surely there exists ng such that, for all n > ng and for all
m,m’ € {n,n+1,--- ,n?} we have

~ =~ c
Poy — Pp| < .
logn
For any § > 0, we can choose n; large enough so that logcnl < /2 and ny > ng. Now,
for m,m’ > ny, assuming m < m/, there exists ko such that m’ € {m?", ... m?°"}.
Thus,
ko—l
Pt = Purt)| € Y |Posto = B | 4 [P paro ¥ = P
j=0
ko
c 2c 2c
< Z : < < <4. O
= (27 1logm) ~ logm ~ logng
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Now we are able to prove Lemma 6.6.

Proof of Lemma 6.6. From Corollary 6.14 we have that {P,1},cx converges Pry ao-
almost surely. Thus, in order to prove the result, we prove first that the sequence
{]3”1/J}n€]N started from any finite initial condition always converges to the same limit.
Finally, we prove that this limit must be a constant.

Consider two independent BGRW processes (T}, X;):en and (Tt , X{)ten starting from
two finite initial conditions (7, z¢) and (7}, ;) respectively. Let {Puth}new and { P/} nen
be the averages associated to each process. The proof follows from (6.6) and triangle
inequality, which combined give us that

Pp— By > 5 ) < =,
logn n8

for some positive constant ¢ depending on p, T and 7§ only. Then, an application of
Borel-Cantelli Lemma allows us to conclude that both processes converge to the same
limit M,%. Once we have that, we finally observe that since the BGRW processes are
independent, the events { M,y € A} and { M,y € B} are independents for all Borel sets
on the real line. This implies that M, is independent of itself, thus, constant almost
surely. O

7 Weak convergence of empirical measures

In this section we prove Theorem 1.2 and Theorem 1.3 in the Introduction. In fact,
we prove slightly stronger statements that only require the initial measure to be p-
escapable, which in particular applies to all initial measures supported on finite trees (cf.
Lemma 6.9). Specifically, we will show that, for any p-escapable initial measure p, there
exits a measure P, on the space 7, such that, when n — +o0,

~ 1 <
P, = — ;6@“&] = P, P, -almost surely ,
P = 1 i /,LKt = P

T 41 — p P

where K, denotes the Markov transition kernel of the BGRW process over 7..

In our proof we use the next proposition, which gives a convenient criterion for
checking weak convergence of distributions over 7,. Before stating the proposition we
need to define a specific kind of local function. Given h € N and [T, o] € T, let Dy ([T, o])
denote the largest degree of a vertex in T" within distance h from o:

Dy(T,0) := max{dr(z) : x € V(T), distr(z,0) < h}.

One can check that Dy, : 7. — R is (h + 1)-local.

Proposition 7.1 (proof in Appendix B.2). Suppose {Q, }.cn is a sequence of probability
measures over T,. Then:

1. Tightness: Iflimj_, o limsup, e @n({[T,0] € T : Dip(T,0) > k}) =0 forany h > 0,
then {Q, }nen is tight.

2. Weak convergence: Assume {Q, }recn satisfies item (1). Then there exists a count-
able family S of bounded local functions such that, iflim,, Q,, f exists for all f € S,
then QQ,, = Q for some () that is uniquely defined by:

Qf =lmQ.f, f €.
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We begin with addressing tightness for {P,},cn. The next lemma shows Césaro-
mean-type sequences of measures generated by our Markov chain are tight when the
initial measure satisfy the quantitative criterion of p-escapability defined in Lemma 6.9.
Lemma 7.2. Assume p is a measure over T, with the following property: there exist
C,a, D > 0 such that for alln, k > 1:

n
> Pup(dr,(X:) > k) <C(n+D)e k. (7.1)
t=0

Then the sequence

1 n
P, = K!
n+1§ﬂ

satisfies the tightness criterion in Proposition 7.1. In fact, the following quantitative
estimate is satisfied: for all h,k > 1,n € IN:

C(n+D+h) ((k:+1)h+1—1> —

P,({[G,0] € T. : Dr(G,0) > k}) < — ?

Proof of Lemma 7.2. Note that:

(n+1DP,({[G.0] € To : Dp(G.0) 2 k}) = > Py p(Dy([T0, Xi)) 2 k).
t=0
So it suffices to prove the following quantitative estimate: for all h,n,k > 1,

- (k + 1)h+1 -1 —ak
Goal: > P, ,(Dy(Ti,X) > k) < C(n+D+h) ) e
t=0
which is true for h = 0 by our assumption (7.1).
Consider h > 0 and assume that we have proven that, for each j < h — 1, there exists
C; > 0 depending only on j and p, and an exponent « as in the base case, such that

(induction hyp.) Vm € IN : Z P,,(Dj(Ty, X¢) > k) < Cj(m+ D+ j)e ",
t=0
for all £ > 1 (again, this is true for j = 0 with Cy = C'). We claim that a similar statement
holds for j = h with C}, = Cy + kC}j_1. A simple induction would then imply our goal:

h
. k4 1)h 1 _q
Cp = Co Z(kJrl)l:%C

i=0
To obtain our bound, note that

n

Z]P,,,DhTt,Xt>k < Z]P,pdnxtwc)
t=0 =0
n

+3 Puy(Di(Ty, Xy) > kydr, (X0) < k).
t=0

~+

The first term in the RHS is < Cj (n + D) e~** by the base case. For the second term,
we observe that Dy, (T3, X;) > k - i.e. some vertex at distance h from X; has degree > k -
means Dj,_1(T;,v) > k for one of the neighbors of X; in 7;. Now, if dp, (X;) < k, there is
a chance of at least 1/(k + 1) that X;1 = v and thus Dj,_1(Tt41, Xt+1) > k. We conclude:

P p(Di(Ty, X¢) > k,dr, (Xy) < k)
k+1

< IPmp(Dh—l(Tt-&-laXt—H) > k)~
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So:

n

3 Py (Du(Ti, X)) > k) < Co(n+D)e
t=0

+(k+1) Z P p(Dh1(Tiv1, Xig1) > k)
t=0
(induction hyp. forj=r—1,m=n+1) < Cy(n+ D) ek
+(k+1)Ch_y (n + h+ D) e~k
Chp(n+h+D)e >k,

IN

where Cj, := C + (k+ 1) Cy_; as desired. O

In the next result - a strengthening of Theorem 1.2 —, we prove convergence of
empirical measures 13n and Cesaro-style convergence of the chain K, from any initial
measure that is p-escapable. We also characterize the limiting probability measure of
the chain as a stationary distribution for K.

Theorem 7.3 (Convergence of the empirical measure; proof in §7.1). Given p € (0,1],
there exists a probability measure P, on the space 7T, of rooted trees such that, for any
p-escapable initial measure y,

~ 1 n
P, = P, P, -almost surely and o ;0 MK; = P, whenn — +oo.

For 0 < pg < p <1, the measure P, satisfies:

(k+ 1) -1 oo (2-K)

A ) (7.2)

Vk,h>1: P,({[T,0] € T : Dy([T,0]) > k}) < C

where C, o > 0 only depend on py. Moreover, P, is an invariant measure for K.

Note that the measure P, itself is p-escapable, by Lemma 6.9 combined with (7.2).
That is, P, is the unique p-escapable invariant measure for K,. On the other hand, the
hard tree in Example 6.8 shows that one does not have convergence to P, from all initial
measures.

Our next result extends Theorem 1.3 from the Introduction.

Theorem 7.4 (Support of P,; proofin §7.2). Given 0 < p < 1, let P, be the limit measure
in Theorem 7.3. Then P, is supported on one-ended infinite trees. Moreover, if0 <p < 1,
given a finite rooted tree (Sy, zo) of diameter < h,

By({[T,0] € T. : [T’ 0ln = [So, wol)}) > 0.
In particular, this shows that, if 4 is such that P, = P, P, ,-as., then P, (1, <

+00) = 1i.e. u is p-escapable. In this sense, p-escapability is a necessary condition in
Theorem 7.3.

7.1 Weak convergence of empirical measures: proof of Theorem 7.3

We present here the proof of convergence to the stationary measure.

Proof of Theorem 7.3. Fix p and p. Theorem 6.4 guarantees that

P, (Puh — M) =1,
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for all bounded local functions, where M does not depend on u. If we write:

1 n
P, = Kt
n+1;'u p

we also have R
Py =K, p[Potp] = Mpt), (7.3)

by the Bounded Convergence Theorem.

We claim that the sequences {P, }, and {ﬁn}n are tight (almost surely, in the second
case). More specifically, we will apply the criterion in Proposition 7.1, part (1). In fact,
fixing k, h € IN, we may take

Gren(T2) = Lip, Tk ([T,2] € T2),
which is a (h + 1)-local function, so that
Ppopn — Mpdi,n, and ﬁnf/)k,h = Mpopn Ppp-as.

Now, to evaluate the limit in the RHS, we replace the initial measure ; with a measure g
supported on a finite tree with two vertices. Applying Lemma 7.2 in conjunction with
Lemma 5.6, and letting n — 400, we obtain:

(k+ )M — 1) o0 (2-k)

Mpdpn <C ( 3

Since the RHS of this inequality goes to 0 as k — 400, we obtain the required tightness.

We now prove that the weak convergence criterion of Proposition 7.1 (part (2)) is also
satisfied, which asks for the convergence of expectations of all bounded local functions.
For P, this is immediate from (7.3). For ]3n there is the slight issue that we have:

V bounded local % : P, ,(Paih — M,(¢)) = 1,

and we now need to “move the quantifier V inside the probability”. However, Proposi-
tion 7.1 shows that we only need to worry about a countable family of ¢/, and there is no
problem in moving the quantifier inside for a countable family.

The upshot is that, assuming this claim, we have that Proposition 7.1 assures that
P, and 13n converge weakly (almost surely, in the second case) to the same probability
measure P, which is uniquely characterized by the fact that P,1) = M. In particular,
this measure satisfies the property that:

h+1 _
Wh,k>1: By({[T0] : Du(T,0) > k) < C ((’““)kl) o 2h)

Finally, we show that P, is an invariant measure for K. To this aim, we need the
following fact assuring that if ¢ is bounded Lipschitz, so is K, (¢).
Fact 7.5. Given a bounded measurable function ¢ : T, — R, let

Kp(w)([Tv 0]) = - 1/}([Tl»0/])Kp([T7 0],d[T’,O/D.

If ¢ is bounded and Lipschitz, so is K,(1).
Proof sketch. This follows from the fact that, if [T, o] and [S, v] satisfy p([T, o], [S,v]) <

1/(1 4+ r) for some r > 0, one can couple [T”,0'] ~ K([T,0],-) and [S’,v'] ~ K([S,v],") so
that p([T", 0], [S",v']) < 1/r. O
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So we may apply P, to the function K,(¢) and obtain:

PI,(0) = lim PuK,(9) = lim —— 3 uKt(p)
=0

n——+oo n—+oo n + 1 ;

n+1

> UKL (W) = Py(3).
=1

im
n—4oon + 1 :

Since % is an arbitrary bounded Lipschitz function, this implies P,K,, = P,. So P, is a
stationary measure for the chain K. O

7.2 On the support of the limiting distribution: proof of Theorem 7.4

Proof of Theorem 7.4. That P, is supported on infinite trees is immediate. We prove
next the final statement in the theorem, namely:

Py({[T,0] € Ts : [T, 0]p = [S,z0])}) > 0.

To see this, recall that (S, z¢) has height h. Let 1 be a leaf node of S at distance h
from zy. One may traverse the tree S by first walking h steps from z; to xy and then
doing a depth-first search on S from x,, which will end back at z.

This traversal gives us a recipe for “creating” S inside T, for a certain ¢;. Namely,
all we need is that:

1. The walk creates leaves and jumps to them for i consecutive steps (this corresponds
to moving from x; to zg;

2. The walk then follows the sequence of steps given by the DFS in S, adding leaves
as needed.

The above sequence of steps has positive probability and, if followed, ensures [1},, X¢,]n =
[S, zo]. By stationarity of the process

B({[T,0 € T = [T, 0ln = [S,0])}) = Pr, p([Ttg, Xto]n = [S; x0]) > 0.

We now prove one-endedness. Denote by O(s) the set of all rooted trees [T, o] that
satisfy the following two properties:

1. T is infinite (but locally finite, as all other trees in 7,);
2. there exists a h > s such that all paths of length > h starting from o pass through a
single vertex at distance s from o.

One may check that the set of one-ended trees is precisely N;ewO(s). Therefore, it is
enough to show that P,(O(s)) =1 forall s € IN.
So fix s € IN and take a trajectory [T}, X;] of BGRW started from P,. Since P, is
stationary,
VneN : Pp ,([Th, Xn] € O(s)) = P,(O(s)).

We will show that, for all € > 0, one can choose n € IN so that the LHS above is > 1 —¢,
which suffices to finish the proof.

Recall that P, is p-escapable, as we commented after the statement of Theorem 7.3.
This means that 7 < +o0o almost surely for all / € IN. Take ¢/ > s. We will follow the
reasoning in the proof Lemma 6.5 — more specifically the Claim at the end of the proof -
and argue as follows. Let X,;, = vg,v1,..., v, be the (induced) path of length ¢ around
X, at time 7. Define
=inf{t >0 : X, 1t =vp_s}.

Notice that if 7, < n < 7 + 7; , then [T, X,,] € O(s) almost surely. Indeed, 7» < n <
Te + TAS has the following consequences:

’
TZ,S
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1. X,, and v, lie on “opposite sides” of vy_s, so disty, (X, ve) > distr, (ve—s, ve) = s.

2. The subtree consisting of v,_; and all nodes on the same side as X, is finite, as it
consists of v; for 0 < ¢ < ¢ — s plus the new nodes added between times 7, and n.

3. The subtree consisting of v,_¢ and all nodes on the same side as vy is a.s. infinite,
as it contains the tree Tj at time 0.

Combining these properties, we see that all long enough paths in 7;, that start from
X, must pass through vy, which lies at distance greater or equal to s from X,,. This
implies [T},, X,,] € O(s), since these same paths must pass through the unique vertex
at distance s from X,, that lies on the path from X, to v,. We have thus shown that if
T <n <71+ 7, then [T, X,,] € O(s), as claimed.
We deduce:
IPppyp([Tn,Xn] S O(S)) > IPPp,p(Té <n<Ty +7',f75).
Since
Pp (e <n <7+ Téys) >1-Pp, ,(1¢>n)— IPPp)p(Té’S < +00),

we may observe as in the proof of Lemma 6.5 that

Pp, (77, < +00) < Ce B l=s) < %7

if / is large enough. Since P, is p-escapable, we may ensure that Pp, ,(7, > n) < § by
taking n large enough (in terms of /). So for some choice of /,n we obtain the desired
inequality:

Pp,p(re<n<m+1,)>1-c O

8 Final comments

Our analysis leaves open many problems about the BGRW process and its variants.
We briefly discuss some of these.
Problem 8.1. Is the speed ¢(p) given by Theorem 1.1 a monotone function of p?

It is possible to show using our techniques that p — ¢(p) is continuous. Monotonicity
is much less clear, though our (limited) simulations suggest it should hold.

Problem 8.2. Consider a model where p = p,, decreases with n, and find a threshold
function for transience.

That is, how fast can p,, decay while maintaining transience? Clearly, our arguments
break down in this regime.

Problem 8.3. Consider models with cycles.

A “cheap” way to create cycles would be to connect the current vertex to some
uniformly random vertex at distance K, with K a random variable. If K has light tails, it
should still be possible to use the local topology to study the structure of our model.

A A simple lemma on dependent indicators

We prove here Lemma 3.6.

Proof of Lemma 3.6. Forr =1,...,|m/k| define blocks events
Fo={j=(r-1)k+1L(r—-1Dk+2...,7k: [; =1}

Note that k£ consecutive indices j appear in each F;., so:

Lm/k]
PP ( at least k consecutive 1's in the sequence (I;)7-,) > P U F,
r=1
EJP 26 (2021), paper 6. https://www.imstat.org/ejp
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Moreover, the values of indices j involved in events F,, F,. are disjoint for r # 7’.
With this in mind one may easily show (via our assumptions) that P(F;) > u* and
P(E, | FfN...FS |) > ub.

[m/k] Lm/k]
1-P( |J F| =P () E| <@—phm/k. m
r=1 r=1

B Some facts on weak convergence and the local topology

B.1 General facts

In this section, (M, d) is a Polish metric space and Prob(M, d) is the set of all proba-
bility measures over the Borel o-field over M. We need criteria to ascertain the weak
convergence of a sequence {P, },enw C Prob(M,d).

B.1.1 Criterion for tightness

Proposition B.1. Suppose we are given a doubly-indexed family
F” . reN keN,

of closed subsets of M with the following two properties.

1. For eachr € NN, the sets F,ir) are increasing and satisfy
F,ET) M as k — +oo.

2. For all choices of k1, ko, k3, -- € N, the set

+oo
K({k 3125 = () A,
r=1

is compact.

Assume {P, }nen C Prob(M,d) is such that

VrelN: lim liminf P,(F") =1.

k—+oco neN
Then { P, }nen is tight.

Proof of Proposition B.1. Given ¢ > 0, we will argue that there exists a choice of se-
quence {k,} /> for which

Goal: Vn € IN : P, (K({k,}/29)) > 1 —e.

Notice that, no matter what sequence we choose, we get:

] “+ o0
Wmm:hamumﬁmzaﬁjwwﬁszﬁwwn.
r=1 r=1

So it suffices to show that for each » € IN we can choose &, € IN with sup,, Pn((K,i:))C) <
€/2".
To do this, fix some r. By our assumption that limy_, ;o liminf, ¢ Pn(Flgr)) =1, we

can find k£ € IN, np € IN such that

Vn>ng i Po(F7)>1—¢/2".

EJP 26 (2021), paper 6. https://www.imstat.org/ejp
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On the other hand, for n < ng we still have:
Pn(FIST)) /1 as k — 400 due to assumption 1.

Since there are only finitely many n < ng, we can find £* such that

¥n <ng : P(Fi)) > 1- o
We may now choose k, := max{k}, k*}. Since the sets F,gr) are nested, we see at once
that

. () €
Vn e IN : P,L(F,W)Zl—Q—T7

which is the property we needed. O

B.1.2 Criterion for convergence

Proposition B.2. Assume {P, },cn is a tight sequence of probability measures, with a
sequence of compact sets { Kj }ren attesting tightness in the sense that.

lilzn{lim inf P, (Kg)} =1.

Then there exists a countable family A of bounded Lipschitz functions from M to R,
which depends only on { K} }rcw, such that, iflim, P, f exists for all f € A, then P,, = P
for some probability measure P. In that case, P is uniquely characterized by the fact
that Pf = lim,, P, f for all f € A.

Proof of Proposition B.2. It is known that a tight sequence { P, } ,ew converges weakly if
and only lim,, P, f exists for each function in the set

Ao ={f: M —=>R: [|[fle <1and [|flLip < 1}.

In that case, Pf is uniquely defined by the fact that Pf = lim,, P, f for all f € A,.

Now consider a positive rational e > 0. The fact that {P, },cn is tight implies that
there exists a compact set K;, C M, with & = k(e), so that with P,(K.) > 1 — € for
all large enough n. For each such set, the functions Ay restricted to Kj ) form a
bounded equicontinuous family. Thus the Ascoli-Arzela Theorem implies that there exists
a countable subset A, C Ay with

V8 > 0Vf € Ag3fes € Ac : sup |f(x) — fes(2)] <6 (B.1)
z€k(e)
We claim
A= U A,
€e€Q4

is the set we are looking for. For assume that lim,, P, f exists for each f € A. For each
f € Ay, one can choose f. s € Aas in (B.1) and obtain:

|Po(f = feo)l < [Palky,, (f — fes)| + Pu(Kj ) < 0 + € for large enough n.
With this, one can show that {P, f },en is Cauchy. Indeed,

limsup [(P, — Py,) f| < 2(e+9) + limsup [(P, — Py,) fe.s] = 2(e +9),

m,n—+00 m,n—~+00

since we are assuming {P, f. s}» is Cauchy. Letting ¢,d — 0, we obtain that {P,, [}, is
Cauchy, as desired. A similar reasoning shows that:

lim P, f = lim lim P, f. s,
n €,0—0 n
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exists for all f € Ay. So P, = P. Passing to limits, we obtain from the above estimates
that

[P(f = fes)l S e+

In particular, P is uniquely defined by the values of Pf = lim,, P, f for f € Ag, which are
uniquely specified by the numbers Pf = lim,, P, f for f € A. O

B.2 Application to local topology over rooted graphs

The general theory of the previous section will now be applied to the space 7, of
rooted, locally finite trees.

Proof of Proposition 7.1. We apply the criteria for tightness and convergence in Proposi-
tions B.1 and B.2. For each r, k € IN the set:

F" = A{[T 0l € To : D([T,0]) <k},

is closed and UkF,gr) = T, for each fixed r. Lemma 3.5 in [4] implies that all sets of the
form K({k,}renw) = ﬂj:o‘fF,E:) are compact. Moreover, Assumption 1 implies that

Vr € N : limlim inf Po(F") = 1.

So { P, }nen is tight by virtue of Proposition B.1.

We now use Proposition B.2 to show convergence. That proposition gives us a
countable family of functions such that if P, f converges for all f € A, then P, converges.
In the present setting, we need a countable family of r-local functions. To do this, define
for each n € N the projection map II,, : 7. — 7. that takes [G, o] to the m-neighborhood
[G, 0] This map is a contraction of 7, and is therefore continuous, and moreover

V|G, 0] € G : d(|G, 0], I1,,([G, 0])) = d([G, 0], [G, 0]mm) < m:_ 1
In particular, this implies that for any bounded Lipschitz f : 7, — R,
up{17([G: o)) ~ £ o W (G o) = [Gro] € K} < L1
It transpires that one can replace the family A with
S:={foll, : fe A meN},
which is still countable, and obtain the desired result. O
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