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Abstract

As a model of trapping by biased motion in random structure, we
study the time taken for a biased random walk to return to the root of
a subcritical Galton-Watson tree. We do so for trees in which these bi-
ases are randomly chosen, independently for distinct edges, according
to a law that satisfies a logarithmic non-lattice condition. The mean
return time of the walk is in essence given by the total conductance
of the tree. We determine the asymptotic decay of this total conduc-
tance, finding it to have a pure power-law decay. In the case of the
conductance associated to a single vertex at maximal depth in the tree,
this asymptotic decay may be analysed by the classical defective re-
newal theorem, due to the non-lattice edge-bias assumption. However,
the derivation of the decay for total conductance requires computing
an additional constant multiple outside the power-law that allows for
the contribution of all vertices close to the base of the tree. This com-
putation entails a detailed study of a convenient decomposition of the
tree, under conditioning on the tree having high total conductance.
As such, our principal conclusion may be viewed as a development of
renewal theory in the context of random environments.

For randomly biased random walk on a supercritical Galton-Watson
tree with positive extinction probability, our main results may be re-
garded as a description of the slowdown mechanism caused by the
presence of subcritical trees adjacent to the backbone that may act as
traps that detain the walker. Indeed, this conclusion is exploited in
[18] to obtain a stable limiting law for walker displacement in such a
tree.
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1 Introduction

The inquiry into drift and trapping for biased random walks on random
structures has been pursued both by physicists and mathematicians. It was
noted long ago in the physics literature 7] that, in disordered media, due to
trapping in dead-end branches, the mean velocity would not be a monotone
function of the bias. It was then pointed out that, in fact, strong biases could
even produce sub-ballistic regimes, i.e., with zero velocity; (see [11], [12], or
[19] for a physics survey of the general phenomena of anomalous diffusion).
This hypothesis was confirmed for biased random walks on random trees by
Lyons, Pemantle and Peres [25], and on supercritical percolation clusters,
independently by Berger, Gantert and Peres in dimension two [6], and by
Sznitman in all dimensions d > 2 [28]. For d > 2, the existence of a critical
bias separating the sub-ballistic and ballistic regimes will be demonstrated in
[T7]. These studies naturally raise the question of understanding more deeply
the means by which the walk is slowed down by trapping structures in this
sub-ballistic regime. A. Sznitman mentions in [29] that this mechanism seems
similar to that responsible for aging in Bouchaud’s trap model ([4],[8]) whose
main features are that the mean trapping times have a power-law distribution
and that the tail of the distribution of the trapping times, conditionally on
their mean, is exponential.

For random walks on supercritical Galton-Watson trees whose bias away
from the root is constant, such a study of the trapping phenomenon was
undertaken in [3]. In this context, the dead-ends responsible for the slowing
down of the walk are simply subcritical Galton-Watson trees that hang off
the backbone of the supercritical tree. Thus, the trapping times are related
to return times to the root for biased random walks on subcritical trees. The
paper [3] analyses a log-periodicity phenomenon which is very reminiscent
of the classical lattice effect for random walks in random environments [21],
[13], [14], [30]. This lattice effect, which has been discussed in the physics
literature [27], causes holding times in traps to cluster around powers of the
bias parameter. That is to say, although it may seem reasonable that such a
walk has a scaling limit similar to the one obtained for Bouchaud trap models
that is discussed in [4] and [5], the lattice effect is a discrete inhomogeniety
in walker displacement that is persistent on all time scales and that prevents
the existence of such a scaling limit.

In this paper, we study the question of how long it takes a biased random
walk in a subcritical Galton-Watson tree to return to the root of the tree.
In the context of biased walks on supercritical trees, our inquiry amounts to
an investigation of the nature of the delaying mechanism of the subcritical
trees that act as potential traps for the walk. We undertake the inquiry in



the case that the biases on edges that determine the distribution of the walk
are random, rather than identically equal, imposing a non-lattice condition
on this randomness that serves to eliminate the log-periodic effect from the
return-time distribution.

This paper is the first of two. Indeed, its sequel [18] exploits the under-
standing of the trapping mechanism that we obtain in the present article to
prove a stable scaling limit for the randomly biased random walk on super-
critical Galton-Watson trees with leaves; in this way, the two papers form a
counterpart to [3], in that they show how edge-bias randomization dissipates
the persistent discrete inhomogeneity that obtains in the case of constant
bias.

Randomly biased random walks on infinite trees have been studied by [24],
who provide a criterion for recurrence, or transience, valid for a very broad
class of trees. In the case of supercritical Galton-Watson trees, randomly
biased walk is studied in the recurrent regime by [15], who investigate the
high-n asymptotic of the maximal displacement of the walk during [0, n]. In
[1], the same model is analysed in the case of zero extinction probability and
in the transient regime, the author presenting criteria for zero speed and for
positive speed. The tree being leafless in [I], this work is not concerned with
trapping, but rather is a contribution to understanding how increasing bias
causes more rapid progress for the walk on the backbone of a supercritical
Galton-Watson tree. Regarding this last question, the monotonicity of speed
as a function of bias is not known even when the bias is a constant: see
Question 2.1 of [26].

We now define the general class of biased random walks on finite rooted
trees in which we are interested. Let T be a finite rooted tree, with vertex
set V(T), edge set E(T), and root ¢. Such a tree will be called weighted
if, to each unoriented edge e € E(T) is assigned a number 3, € [q, @], that
we will call the bias of the edge e. Here, ) > ¢ > 1 are fixed constants.
In this paper, in referring to a tree, we will generally mean a weighted tree.
We define the law Pr g of the S-biased random walk {X; : i € N} on the
set of vertices of the tree T as a Markov chain on V(T") with the following
transition rules.

Definition 1 If a vertezv € V(T'), v # ¢, has offspring vy, . .., vy, then, for
each n € N,

1
Pr, (Xn 1=$’Xn:v> =
’ ! 1 + Z?:l /vavi
/81)1}' .
Pr, <Xn+1:v»Xn:v) = ——) for1 <5<k,
’ ’ 1 + Z?:l Bv,vi
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where U denotes the parent of v, i.e., the neighbor of v which is the closest
to the root. The jump-law from the root is given by

Bs.s, .
X, =)= =2 1< < k(o).
¢) Sy Bas TS 7= Ke)

Forv € V(T'), we write Py, 5 for the law of Prg given that X(0) = v. We
write B, 5 for the expectation value under Pr 5.

Prs <Xn+1 = ¢;

It is easy to see these biased random walks are reversible and to compute
their invariant measures. Indeed, they fall in the general class of “random
walks on weighted graphs” (see [22], and [2] for recent expositions).

Definition 2 For every vertex v € V(T'), define Py, to be the unique simple
path from the root to v, and w(v) to be the product of the biases P, of the
edges e along the path Py,. If e = (v,w) is an edge of T, with v = w, we
define the weight (or conductance) of e by p(e) = p(v,w) = w(w) . Finally,
we define the unnormalized measure p on V(T') by setting u(v) equal to the
sum of the conductances of the edges adjacent to the vertex v € V(T).

It is clear that the measure p is reversible and thus invariant for the
Markov chain X,,. Moreover, by the general random walks on weighted
graphs, the transition rules between the adjacent vertices v and w can simply
be rewritten in terms of the conductance of the edge between v and w as well
as the measure p(v):

Prs(Xoi1 = w)Xn —v) = . (1)

We will be interested in the first return time to the root of the walk that
starts at the root, where the return time is naturally defined as inf {n >
1, X,, = ¢} under the law ]P’%ﬁ.

As we have mentioned, the random trees that we consider are subcritical
Galton-Watson trees.

Definition 3 Let h = {h; : i € N}, > h; = 1, denote an offspring distri-
bution. We write Py, for the Galton-Watson tree with offspring distribution
h, that is, for the law on rooted trees in which each vertex has an independent
and h-distributed number of offspring.

We will make the following assumption on the offspring distribution.

Hypothesis 1 Let {h; : i € N}, > 77 khy < 1, be a subcritical offspring
distribution for which there exists ¢ > 0 such that ), by, < exp{ — ck} for
each k € N. We write my, = > ;- khy, for the mean number of offspring.
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We now describe the law of the random biases.

Definition 4 Let v be a probability distribution on (1,00). For a tree T
sampled from Py, let (Be)ecr(r) be independent and identically distributed
random variables, with common distribution v. We write Py, for the Galton-
Watson tree with offspring distribution h equipped with this set of random
biases.

We make the following important non-lattice assumption on the distribu-
tion v.

Hypothesis 2 There exist Q > q > 1 such that the support of the measure
v is contained in [q, Q). Moreover, the support of v o log™! is non-lattice.
That is, the Z-linear span of logsupp(v) is dense in R.

The fact that the distribution of the bias is supported in (1, c0) means that
the walk is biased away from the root. We now need to introduce the following
important exponent.

Definition 5 Let x > 0 be the unique value satisfying

o 1
yv(dy) = —. 2
| vt = o ©)
Our first result shows that, under the assumptions above, the mean return
time to the root has a pure power-law tail. The regularity of the tail of the
random variable constrasts with the case of constant bias studied in [3].

Definition 6 Under the law P?,ﬁ, let Hy = inf {n > 1, X,, = ¢} denote the
hitting time of the root.

Alz)

B($)—>1as:1:—>oo.

Here and throughout, by A(z) ~ B(x) is meant

Theorem 1 Assume Hypothesesdl and[2. Then, here exists a constant ¢; €
(0,00) such that

Py (E%ﬁ(Hd)) > a:) ~ iz X,
where ¢; € (0,00) is a constant that will be specified after Theorem [2.

The electrical resistance theory of random walks, or, equivalently, the
theory of random walk on weighted graphs (see [2] or [22]), may be used to
compute mean return times in terms of the total conductance (or weight) of
the tree. Indeed, defining w(T') to be this total weight >z c(e), we see

that
w(T) = Z w(v). (3)



The mean return time is then given by

B (Hy) = 2 (w(T) — 1) (@

where N be the number of offspring of the root. This formula arises by
averaging the return time over the offspring of the root visited at the first step
of the walk, with the commute-time formula of electrical resistance theory
being used to express the mean return time from offspring to root. See the
upcoming ([7) for the relevant expression for this mean return time.

Using (), Theorem [lis a simple consequence of the following pure power-
law tail for the quantity w(T).

Theorem 2 Assume Hypotheses [1l and [2. There exists a constant dy €
(0,00) such that

Py, <w(T) > u) ~ dyuX,

Remark. The two constants ¢; and d; in Theorems [1l and 2] are explicitly
given by

01 =27%dy Y hyk' X (5)
k=1

and, denoting by D(T') = sup {d(¢,v) : v € V(T')} the depth of the tree T,

— L - X !y X )
d=——( [ ¥logtuvian)) " Jim B (2T Uprs)- 6

It is natural to ask about not only the mean of the return time but also
about how it is distributed. We will present here an asymptotically accurate
description of this distribution in the case that the tree is large (in a natural
sense). This description plays a central role in the analysis of randomly
biased walk on a supercritical Galton-Watson tree undertaken in [I§]. We
will see that the behaviour of the return time distribution has two entirely
distinct regimes, according to whether or not the walker has the opportunity
to visit the base of the tree (and so explore most of the tree) before its return
to the root. We will condition on the events that the tree is large and that
the walker makes such a deep visit, and conclude that the tail of the return
time is then exponential, completing the analogy with the Bouchaud trap
model that we have mentioned.

Firstly, we introduce notation for conditioning that a tree be “large”
enough. A tree T" will be regarded as large if w(7) is large.

Definition 7 For any u > 0 we set Py = Py (- |w(T) > u).
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We then introduce our notation for the distribution of the random walks.
We sample a tree T equipped with its biases (f3¢)’s , choose a vertex v € V(T'),
and run the Markov chain on V(7T'), started at v, that is specified in Definition
[0 We denote by P, X P 5 the joint distribution of the tree, the biases and
the random walk started at v. We will also need to sample the weighted tree
from the conditioned measure Py, , ,,. Naturally, we will then denote the joint
distribution of the tree, the biases and the walk by P}, ,,,, X Prs.

A technical point is that, for a random tree T, we need to specify a
selection rule for the starting point v € V(T') of the walk. A selection rule
can be easily defined using the classical formal coding of Galton-Watson
trees (see [23] Section 1.1). In Appendix [Al we review this coding and the
definition of a selection rule.

We also need to introduce notation for conditioning that the random walk
explore enough of the tree. In the next definition, we again use the coding
of trees in Appendix [Al to specify a lexicographical ordering on the set of
vertices of any Galton-Watson tree.

Definition 8 We call vy, the lexicographically minimal vertex of mazimal
depth in V(T).

Definition 9 Under the law IP’%ﬁ, the walk X s said to make a deep ex-
cursion into T if it hits vpase before returning to the root. We write DE =
{H.,,,.. < Hy} for the event that X makes a deep excursion into T. We will
write ]P’%ﬁ,pg the distribution of the random walk conditioned by the event
that it makes a deep excursion.

base

We remark that, for a high choice of u, it is reasonable to suppose that, under
the law Py, , ., the tree is typically long and thin, consisting of a long path
connecting the root to the base vertex vpas, with only small subtrees hanging
off this path. Indeed, in Theorem [6] we will present a result to this effect.
For a typical large tree, then, a walk from ¢ that makes a deep excursion
into T" will be forced after reaching vy.s. to make a geometrically distributed
number of highly ineffectual attempts to reach the root from vy,e, so that
H, will be approximately exponentially distributed in this case. This is the
content of our next result.

Theorem 3 Assume Hypothesisl, and that there exist Q > q > 1 such that
the support of the measure v is contained in [q,Q]. For allt > 0,

Hy
(Ph,u,u X P?,/wg) (m > t) —exp{ —t}

as u — 00.



We also present an asymptotically accurate expression for the mean return
time E?ﬂﬁ pe(Hy). To do so, we introduce some notation.

Definition 10 Given a tree T and v € V(T'), we define the descendent tree
T, of v to be the subgraph induced by the set of all descendents of v (among
which, we include v). The root of T, is taken to be v.

Definition 11 Let T be a weighted tree. Set vennq to be the neighbour of the
root lying in the path Py, . from the root to vyase. The descendent tree T,
is itself a weighted tree with root vepng. We set wy equal to the weight of this
tree, as defined by the formula (3), where, to compute the summand on the
right-hand-side, we note that, for each element v € V(1,,.,), the weight of
v 18 computed with respect to the root being venig-

We further write pae = P§ (DE) for the probability that the walk starting

at Veniia makes a deep excursion into T'.
The significance of w, is its appearance in the mean hitting time formula
i (Hy) = 20, — 1, (7)

which follows from the commute-time formula in a reversible network, origi-
nally proved in [9], and presented as Theorem 3.3 in [2].

Theorem 4 Assume the hypotheses of Theorem[3. For each € > 0,

E? H
phw,u(we (1_€’1+6>) 1

2w,kpge1
as u — 00.
For allt >0,
H
(Ph,u,u X P%g,pg) (T;l > t) — exp{ —t}
*Hde
as u —» 0.

The new information presented in Theorem Ml beyond that of Theorem B is
that, for a typical large tree, under P?,B’ it DE does not occur, then Hy is
negligible. Indeed, that H, is negligible in the event DE® is equivalent to
saying that most of the mean E?’B(H@ arises on the event DE. It easy to see
that this in turn is the same as saying that E? 5’D5(H¢) is well approximated
by 2w.ps.. (The key ingredients to see the latter equivalence are (), and
the fact that, under DE, the walk from ¢ must immediately travel to vepiq.)



1.1 The structure of the paper

We begin in Section [2] by introducing some necessary tools from classical
defective renewal theory and the extension needed for the proof of Theorem
2l which forms the core of the argument for Theorem [[I We will illustrate
how the defective renewal theory can be used straightforwardly to show that,
for a vertex v € V(T') of maximal depth, w(v) has a pure power-law tail. This
power-law differs by a constant from the one given in Theorem [ for w(7),
the reason being that several vertices near the base of the tree contribute
to w(T') on roughly equal terms. In order to better approximate w(7') and
thus prove Theorem 2] we introduce a convenient decomposition of the tree
in Section Bl The main result, Theorem [ about this decomposition states
that the components are small conditionally on w(7) being large. The proof
of Theorem [0l is fairly involved and in places delicate, and it is deferred to
Appendix Bl In Section @, we prove Theorem 2. In Section B we study the
exponential tail of the return time, and prove Theorems [3] and [l

In its exploration of time spent in traps, the paper [18] requires a different
decomposition from the one introduced in Section In Appendix [, we
introduce this new decomposition of the tree, which we call the renewal
decomposition. The renewal decomposition has components that enjoy more
independence than the corresponding objects in the decompositions used in
this paper. The analogue for the renewal decomposition of Theorem [l is
needed in [I8]. Tts proof also appears in Appendix [Cl

2 A first use of defective renewal theory

We recall and improve slightly on the classical non-lattice defective renewal
theorem [16]. Suppose that a succession of light bulbs has been produced.
Independently of the earlier ones, a given light bulb is permanent with prob-
ability 1 — p, in which case, it will shine eternally. A light bulb which is not
permanent is called temporary; given that a bulb is temporary (and inde-
pendently of the status of the preceding bulbs), it has a lifetime distributed
according to the law p. At time zero, the first bulb is installed and begins to
shine. A bulb is replaced whenever it fails, until a permanent one is installed.
The defective renewal theorem is concerned with the law of the time at which
the final replacement is made (after which, a bulb will eternally shine). This
is the time Z in the next lemma, whose first part is the classical defective
renewal theorem.

Lemma 1 On a probability space (Q,P), let {X; : i € N} be a sequence
of independent and identically distributed random variables. The common



distribution v is assumed to have a non-negative, bounded and non-lattice
support. Let' Y denote an independent random variable taking values in the
positive integers. Set Z = Y1 | X;.

1. Suppose that, under P, Y has the law of a geometric random variable
of parameter p € (0,1): that is, for each j >0, P(Y = j) = p’(1 —p).
Define k > 0 as the unique value such that E(e"X) = %, and let ¢y =

1—
7/@p]E(X]Z”X)' Then

P(Z > u) ~ cyexp { — ku},
where recall that f(u) ~ g(u) denotes lim,_, % =1.

2. Suppose that there exist p € (0,1), ¢ € (0,00) and kg € N such that,
for k > ko, P(Y = k) = cp*. Then

P(Z > u) ~ csexp { — ku},

cca

with c3 = s

3. Suppose that, for such p and ¢, we assume merely that P(Y = k) ~ cpF
as k — oo. In this case also,

P(Z > u) ~ csexp { — ku}.

Proof. The first statement is (6.16) on page 377 of [16]. (Note that there is
typographical error in (6.16) and that p should be replaced by pf.)

In the second statement, Y assumes high values according to a law whose
density is adjusted from that of a geometric law by multiplication by a factor
of « = ¢/(1 —p) € (0,00). Suppose that a € (0,1]. Then we may equip
the probability space (€2,P) with a geometric random variable V' and an
independent event A satisfying P(A) = « in such a way that Yys, =
VI1ysg, 4. Writing () for the supremum of the support of ;, we have that,
if u > koQ, then Z > u implies that Y > ky;. We find then that, for such u,
P(Y > u) =P(V > u)P(A) = aP(V > u), so that the second statement of
the lemma follows from the first one in this case.

In the case that a > 1, we similarly equip (€2, P) with a geometric random
variable V' and an independent event A for which P(A) = a~! such that
Vlysg, = Ylysg,La. We may then treat this case analogously to the
preceding one.

The third statement may be reduced to the second one by a coupling
argument. Let Y’ denote a random variable satisfying P(Y' = k) = ¢p* for
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k > ko, for some ky € N. We claim that a coupling Q of Y and Y’ may be
effected such that

JLH;Q(Y:Y/ Y’:n) —1 (8)
and
JLIQOQ<Y:Y'Y:n) ~ 1. 9)

Indeed, we may construct Q to satisfy Q(Y = n,Y’ = n) = p, A g, with
pn = P(Y =n) and ¢, = P(Y' = n). We then have that Q(Y # Y'|Y’ =
n) = max{0,1 — p,/q,}, which tends to 0 as n — oo. This yields (§), with
the same argument giving ().

We now define 7’ = 22;/1 X, on (2,P), and claim that

P(Z'
lim (2" >u)

u—oo P(Z > u) o (10)

so that the third statement of the lemma follows from the second applied to
Z'. To prove ([I0), we construct under the measure Q the sequence {X; : i €
N} having the same law as under P, and doing so independently of Y and
Y’. In this way, Q provides a coupling of Z and Z’. It suffices for (I0) to
show that

lim Q(Z’>u)2>u) —1 (11)
U—>00

and
lim Q<Z>u’Z’>u) ~1. (12)
U—r00

Given Z > wu, it suffices for Z’ > w that Y = Y’. The conditional distri-
bution of Y, given that Z > wu, is supported on [u/Q, o), where recall that
() = supsupp(u). Moreover, given Y, the event that Y = Y’ is conditionally
independent of Z. Hence, Q(Y =Y’|Z > u) — 1 as u — oo is a consequence

of ([@). This proves ([I2)). Likewise, (1) is derived by means of (). O

We now present Theorem [, which states that w(v) has a power-law tail
for a vertex v € V(T') of maximal depth. The main tool is Lemma [l We will
need the vertex v to be chosen independently of the biases {5, : e € E(T)}.
For this theorem, any algorithm to do so would be satisfactory: for instance,
we could choose v uniformly at random among those vertices of maximal
depth, independently of the biases. For definiteness, we specify one such
algorithm: indeed, we have already done so, in specifying the vertex vpagse in
Definition [§ by means of the classical formal coding of the Galton-Watson
tree (see [23] Section 1.1, and Appendix [A]).
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Theorem 5 Assume Hypotheses 1l and [2.  The weight of the base vertex
satisfies

]P)h,u (w(vbase) > u) ~ dQU_Xa

where x is given in (3) and where

«
d2 - 0 5 (13)
xmn f; yXlog(y)dv(y)
with the constant o € (0,00) being given by the limit
a:= lim m,;"IPh(D(T) - n> € (0, 00). (14)
n—oo

The fact that the distribution of the depth is asymptotically geometric, i.e.,
that the limit (I4) exists, is classical under Hypothesis Il See [20].
Proof. We firstly note that the existence of the limit (I4]) is classical under
Hypothesis [ See [20].

The vertex vpase is at distance D(T') from the root ¢. Under Py, the
biases attached to the path from ¢ to vp.se are independent samples of the
law v. Hence, under Py, ,,

D(T)

logw<vbase) - Z X@'7 (15)

i=1

where {X; : 1 <i < D(T)} is a sequence of independent random variables,
each having the law v o log~!. Note that this sum satisfies the hypotheses
of the third part of Lemma [I due to D(T') being independent of {X; : i €
D(T)}, and ([I4)). Applying this result, we find that

PhJ,(logw(vbase) > u) ~ dye X", (16)

where x > 0 satisifes (2) and where dy has the form given in (I3). O

The quantity w(vpase) 18 a first approximation to w(7T), for a tree sampled
under the measure P, , ,,. This approximation is never accurate up to leading
order, although it is plausible that, for a typical sample of this measure, w(7)
is approximated up to a small multiplicative correction by a sum of w(v)
over vertices v ranging over several generations near the end of the trap. We
will introduce such an approximation, and analyze it, also by means of the
defective renewal theorem. We now define a decomposition of a tree, in order
to make this approximation.

12



3 Bare trees and approximation of the total
weight

3.1 Approximating w(7T) using a splitting of the tree

We consider firstly a simple splitting of the tree 7" and a convenient approx-
imation of its total weight w(T).

Definition 12

1. We record the vertices in Py, in the form [¢ = o, ¥1,..., Ypr) =
Ubase]-

2. For 0 < i < D(T), let J; denote the connected component containing
Y; of the graph with vertex set V(T') and edge-set E(T) \ E(Pyy,,..)-
We will call J; the i-th outgrowth of T'. Note that Jp(r) is the singleton
graph with verter vpase.

3. For any integer k, define wi(T) = E?:o ZUEV(JD(T)—i) w(v).

The quantity wy(7") will provide a better approximation to w(7") than that
which w(vpase) offers. Before explaining how this is so, we need a little more
notation.

Definition 13 Let k € N. Let T be a weighted tree for which D(T) >
k. Set Ej to be the weighted descendent tree Typiry_r» o1, equivalently, the

weighted subgraph induced by the set of vertices v € UiD:(g)(T)—kV(Ji)' Note

that wi(T) = >_ v (g, @ ().

We also set E} equal to the weighted subtree of T induced by the vertex
set given by removing the strict descendents of 1 pry—r from V(T'). Note that
E(Ey) U E(E}) is a partition of E(T).

We extend the notation w(v) for the weight of a vertex v € V(T) in a tree T

in the following way.

Definition 14 Let T be a weighted tree, and let u,v € V(T), with v being a
descendent of w. We write w,(v) for the product of the edge-weights in the
path P,,. Note that, for any uw € V(T), we have that wy(u) = w(u).

The quantity wg(7) has a convenient representation. For any v € V(Ey),
we may write Py, as the concatenation of Py, _, and Py, ». By so
doing, we obtain w(v) = wW(Vpr)—k)Wypp_,, (v). By summing this formula
over v € V(Ey), we arrive at

wi(T) = up(T)vg(T). (17)

13



Here, u(T') := w(¥p)-k) and ve(T) := 3, cy (g, ) Weper,_, (V) This product
formula will be essential for our analysis of the approximation wy (7).

3.2 Outgrowths in a high-weight tree are small

To obtain Theorem [2], as well as deriving the asymptotic behaviour of wy(7'),
we must show that wg (7)) is a good enough approximation to w(7'). To do
so, we need to know that the, outgrowths in a typical sample of P}, , are not
too large, uniformly under conditioning on the sample being a tree of any
high weight. This estimate is provided by the next theorem, which is stated
using the notation introduced in Definition [7l

Theorem 6 For the statement, we take J; = 0 if i > D(T) (for any tree T').
Let {h; : i € N} satisfy Hypothesis[d, and let v be an edge-weight law with
compact support in (1,00). There exists ¢ > 0 such that, for all w > 0 and
1 €N,

Proa( [V 2 k) < exp{ — ek},
for each k € N.

While the statement of Theorem [(] is natural enough, its proof is a little
technical. We defer it to Appendix [Bl
We also record the following property of the decomposition.

Lemma 2 The law of the tree Ey, under Py, (-|D(T") > k) coincides with that
of T under Py, (-|D(T) = k). Moreover, this statement holds if Py, (-|D(T) >
k) is conditioned on any admissible choice of Ej.

Proof. Suppose that a sample T" of P, , (- |D(T") > k) is further conditioned
on an admissible choice of Ef. (We write P for the conditioned law.) The
tree Ej, which, by definition, is given by the descendent tree Ty, ., _,, must
have D(E}) = k, by the definition of ¢ py_x. Moreover, £, may take the
value of any such tree. To see this, note firstly that there must exist a tree
T' with D(T") = k in the support of the random variable Ej, under P, since
the choice of E} under which we condition to obtain P is an admissible one;
and note further that the tree obtained by making the choice Ey = T" has
Ubase € V (Ey). This forces ¥p(r)—i to be lexicographically smaller than any
vertex v € V(T) \ V(Ey) for which d(¢,v) = D(T'). This means that, for
an arbitrary choice of Ey = T”, with T" a tree for which D(T") = k, we
necessarily have vpase € V(Ey), so that, indeed, Ej may take the value T".

Hence, under ]f", Ej, has the law of Pj,, subject merely to the condition
that D(Ey) = k. O
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3.3 Bare trees

The following definition and lemma reformulate Theorem [0l in a manner
convenient to applications.

Definition 15 For B > 0, we say that a weighted tree T is B-bare if
|V (J;)| < Bloglogw(T) for each i € {0,...,D(T) — 1}.

Lemma 3 Let ¢ > 0 denote the constant that appears in Theorem 6. Fiz
B > 2/c. Then

Phyu <T 18 B—bare) >1— (log u)ch/Q’

for sufficiently high u.

Proof. Note that w(T) > w(vpase) > ¢°7). Hence, by (I4),

: e ()
]P)]%,, (M(T) > u) > ]Ph,l/ (D<T) > 1?)?,:) ~cqu logl’; ) (18)

for some ¢4 € (0, 00).
By (I4) once more, and (I8), we see that, for any C' > @ and for all
sufficiently high wu,

P,(D(T)| > Clogu)
Pp,(w(T) > u)

Proua (D(T) > Clogu) <

- (1/(logq)*c> log (mﬁl).

< 2u
We find then that

Pr o (T is not B—bare)

IA

Pw( V(J,)| > Blogl )
o ie{o,Tg?T)le ()] oglogu

C(logu)exp{ —cBloglogu} + Pp,,..(D(T) > Clogu)

Cllogu) 4 2 (V000 s(ni?)

IA

VAN

the second inequality by virtue of Theorem [l Note that ¢B > 2 implies that
1 —¢B < —(¢/2)B. This yields the result. [
We also record some properties of a B-bare tree.
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Lemma 4 Let T be a B-bare tree. There exists a constant Cy > 0 such that

w(T)

W(Upase) = .
( b ) (10gw<T))2BlogQ

and
logw(T)

D(T) = 2log @ ’

provided that w(T) > C.

Proof. Let v € V(Ji) for some k € {0,..., D(T)—1}. Note that ¢y, € V(T)
is the latest common ancestor of v and vpase. Recalling that d(-, ) denotes
the graphical distance on V' (T'), note that

w(v) < Q) iy(hy) < QBIELERD (4,

where we used that 7' is B-bare in the second inequality, while

C'L)(Ubase) > qd<wk7vba3e) (wk) - qD(T (wk)

Thus,
w(v) < QBloglogw(T)qf(D(T)fk)w(vbase)'
We find that
D(T)
w(T) = Z Z Z w(v)
veV (T) 0 vev (Iper_s)
D(T
< w(vbase)QBloglogw(T) (Z) q_k|V(<]D(T)7k)| < w(vbase)QZBloglogw(T)’
k=0

the second inequality by 7' being B-bare and w(7T) > Cy. Thus, the first
statement of the lemma. Using w(vpase) < QP™) | we obtain the second. O

4 The proof of Theorem

To prove Theorem B, we will use the approximation of the weight w(7)
provided by wy(T") that was introduced in Definition We will analyze this
quantity by means of the product form (7). We will prove that, under the
law Py, (-|D(T") > k), the two constituents u(T") and v;(T") are independent,
and ug(T') is typically the larger. As we will shortly explain, the asymptotic
decay of ux(T) may be obtained by the defective renewal theory with which
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we obtained that of w(vpase) under Py, in the proof of Theorem[Bl We will see
that the term vy (7T") modifies the determined decay rate only by a constant.
Indeed, this is reflected in the statement of Theorem [2, where the constant
dy is expressed as a limit of a certain average of vertex weights near the end
of the tree.

We begin by computing the tail of the main term wug(7") by another use
of defective renewal theory.

Lemma 5 There exists a sequence of finite and positive constants {d(k) :

k € N} such that, for each k € N,
P, (uk(T) > u’D(T) > k) ~ d(k)ux.

We have that

1—mh

lim d(k) = _ .
dm d(k) xmy [; yXlog(y)dv(y)

Proof. Analogously to (I5)), we have that, under P, (- |D(T) > k),

D(T)—k

logug(T) = Y X

=1

where {X; : i € N} is a sequence of independent random variables, each
having the law v o log™!. The depth D(T) is independent of {X; : i € N}
and, for every k € N, the following limit exists by (14)):

lim m;"P, (D(T) —n+ k:’D(T) > k;) —— (19)

n—o0

as n — oo. It follows directly from (I9) that
lim o =1 —my,. (20)

k—o00

By the third part of Lemma [I], (and analogously to (I6])),

Ph’“<1°g ur(T) > u)D<T) > k:) ~ d(k)e X",

as u — oo, with d(k) = ook :
xma [ yXlog(y)dv(y)
The stated convergence of {d(k) : k € N} follows from (20). O

We will now show that the two terms in the product decomposition (7)) for
wg(T) are independent, and that ug(7") is the dominant one:

17



Lemma 6 Under the measure Py, ,(-|D(T') > k), the random variables u(T)
and vg(T) are independent.

Proof. On the space Py (- |D(T) > k), the random variables u;(7") and
vg(T') are respectively measurable with respect to the labelling with weights
of the edge-disjoint trees E; and Ej that were introduced in Definition [13l
The statement thus follows from Lemma 21 [J

Lemma 7 There exist ¢ > 0 and ug : N — (0,00) such that, for any k € N,
and for u > uy(k),

Py, (vk(T) > u’D(T) > k:) <exp{-— cu}IP’hW(uk(T) > u’D(T) > k:) (21)

Proof. Note that
un(T) < |V(Ep)|Q". (22)

Note further that
Ph,y(\V(Ekﬂ > U)D(T) > k;) _ Ph,y(|V(T)| > v‘D(T) . k)
P, V(D) 2 v)
Phw(D(T) - k:)

< Crexp{ — cv} (23)

Here, the equality is due to Lemma 2] and the second inequality, to the
following Lemma [8

By @2) and @3), Py, (x(T) > u|D(T) > k) < exp{ — cQ *u} for
sufficiently high u. By Lemma [l we obtain the statement. [

Lemma 8 There exists a constant ¢ € (0,1) such that
Ph(|V(T)| > n) <

for each n € N.

Proof. It is a classical fact (see [23], Corollary 1.6) that the random variable
|V(T)| has the same distribution as the hitting time U = inf {n < 1,5, =
—1}, where S, = > | (M; — 1) and the {M; : i € N} are independent and
identically distributed random variables with distribution h. The distribution
of the increments M; has a negative mean and an exponential tail; thus, by
a classical argument, the hitting time U also has an exponential tail. [

We are now ready to prove a precise decay rate for wy (1) under Py ,.

18



Lemma 9 For each k € N,

IP’hW({wk(T)>u} {D(T) k})

~ (kB (TN DT) = k)P (D(T) = )

where the constants {d(k) : k € N} appear in the statement of Lemma [3.

Proof. It suffices to show that, for each £ € N,

ph,y(wk@) > u)D(T) > k;) ~ d(k;)Eh,y(@k(T))x

D(T) > k) uX, (24)

since Lemma [2] demonstrates that the expectation on the right-hand-side is
equal to Ep, , (w(T)X|D(T) = k).
By Lemmas [l and [0, (24]) follows from the next lemma. [

Lemma 10 Let U and V' be independent random variables on a probability
space (2, P) such that
P(U > wu) ~cu™" (25)

for some ¢ >0 and kK > 0, and, for some n > 0,

P(V >u) <u"P(U > u) (26)
for w sufficiently high. Assume also that V' > 1. Then

PUV > u) ~ cE(V*)u™". (27)

Proof.
Fix € > 0. We choose ug = ug(€) such that, for u > wy,

’IP’(U>u)

cu—rF

- 1’ <e (28)
From (25)), (26) and V' > 1, it follows that, for 6 > 0, there exists C' =
C(6) > 0 with C(J) - oo as § — 0 and u; = uy(d) > 0 such that u > uy
implies that

P(UV > u) < (1 +0)P ({Uv > u} N {V < u/c}). (29)

Now, choose § > 0 such that C(§) > ug(e) and § < e.
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Let g denote the distribution function of V. In what follows, each quantity
E; is an error term, in absolute value at most €;: for u > max {ug, u },

P(UV > u)
— +El)[p>({UV > u} N {V < %D

u

— 1+ El)/oW IP(U > %)dg(v)

= 1+ E)A+ Eg)cu“/o ” v®dg(v)

where, in the third equality, we used u/v > ug for v < w/C(d) (which is

u

implied by C(8) > ug), @8), and § < e. Noting that lim, ,« [ vFdg(v) =
E(V*), and E(V*) < oo by (25) and (26), we obtain (27). O

The next step is to show that the approximation of w(T") by wg(T) is
sufficiently good.

Lemma 11 There ezists e(k) € (0,00) with e(k) — 0 as k — 0o and uy(k) €
(0,00) such that, for u > uy(k),

PhJ,({wk(T) > u} N {D(T) > k}) <P, (w(T) > u>
< (1 + e(k))Ph,y({wk(T) > u} N {D(T) > k;})

Proof. The first inequality is implied by wy(T) < w(T). Regarding the
second inequality, note that there exists ¢ > 0 such that, for any £ € N, and
for u > up(k),

Phiu (D(T) < k) <exp{—cQ *u}. (30)

Indeed, since w(T) < [V(T)|QP™) on {w(T) > u, D(T) < k}, we have that
|[V(T)| > uQ~*. By means of Lemma 8, we have then that

Pp(w(T) >u, D(T) < k) <exp{— ch_k}

However, by w(T') > w(vpase) and Theorem [l we have that Py, , (w(T) > u) >
(do/2)u=X. Hence, we have (30).

In view of Lemma [ and (30), it is enough for the second inequality in
the statement to show that, for all € > 0, there exists a ko(¢) such that for
k > ko,

lim Phuu<wk(T) > u(l — e)) —1. (31)

U—00
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It is sufficient for (31) that

lim th(w(T) —wy(T) < ew(T)) ~ 1 (32)

U—00

To show this, we begin by noting that w(7T)—w(T') = Zf:(g)_k_l > vev(n @)
Recall Definition [14] and so note also that

W(T) Z W('Ubase) = w(,lvz)D(T)—k)wwD(T)_k(vbase) Z uk(T)qk
Hence,
D(T)—k—1
< g Pup(T)™! w(v). (33)
=0 ’UEV(JZ'

w(T) = wi(T)
w(T)

Let j € {0,...,D(T) — k—1} and v € V(Jp(r)—k—1—;). We claim that
w(v) < up(T)QIVIpimri)lgi-t (34)
To prove this, note that w(v) = w(¥pr)—k—1-5)Wypry_y_,_,; V), While

uk<T> = w(wD(T)—k) = w(wD(T)—k_l_j)wwD(T)fkflfj (Q/JD(T)—k)-

Hence,
w(v) . Wb (ry—k—1—; (v)

uk(T) a Wpp (1)—k—1—j (¢D(T)fk>.

(35)

Now, Wn(r)—k-1-; (v) < Q|V(JD(T)7k717j)|a and

W p(ry—k—1—; (wD(T)fk‘) > qj—i-l’

so that (34)) follows from (35]).
From (B4)), we find that

1 D(T)—k—1 D(T)—k—1
D DD DR ()= g 20)V Upar-ia-i)|
ur(T) 4 veV (J;) i=0

In seeking to verify (B2)), we require a bound on the upper tail under Py,
of the right-hand-side of the preceding inequality, which amounts, in effect,
to an assertion that a tree sampled under P, is typically sparse at a short
distance from its end. The next lemma provides such a bound. It does not
follow from the statement of Theorem [6] since the indices D(T'), D(T) —
1,... of the final outgrowths of T" are random. However, it is, in essence, a
byproduct of the method of proof of Theorem [6] and its proof appears at the
end of Appendix [Bl
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Lemma 12 There exists a constant ¢ > 0 such that, for all ¢ € N,
D(T)—¢

sup ]Ph,u,u( > (2Q)!VUpre)lgm1mint > o (- Cf}) <exp{—cl}.

u>0 i—0

Applying Lemma [[2 with £ = k+1 in the second inequality below, we obtain

D(T)—k—1
1
n»h,u,u(m > w(v) > exp{~ck}g", D(T) 2 k) (36)
k =0 veV(J)
D(T)—k—1
< Ph,y7u< Z q_i_k(QQ)W(JD(T)J“*l*i) >exp{ — ck:}) <exp{ — ck}.
i=0
In light of (33)) and (36),

Py (0(T) = wh(T) > exp{—ck}w(T), D(T) = k) < exp{~ck}.

Using (30), and letting v — oo and taking k large enough, we obtain (32)).
This completes the proof. [J

The following result, whose proof is trivial, is required to obtain Theorem
from Lemmas [@ and [ITI

Lemma 13 Lety > 0. Lets: [0,00) — [0,00), {sc:[0,00) = [0,00),€ > 0}
and the collection {c. : € > 0} of constants be such that, for all € > 0,

Se(u) ~ cou™

and
Se(u) < s(u) < (1+ €)sc(u)

for all w > ug(€) sufficiently high. Then ¢ = lim. | c. exists and
s(u) ~ cu .

Proof of Theorem [2. Invoking Lemmas [ and [II] to show that the hy-
potheses of Lemma [13] are satisfied, we see that

lim d(k)E;, (w(T)X

k—o00

D(T) = k;) P, <D(T) > k;)

exists. Recalling further the value of the limit limg_,., d(k) from Lemma [l
the application of Lemma [13] gives that

22



uWXPy (w(T) > u)
1-— mp .
~ = lim Ey, (w(T)X
xmu [, yXlog(y)dy(y) ke

1 e -1

D(T) = k)IP’h (D(T) > k)

We thus obtain the formula (@) for the constant d; in the statement of
the theorem. [J

5 The proof of Theorems [3 and 4

We begin by showing that the return time of a walk from the base of a typical
tree to its root is well approximated by an exponential random variable.

Lemma 14 For any constant B > 0, there exist vg > 0 and ¢ > 0 such that
the following holds. Let T' be a B-bare tree satisfying w(T) > vg. There exists
a random variable R having an exponential distribution under the law IP’%""‘BSE,

such that the difference & = Hy — R satisfies, for u > (Epy° H¢)1/2,
P <|50| > u) < exp { - cu1/4O(E%aﬁseH¢)fl/80}. (37)

Preparing for the proof of Lemma [I4] we decompose the duration Hy
under P;‘j%se into a large and geometrically distributed number of typically
short excursions from vy,., whose total duration is close to exponential, and
a further brief interval of passage from v, to ¢. That is, we write the
last-exit decompoosition

S
Hy=> N+ F, (38)

i=1

where S is the number of visits to vpase at positive times before Hy, (so that
S is a geometric random variable), and >_7_, N; is the time of the j-th such
visit, for j € {1,...,S}; and F is the duration between the last visit of X to
Upase before time Hy and time Hy itself.

Before proceeding, we require

Definition 16 Let P =V (P;,,,..) denote the vertez-set of the path from the
root to the base, as introduced in the decomposition in Definition[12. Under
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Pz, let {T] : i € N} denote the successive distinct returns of X to P: that
is, TV =inf{i e N: X; € P}, with T}, =inf {i >T7 : X; € P, X; # Xrp}
for n > 1. We abbreviate T; = T/, and set Xp : N — V(T) by Xp(i) =
X(T3).

A few observations are useful. Recall that we write |v| = d(¢, v) forv € V(T).

Lemma 15 Let T be a B-bare tree.

1. The process {|Xp(i)| : i > 0} under P25 is a Markov chain. Under
Pse (- [Huy,,,, < Hyp), the process {|Xp(i)] : 0 <4 < Hy» %, until the
first return to vpase by Xp, is a stopped Markov chain.

2. There exists ¢ € (0,1/2) such that, for alli € {1,...,D(T) — 1},
]P’Tﬁ<|Xp(n+ 1) =i+ 1)\Xp(n)\ - z) >1/24¢,

where n € N is arbitrary. The same statement holds under the law
Prse(-In< H] < HY).

Ubase

3. there exists ¢ > 0 and Dy > 0 such that, for any B > 0, and for any
B-bare tree T,

Prs(Ti1 = (logw(T)™”

[Xp(i)] = j) < exp{ - ck},

foralli € N, 5 € {1,...,D(T) — 1} and k € N. This statement also
holds under P~ |n < H < H[).

Proof. The first two assertions are trivially verified. Regarding the third,
note that, if v € V(T')\ P, then the conditional distribution of X (n+1) given
X(n) = v is the same, under the two laws P53 and P35 (- |n < H,, ., < Hg).
It clearly suffices then to show that there exists D; > 0 such that, for any
je{l,...,D(T) — 1} and v € V(J;), the hitting time under Prz of X on
P\ {w;} given X(0) = v is at most Bloglogw(T) with probability at least
(logeo(T)) P2,

To see this, label the vertices of the path P,,, = (v = €o,..., i) =
;). Let m; denote the number of offspring of ¢;. Note that

d(v,i)

> omy < V() (39)

J=0

since all offspring of vertices in P, ,, belong to V/(J;) U {1} \ {¢i}.
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Under Prg, given X(n) = v, the walk X will move along P, ,, to v; in
successive steps from time n, and then make a jump to an adjacent vertex
in P, with probability at least

d(vyhi) d(v,i)
I[-——= ] Cor™=ee
=0 1 + le =0

where (39) was used in the second inequality. With the choice D; = 2log (2Q),
the statement follows, then, from T being B-bare. [

The following lemma, treating the law of an excursion from vy, follows
directly from Lemma [I5 Its proof is left to the reader. Recall that N is the
first return time to Vpage.

Lemma 16 Let T be a B-bare tree. Let Dy > 0 be as in Lemma [13(iii).
There exists ¢ > 0 such that, for all v > 0,

IP’%""‘BSe (Nl > U)S > 1) < exp{ — W}.

The following lemma has a similar proof that is also left to the reader.

Lemma 17 Let T be a B-bare tree. There exists a constant C > 0 such that

) < OD(T)(logw(T))"".

Ubase

E;B(H

We now bound the error in estimating the total time of excursions from vy,
by using the mean excursion time.

Lemma 18 Let T be a B-bare tree. Write = Ep3°(S). Set L = SN —
SEN,. There exists Cy > 0 such that, if w(T) > Cy and u > p'/?,

Pgﬂl:%se(‘[j‘ Z u) S eXp{ _ u1/40,u*1/80}.

Proof. It is easy to see that > ¢”")~!. Thus, Lemma H(ii) permits us to
assume that p > C, where C' > 0 is an arbitrary constant, by increasing the
constant Cy > 0 as necessary.

Lemma [I6implies that, for some C' > 0, under P2%<(-|S = 1), Var(N;) <

C(logw(T))*”'P. Hence Theorem 3.7.1 of [10] yields the following moderate
deviations estimate. For 0 < e < 1/2, there exists ¢ > 0 such that, for all
n e N,

> (logw(T))™ Pt/2re

Py (| S0 Ni-nEN, S =n) < exp{—en*}. (40)
i=1

25



Note that, for any k € N,

Py (121 > k)

ﬂl-l»e
= Y Bpse(L] 2 K|S = )P(S = i) + Py (5 > we). (41)
=1

The random variable S being geometric, we have that there exists ¢ > 0 such
that, for any € > 0,

Py (5 > u”E) < exp{ —cp}. (42)

For the remainder of the proof, we write P for a measure under which
{N; :i € N} is an independent and identically distributed sequence of random
variables, each of which has the law of Ny under P75 (- [S > 1).

Note that, for p20 < i < plte,
S = 2)

P (
= ]P’(‘ ZNJ — ZENl Z (logw<T))D1BM(1+e)(1/2+E))
j=1

< IP’(‘ iNj - iIENl) > (1ogw(T))Dle'1/2+f)

J=1

L] > (logeo(T)) 21072+

< exp{ — cz’zg} < exp{ — cul_eo}, (43)

the second inequality by (@0) and the third by 7 > x/?°. Note also that, for

i< p,
Szi)

> ( logW(T))D1B’u(1+e)(1/2+e))

Pz (1] > (log (1) P02+
_ P(‘ZNJ _iEN,
j=1

< P30 2 2 logw(T)) P e
7=1

< v/ exp{ _ Clu(1+e)(1/2+e)—1/20}’ (44)
where, in the first inequality, we used

)

EN: < O (logw(T)) ™™ < 27 logeo(T) P H+0/249
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(which follows from Lemma [I6 and the assumed g > C'). The second in-
equality follows because one among the N; in question exceeds the average
requirement, along with Lemma [[6 and i < p/?°.

By @), @3), B4) and (@2),

Py (1L 2 (logw(T)) PP plr 4020

1/10

IA

(1+4€)(1/24€)—1/20 } + ot

!0 exp { —cp “exp { — ep"} + exp { — e}

< exp{—p/*},
the second inequality due to p > C.

It follows from p/* > (logw(T))"P*, (which is implied by p > ¢P()-!
and Lemma [(ii)), that

Pre ( L] > M”ME) < exp{ - u%}-

Recalling that v > /2, we may set € > 0 so that u?¢ = uu~'2. In this way,
we obtain the statement of the lemma. [J

The geometric random variable S must now be compared with an exponential
random variable.

Lemma 19 Any geometric random variable may be coupled to an exrponen-
tial random variable E in such a way that |G — E| < 1 almost surely.

Proof. To the geometric random variable G such that P(G = i) = p‘(1 — p)
for i > 0, the exponential random variable E satisfying P(E > u) = exp{ —
log(p~!)u} for u > 0, may be coupled by setting G = |F|. O

Proof of Lemma[14l By Lemmal[lJ, we may construct under P24 an expo-

)

nential random variable £ such that |S—FE| < 1. Set R = EEp5° (N[ > 1).
Then R has an exponential distribution, and

s
50 = Z Ni - R
i=1
satisfies
Pt (10l = u+ C(logw(T))™”) < exp { — w00}, (45)

by means of E23°(N1[S > 1) < C(log w(T))?P" (which follows from Lemma
[16), and Lemma 18]
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Noting that S < H, on B, we obtan
PT’5(|50| = u) < exp { — Cu1/4O(ET,5H¢)_1/80}

for u > C(logw(T))”"”, whence, the statement of the lemma. [J

We now present a result that combines the content of Lemma [[4] with an
asymptotic expression for the mean return time to the root under IP’% 5DE
The quantity w, from Definition [L1] appears in the statement. We mention
that the the notation of Definition [[4] may be employed to give a succinct
expression for this quantity: w, = ZUEV(Tvchild) Wagag (V)

Proposition 1 Let B € (0,00) be an arbitrary constant. There exists vy €
(0,00) and C3 > 0, such that the following holds. Let T denote a B-bare
weighted tree such that w, > vy.

The distribution of Hy under Py (- |DE) is such that we may construct
on this space an exponential random variable E with B (E|DE) = 2w, /pae
and with

Ry (\H¢ .yl ‘DS) < Oyl (46)

We further have that
BD;
By (Hy|DE7) < € (10ge) (47)

Proof. We begin by showing ([#7). Note that, under P;'( - |DE°), the
process | Xp| (which is specified in Definition [I6]), has the conditional dis-
tribution of | Xp| under Py given that this process hits zero before D(T').
The law of [Xp| under Py having a uniform bias to the right (except for
a reflection at D(T')), we see that this conditional distribution has a uni-
form bias to the left, so that the hitting time of 0 by this process has a finite
mean, uniformly in 7". Note further that the bound in Lemma [I5](iii) remains
valid under the law Py (- [DE®), since the walk X under this measure has
the unconditioned jump distribution at points in V(7') \ P. In this way, we
conclude that (47) holds.
To prove ([40]), we now argue that

(48)

Di1B+1
Evchild H !
T,B Ubase

DS) <C (log Wy
Indeed, using the notation (B8)), under P'j'*, we have that DE = {5 > 1}.

By Lemmal[lT E;"(H.y,,.,) < CD(T)(log w,)”*P . We now obtain (8] from
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By (), we have that
2w, — 1 = By (H,)
— By (Hy|DE )Py (DE) + Egpy (H,|Dee )Py (Dee)
pac (B (Ho = Ho. D¢))

+ (1= pao) Bty (Ho| DE?).

DE) + By (H

Ubase

Hence,

(49)

Ubase

2w, — 1)
Dde
DE) + (pal — DER (H¢)Dec> < C(logw.)?P

Ejy (Hy — H

DE) -

< (i

Ubase

where, in the second inequality, we used ([48]) and ({T), as well as that pge
is bounded away from zero uniformly, (as shown by the readily verified in-
equality, pa > 1—¢7").

By Lemma [[4, under P (- |DE), we may construct an exponentially
distributed random variable E, in such a way that H, = H,, _ + Ey + &,
where &; satisfies the bound

B (&

DE) < CEyy(Hy)"”, (50)

By (@) and (50,

B (Eo|DE) — 2pg, w.

< C(logw,) PPt 4 R (|51|)D5)
< C(logw,)"™ " + OBy Hy) . (51)

From pa B (Hy) < Ep'i(Hy), pae > 1 — ¢~ and (), we see that

Eyse (Hy) < Cw,. (52)
This implies that
Eese (Eo| DE) — 2pglw,| < Cwll?, (53)

since w, is assumed to exceed a large constant vy. Now, we let

. 2(,0* EO

E — T Uhoce 7 1 A~ oY
pac B3 (Eo|DE)
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so that F under P (-|DE) is an exponential random variable with Ei'3 (E|DE) =
2p; w.. Thus, under DE, we have that

Hy = E+ &, (54)
where & = H,,, + (Ey — E) + & satisfies
B (16| DE) < Clogw) ™ ¥ + Cull? + Cull? < Cull

the first inequality by @8], (53), (B0) and (52)), and the second by w, > wy.
We have obtained (E6]). [J

Proof of Theorems [3] and 4. Note that Theorem [3] follows directly from
the two statements in Theorem [l

Note that the distribution of H, under vaase coincides with that of H, —
H,, .. under ]P’%“ﬁ“dpg For this reason, the ﬁrst statement of Theorem @ follows
from (49) and Lemma [3]

We begin deriving the second statement of Theorem [l Let T be any
weighted tree. Clearly, under the conditional measure IP%&DE, we have that
X1 = Uchila almost surely, so that the distribution of H, under IP’%ME coin-
cides with that of 14 H,4 under ]P’%‘ﬁ‘dpg For the second statement of Theorem
[, it thus suffices to show that

v H
(Ph,yvu IPTd;;dDg> (# > t) Sexp{ — 1) (55)
*de
as u — oo. To demonstrate this, let A denote the event that T is B-bare
log
and that w, > uils@ . Note that, by w, > qD(T)*1 and Lemma M|, we have

that a B-bare tree T for which w(T') > wu satisfies w, > u41§>%qu. By this and
Lemma B we find that
Ph,uu(A) —1 (56)

as u — oo. Under the law Py, x Pr!5.( - [A), we construct a random
variable E that, conditioning on the tree, enjoys the properties given in
Proposition [Il Fixing € > 0, we have that

(P x Pigithe ) (Ho > 20p3lt) < Ar+ Ag + Ag, (57)

where

Ay = (Pas X Piththe ) (B > 203 t(1 = ), 4).

A = (Pa x Pitithe ) (1Ho = Bl > 2w,pte, A)
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and A; = Py, ,(A°). Note that (B6) says that A3 — 0 as u — oco. Recall-
ing that, conditionally on 7', FE is an exponential random variable of mean

2w, /Pae, (BO) yields that

lim A; =exp{ —t(l —¢)}.

UuU—00

lo,
To bound As, fix a B-bare tree for which w, > utiosa . By Proposition [I] and
Markov’s inequality, we have that

Pythe (1Hy — B| > 2waplet) < Cylet) w2 < Cylet) Mums058,

Thus, Ay < Cg(et)_lu_f*liggq@. Substituting the obtained bounds into (57)),
and taking limits u — oo followed by € — 0, yields

limsup (P x Pyhe ) (Hy > 2waplt) < exp{ =t}
U—r00

The complementary lower bound has a verbatim proof. In this way, we obtain
(BA). This completes the proof of Theorem @ [

Appendices

A Coding of trees

We provide here a precise formulation of the notion of a finite rooted tree
and the Galton-Watson distribution on them. This treatment has been taken
essentially from [23].

We begin by defining a space of labels

o
u=|JNm
n=0
where N = {1,2,...} and, by convention, N® = {@}. Each element u =
(u1,...,u,) € U is thus a finite sequence of natural numbers. We denote
by |u| = n the generation of u. We define the concatenation uv of u =
(u1,...,u,) and v = (vq,...,0y) by means of uv = (U1, ..., Up, V1, ..., Up).

The mapping 7 : U \ {0} — U, given by 7(uy ... u,) = Uy ... Uy_1 asso-
ciates to each individual its parent.

A finite rooted ordered tree T' has vertex set given by a finite subset U
such that

31



LOeT.
2. ue T\ {0} implies that 7(u) € T.

3. For every u € T, there exists an integer k,(7") > 0 such that, for every
j €N, ujeTifand only if 1 < j < k,(T).

The number k,(t) is interpreted as the number of offspring of w in 7'

The edges of such a tree are the (unoriented) edges connecting each of its
elements u (except @) to its parent 7(u). Such a tree T is weighted when we
associate to it a function §: E(T) — (0, 00).

The formal definition of the Galton-Watson law is now given.

Definition 17 Let h = {h; : i € N} satsfy > ;- ih; < 1. Define a family of
independent and identically distributed random variables {K, : u € U}, each
having the law h. Write 8 for the subset of U given by

0 = {u = (ur...up) €U uy < Ky oy, for each 1 < j < n}

Then 0 is the vertex set of the Galton-Watson tree sampled according to Pp,.

With Q > q > 1, and for a law v supported in [q, Q], the law Py, ,, is defined
by introducing an independent collection {3, : v € U \ {0}} of v-distributed
random variables, and setting B. = B, for each edge e = (u,m(u)), with

ued\{0}.

Note that Py, is a law on finite rooted weighted ordered trees. In the next
appendix, we will wish to work with the unordered variant of this object.
We now formally define this.

Definition 18 Let T and T be two finite rooted weighted ordered trees. We
say that T and T" are isomorphic if there exists a bijectionp : V(T) — V(T")
with the properties that

1. (D) = 0.
2. hom=morh on V(T).

3. B(v(e)) = p(e) for each e € E(T).

In 3, we used 2 to extend the definition of ¢ to E(T): indeed, each edge
e € E(T) taking the form e = (w(u),u) for some u € V(T)\ {0}, we set 1 (e)
to be the edge (¢ o w(u), v (u)).

A rooted weighted unordered tree is an isomorphism class of such trees.
An unordered weighted Galton-Watson tree is the law of the isomorphism
class of a sample of Py, .
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After Definition [{] we introduced the joint tree and walk measure Py, , X
P 5. The definition was left imprecise, in the sense that a selection rule was
required to specify the vertex v € V(T'). We are now able to clarify this
point formally.

Definition 19 Let © denote the set of finite rooted weighted ordered trees.
A selection rule is a map s : © — U with the property that s(T') € V(T for
all T € ©. In the definition of P, X P75, v is a selection rule.

B The proof of Theorem

We aim to show that, for any v > 0, under the law P}, ., (which we recall
denotes Py, (- |w(T") > u)), a long outgrowth is unlikely.

B.1 Surgery using the FSO-decomposition

The plan is to argue that, under the measure P, ,, such an outgrowth is not
the most efficient means of securing the condition w(7) > u of high weight.
We will demonstrate that, from a high-weight tree with a long outgrowth, the
outgrowth may be removed, and the tree lengthened a little, in such a way
that the surgically altered tree has at least the weight of the original tree,
with the altered tree being demonstrably more probable under P, than the
original one.

The proof that we are explaining being a little involved, we prefer to
give it firstly under two assumptions, that serve to remove some distracting
details in the argument.

Hypothesis 3 The edge-weight law v has no atoms: that is, for all x €
(1,00), v({z}) = 0. The offspring distribution h = {h; : i € N} satisfies
hi > 0.

The first hypothesis is being used because it ensures that the weights attached
to the vertices in any finite tree are distinct. The second allows the presence in
a tree of finite paths each of whose vertices has a single offspring. Regarding
hypotheses, we also mention that we will make the harmless assumption that
h; > 0 for some ¢ > 2: for, were this to fail, all of our trees would be finite
paths, so that Theorem

To define and analyse the surgical procedure, we introduce a new decom-
position of a tree.
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Figure 1: The FSO-decomposition is illustrated.

Definition 20 Let T' denote a weighted tree such that the maximal value of
w(v) among v € V(T') is assumed by a unique vertex that we will denote by
Umax- Recall that ¢ = ¢ denotes the root of T'.

Let the first branch point va,, denote the first vertex on the path Py, ..
from @ to Vmax having at least two offspring. (We set vgp = Umax if there is
no such vertex in Py, vmax.) We define the foundation F' to be P¢7vfbp. We
define the spine S 10 be Py vy -

Writing s = |V (S)| — 1, we further label the successive vertices in S as
Uthp = X0s X1s-- -3 Xs = Umax- Fori € {0,...,s}, we let O;, the i-th offshoot
of T', denote the connected component containing x; in the graph with vertex
set V(T) and edge-set E(T)\ E(S). We also set O; =0 if i > s. (Note that
Os is equal to the singleton graph with verter vyay.)

In this way, the edges of T are partitioned into the foundation F', the spine
S and the various offshoots O;, 0 < j < s—1. We refer to the decomposition
as the FSO-decomposition.

To obtain Theorem [6] our plan is to show that any given offshoot O; is likely
to be small under P, ,. A short additional argument will then yield the
same conclusion for any given outgrowth J;, as desired. (The offshoots and
the outgrowths are each the subtrees hanging off the path connecting the
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Umax

Umax

Figure 2: Before and after: a large offshoot is removed. The only trace that
the procedure leaves is the unobtrusive short dotted segment shown on the
right.

root to a vertex near the base of the tree, V.. Or Vpase. Except for a few
terms at the extreme ends, the list of outgrowths coincides with that of the
offshoots up to a small additive random shift in the index. In other words,
the offshoots are a convenient technical tool, and it is only a small step to
learn that the outgrowths are small once we know that the offshoots are.)
To show that the offshoots are small, we will fix ¢ € N, and condition
a sample T of Pp,, on all elements in its FSO-decomposition except for F
and O;, and then show that, for this law, there is a more probable means to
achieve w(T') > u than by insisting that O; be large. This means is to insist
instead that F' be long (but with a length that is much shorter than the size
of O; under the comparison, so that this outcome is the more probable).
Figure 2 illustrates the surgical procedure that is the main tool in the
proof of Theorem [6l The left-hand figure depicts a tree sampled under Py, , ,,
that happens to contain a large offshoot. We now describe the surgery in
a little more detail: the formal argument corresponding to this sketch will
appear in the proof of Lemma 22 We will associate to the tree on the left-
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hand-side, another one, shown on the right, that still satisfies the condition
that the tree weight be at least w, but which is more probable under P,
than is the original tree. This latter tree will be obtained from the first by
some surgery. The offending offshoot will be trimmed from the tree. This
trimming necessarily entails some loss in the weight of the tree. This weight
must be regained, if the outcome is to have weight at least u. The means
of gaining weight is to add a few edges into the foundation of the tree. The
number of edges that we need to add is only logarithmic in the size of the
removed offshoot, so that the cost of this alteration to the tree is negligible
compared to the cost of the original offshoot. It is in order to ensure that only
a short lengthening of the foundation is sufficient to regain the lost weight
that we have chosen to use the FSO-decomposition, defined in terms of the
maximum weight vertex, vn.,. Indeed, the removed offshoot necessarily does
not contain vy, so that, if this offshoot has a certain size k, the weight of
the tree formed by its removal is at least 1/(k+1) that of the original weight.
The fact that this trimmed tree necessarily has a significant weight is then
vital in arguing that a slight extension to the foundation of this tree yields
one with at least the weight of the original tree.

This , then, is the plan in outline. To implement it, we need a little more
notation. Firstly, recall that, in Appendix[Al we defined the weighted Galton-
Watson law PP, , as a measure on ordered weighted trees. As we will shortly
explain, the ordering information specified by this definition is inconvenient
for our present method of the proof. As such, we wish to consider unordered
trees instead. We henceforth abuse notation and write P, for the law on
unordered weighted trees given in Definition 18

Definition 21 Let s € N and i € {0,...,s — 1}. Let S’ denote a weighted
path of length |E(S")| = s, and let O}, j € {0,...,s — 1} \ {i} denote a
collection of (rooted) weighted trees, for which there exists a (rooted) weighted
tree T whose FSO-decomposition satisfies S = 5", and O; = O}, for such j.
We will refer to the collection of data (s,i,S',{0} : j # i}) as an i-absent

foliage. For brevity, we write ]P,(i)y for the conditional distribution of Py,
gwen that the FSO-decomposition of T  satisfies S = S' and O; = O} for

such j. Note that implicit in the notation IP’S)V is a given i-absent foliage.

The deduction of our use of surgery, that rules out long offshoots in the FSO-
decomposition, is now stated. The remainder of this subsection is devoted
to establishing the result.

Proposition 2 Assume Hypothesis [1, and that v has support in [q,Q] C
(1,00). There ezists ¢ > 0 such that, for any u >0, for all i,k € N, and for
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all i-absent foliages,
PS)VOV(OM = k:)w(T) > u) < exp{ — ck}.

Remark. From the form of this lemma, we may explain why we work
with unordered trees. The statement would be untrue in the other case.
For an ordered tree, each edge in the spine of the tree’s FSO-decomposition
would carry with it a positive integer indicating its order among the edges
emanating from its parent vertex. If this number were high, then all the
edges with a lower index would necessarily live in a single offshoot. This
would mean that certain offshoots would necessarily be large, so that the
statement of Proposition 2l would be false for ordered trees.

To prove Proposition 2, we fix & € N, and aim to show that, for a given
1-absent foliage, it is probabilistically cheaper to obtain the condition that
w(T') > u by sampling a slightly long foundation (of length about log k) than
by sampling a very large offshoot O; (of size k). In seeking to realize this aim,
note the following difficulty. If u > 0 is large, and the spine and offshoots
fixed in the i-absent foliage are small, then it will be necessary for w(7) > u
that F' be long (having a length of order logu) if the offshoot O; has a size
of at most k. In considering a lengthening of F' as an alternative means to
[V (O;)| = k for attaining w(T") > u, we are referring to the additional length
of F'in excess of this necessary length.

We now prepare to give a precise definition of a splitting of F' into an
initial “necessary” subpath and a final “optional” subpath.

Definition 22 Note that, under the conditional law IP’SL, the tree T is a ran-
dom variable specified by the data F and O;. We will sometimes denote this
dependence explicitly: T = T(F,O;). Note further that, under this law, the

descendent tree T, 1s a random variable specified by O;. We will sometimes
write Ty, = T, (Oi).

Vfbp

Definition 23 Given a weighted tree S and a subset A C V(S), we set
wI(A) = > vev(s) Wo(s)(v), where the summand is written in the notation of
Definition [14] We will make choices of S and A in terms of the notation in
Definition [22 that specifies tree-valued random variables under the law IP’S)V

For example, given the data implicit in IP’SL, the quantity wTvep (@) (wap(@))

denotes EueV(Tvﬂ ) Wap,, (1) when the choice O; = 0 is made. That is,
bp

W (T,,,,(0)) =§%wm<x]~> £ Y e

J=0,j#£i veV (0;),v#x;
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At present, we seek to prove Proposition 2] under the assumption of Hy-
pothesis Bl In the ensuing lemmas, we assume this hypothesis, as well as the
other hypotheses of Proposition 2l When we are done, we will revisit these
arguments, to remove the need for Hypothesis [Bl

Lemma 20 Let T be a weighted tree whose FSO-decomposition has a given
i-absent foliage S', O%, j € {0,...,s — 1} \ {i} for s > i > 0. Suppose
further that w(T) > u and that |V(O;)| < k. Then T has the property that
the inequality

q_Ll(wvabp(@) (vabp(@)) + Wag,, (X3) zzk; Q‘])w(v) > . (58)

is satisfied by the choice v = vg,,. Note that Tvﬂ)p(@) denotes the subtree of T

induced by the union of the vertices of S and of the offshoots excluding O;.
The following definition is convenient.

Definition 24 For k € N, let L, denote the weighted tree consisting of k
consecutive edges, each having bias (). Let ¢} denote the weighted tree con-
sisting of k consecutive edges, each having bias q.

Proof of Lemma [20. Note firstly that, for such a tree T,

W= >  wh)+ D wb).

vEV (F),v#vepp vGV(vabp)

Note that, for u € V(F), w(u) < ¢~ )y (vy,,), since all edge have bias
are at least ¢. Hence,

whence

For v € V(T ), w(v) = w(vgpp)w e (v), implying that

w(T) < —Lw(vpy)w ™ (T, ). (59)
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Note that the tree Ly is the (k+ 1)-vertex tree of maximal weight. Adopting
the notation of Definition 22] note thus that, among choices of O; = O for
which |V (O)| < k, we have that

k
o ©) <T%p(0>> < T ® (wap@)) Lm0 )Y QL (60)
=1

From (59), (60) and the assumption that |V (O;)| < k, we obtain the state-
ment of the lemma. [J
Lemma 20 permits the following definition.

Definition 25 Let T be a weighted tree satisfying the hypotheses of Lemma
[20. Let vess denote the vertex v in F closest to ¢ among those satisfying
(38). We refer to ves as the essential vertex. We call the path P, .. C F,
the essential foundation EF. We call the path P, C F, the optional
foundation OF.

ess;Ufbp

We are aiming to prove Proposition 2, which concerns the conditional law
IP’&LZ,)U, in which we condition on a given 7-absent foliage. To do so, it turns
out to be better to condition also on the essential foundation, since what is
then left undetermined is the ¢-th offshoot and the optional foundation, and
it is in terms of the length of the optional foundation that we will shortly
phrase a convenient sufficient condition for w(7") > u. We now extend the

IPS)V notation to incorporate this additional conditioning.

Definition 26 Suppose given an i-absent foliage. Let u > 0. Under the law
IPS?V, we write ESS for the event that vess exists. (Note that this event depends
implicitly on the i-absent foliage, on k € N and on u.) Let EF’ denote a
fized weighted tree (which is necessarily has the form of a succession of edges)
which is a possible choice for EF under the law IPS)U( |ESS). We call the
data consisting of the given i- absent folz e and EF’ an i-absent verdant
foliage. We adopt the notation ]P’ (- |ESS,EF = EF'"). Note that

implicit in the definition of ]P’,W is an z—absent verdant foliage, which itself
depends implicitly on k € N and u > 0.

To summarise, for a sample 7" of P}, ,, given the spine S and the offshoots
O;, and with O, unspecified except for the condition that |V(O;)| < k, it
is required, for w(7T) > wu, that a certain initial segment of the foundation

F exist. This segment is EF. What is left of F' after I is OF. By
further conditioning 7" on E'F', (that is, by using the law IP’SL*), we have
arrived at a convenient framework in which to gose the question ‘how may
w(T) > u occur?”: we will show that, under IP’h ", the optional foundation
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having length C'log k, with C' a large constant, is enough to ensure w(7") > wu,
and that the conditional probability of this outcome has polynomial decay
in k. The Pﬁi)f—probability of |[V(0;)| = k will be shown to have exponential
decay in k. Thus, a logarithmically long optional foundation offers a much
more probable alternative to a k-sized i-th offshoot for realizing the event
w(T) > u.

Lemma 21 There exists a constant ¢ > 0 such that, for each ¢ € N,
(4),+ N = _
P, (IV(0i)| =) <exp{ —cl}.
There exists a constant C > 0 such that

IP’;?”L (w(T) > u) > k¢,

14

(where recall that k is specified by IP’S)UJF) The constants ¢ and C' may be

chosen uniformly in the data that specifies IP’,(i)ljJr.
We will firstly establish:

Lemma 22 Let i € N. There exists kg € N such that, for any i-absent
verdant foliage for which the implied k satisfies k > ko, and for any constant
C > 1/(logq), the following holds. If a tree T having the given i-absent
verdant foliage satisfies |V(OF)| > C'logk, then w(T') > u.

Remark on notation. The tree T" in the statement of Lemma has
the form of the concatenation of EF with OF and then with T,, . (By
concatenation, we mean the operation under which the endpoint of one path
is identified with the root of a second path or tree.) The unknown quantities
are Oy, which determines part of T, , and OF. We write T,, = T, (O;)
and T' = T(OF,0;) to indicate this dependence. This use of T'(-,-) is in
conflict with that of Definition 22] and replaces it from now on.

Note that, for a given tree O, the tree T,, (O) may be obtained from
T, (0) by identifying x; € V(T (0)) with the root ¢o of O. For some
choices of O, the quantity 7,, (O) may be ill-defined, however, since the
choice O; = O may be incompatible with the given i-absent foliage. (It may
be impossible for O to play the role of O;, since this may create a vertex
whose weight exceeds that of the maximum vertex of 7.) In the ensuing
proof, we find it convenient to work with such trees as Tp,, (L), even though
they may technically be illegimate. In such cases, the definition of To,, (L)

is simply taken to be as in the first sentence of this paragraph. (Recall that
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the tree Ly is introduced in Definition [24])
Proof of Lemma [22. We claim that

qg—1

WO (T, (Ly) > =2 (61)

To prove this, note that the expression in the large brackets in (58)) is equal
to
Yo Wi, ),
eV (Tug, (Li))

or, equivalently, wT”be(L‘“)(vabp (Ly)), the weight of the descendent tree T, ,
rooted at vg,,, when the choice O; = Lj, is made.
Thus,

q—1
q

u,

GO (T, (L)) = wlve) D0 i, (0) 2
VeV (Tug, (Li))
which is (&1]).
The equality depends on vess = vy, Which is true because OF = (). The

inequality holds because (58)) is verified by v = Ve, by the definition of V.
We now claim that

w oy (@) (wap(@)) > %Hwvabp@k) (vabp(Lk)> . (62)

Indeed,
ooy (L) <vabp ( Lk)) () <Tvﬂ,p (@)>
equals 3 v (5. yoty, Womy (V), given that the choice S; = Ly is made.

Recall that the offshoot O, comprises one vertex, which is v,... Contin-
uing to set S; = Ly, we thus have that

V(S| —1
Z Wap,, (V) < %( Z Wog,, (V) + wvfbp(vmax)>

UGV(Si)vv?éXi ’UGV(S»L’),’U;'EX,L'

VS)I =1 7, ()
< Svgar < (b))

the first inequality since there are |V'(S;)| summands appearing inside the
bracket on its right-hand-side, of which wy; (vmax) is the largest. It is in
deriving this bound that we invoke the defining property of vpay.
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We find that

wvabp (Lk) (T

Vtbp

(Ly)) = "o (T,,,,(0))

k
< k—_Hwvabp (Ly) (vabp (Lk)) :

which yields (62).
We also claim that, for any m € N,

mog—1
w(mm,@)) > kq—Hun (63)

To this end, note that

w(T(ﬂm, @)) > CL)T(me)(Ufbp) Z W, (V).

VeV (Tup,, (0))

Note that, in the case of the tree T(£,,,0), W™ (vr) = w(vess)g™. The
inequality (58) holds with v = ves. Hence, by (62), we have (63):

(T, ) > 7 any )00 (1, )
> ﬂw
- k41

m —1
(Lk)> > q_q_%

vab (Lk) <T
(Vess Jw "op E T

Vfbp
the third inequality by

w ('Uess)Wvabp (Zx) (T

Vfbp

(Ly) = w00 (T, (L)),

and by (&1]).
By ([63), C' > 1/(logq) and k > ko, we have that

W<T(€Lcmgkp ®)> > .

Noting that, for each m € N, w(T(OF,()) is minimized among those OF
satisfying |V (OF)| = m + 1 by the choice OF = {,,,, we complete the proof
of Lemma n

In the preceding lemma, we established a sufficient condition for w(7T") > u
in terms of the optional foundation OF'. For the measures IP’S),TL, we now
bound from below the probability that the condition is satisﬁed,’and find an

upper bound on the probability that |V (S;)| = k.
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Definition 27 Set ¢; = ffhg for v > 0. Note that q; is the probability of
i + 1 offspring for the offspring distribution {h; : i € N} conditioned on
there being at least one child. Let © denote the law on weighted trees in
which the root has a {q; : i € N}-distributed number of offspring, all other
vertices having an independent {h; : i € N}-distributed number of offspring,

and where edge-weights are independently assigned according to the law v.

Lemma 23 The distribution of OF under Pgi)f coincides with the distribu-
tion of F' under Py, ,,. As such, for k > 1,

p§j};+(|v<ap)| - k) — hEL(1 — hy). (64)

The distribution of O; under IP’,(?;JF 15 given by a sample tree R from © given
that
R
< Wy, (Vmax)- 65
e w(0) <y, (0 (65)
There exists ¢ > 0 such that, for i € N, for all i-absent verdant foliages, and
forl €N,

PO (1V(00)] = ) < exp{ - ct}. (66)

Remark. Regarding (63]), note that, under the law IP’S’)U”L, Wy; (Vmax) 18 a
deterministic quantity, since it is determined by the biases of the edges in
the spine S, and these form part of the data of an i-absent verdant foliage.
Proof. Under the conditional law PE;?;JF, the descendent tree T, . has the
form of the law P, , conditional on T, =~ having a collection of offshoots that
are consistent with the i-absent verdant foliage specified by the choice of
IP’S’)U’JF. In the latter law, the length |E(F)| of the foundation F' does not
depend the form of the data in the conditioning, so that this length has the
same law as under P, conditioned on the sample 7" being a path. Hence,
we obtain (64)), since it is clearly true for P, (- |7 is a path).

To obtain (63]), note that, under IP’,(i)ljJr, at least one offspring of y; is
known to exist, this being y;+1. Any other offspring form part of V(0O;), by
definition. Any form of O; is admissible, provided that it is compatible with
the given i-absent verdant foliage. The operative part of this requirement is
that no vertex in O; have a weight exceeding that of the maximum vertex
Umax, Whose location and weight forms part of the definition of the i-absent
verdant foliage. The condition that no such vertex exist in V' (O;) is (65).

The assertion (G0 arises as follows. It follows directly from Lemma
that

O(IV(R)| =) < exp{ et}
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for all ¢ € N, (where R denotes the sample of the measure ©). Thus, (66)
follows from

@( R (Vo ) > c. 7

i () < iy, () 2 € (67

We now explain why (67) holds. Writing {¢} for the singleton graph con-
sisting only of a root, we see that the choice R = {¢} implies (G5), since it
reduces to the statement 1 < w,y,(Umax), Which is true because x; # Umax 18
implied by the definition of an i-absent foliage (in the form of the assumption
that ¢ < s). However, hy > 0 implies that O(R = {¢}) > 0, whence (67).
Proof of Proposition 2l We have that

P, <w(T) >, |[V(0))] = k)
= P, (BSS) P, (w(T) > w, V(0] = k]Ess)
< IP’S?V (ESS) exp{ — ck}.

The inequality here follows by conditioning on the form of EFF and then
applying the final assertion of Lemma 23] On the other hand,

B, (w(T) > u) > P, (ESS )Py, (w(T) > u’ESS)
> Py, (ESS)PL(IV(OF)| = Clogh) = By, (ESS )2 tes (1),

In the use of the law IP’S’)U’JF, an arbitrary form for the fixed essential foundation
EF’ may be taken. The inequalities are due to Lemma and to Lemma
23((i). By the two preceding displayed statements,

IP’S,)V<|V(O,~)|:k‘w(T)>u) < k20108 (") exp { — ek}

By decreasing the value of ¢ > 0, we obtain the statement of the lemma
(under Hypothesis [3]).

It remains to explain how the argument for Proposition 2may be modified
so that Hypothesis Bl is not invoked.

Firstly, suppose that the offspring law satisfies hy = 0. Set k = inf {¢ > 2 :
he > 0}. (Note that k < 0o, since we made have made this assumption from
the outset to avoid trivialities.) With its present definition, the foundation
F' is necessarily empty. We alter the definition as follows. In a rooted tree
T, define a vertex v to be standard if the path P, , has the property that
u € V(Py,), u # v, implies that u has « offspring; that all of the k — 1 of
these offspring not lying in V' (P ,,) have no offspring; and that, of the weights
attached to the k edges connecting u to its offspring, there is a unique largest,
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and it is associated to the edge connecting u to its offspring in V' (P, ). Note
that ¢ is standard.

We now define vg,), to be the final vertex in the initial sequence of standard
vertices in the path Py, . . The foundation is then taken to be the connected
component of ¢ in the graph with vertex set V(7') and edge-set E(T)\ G,
where G, denotes the set of edges connecting v, to its offspring (that is,
the foundation is taken to be the part of 7" “above” wvg,).

Certain changes in the argument are forced. We comment only on the
principal ones. The weighted trees Ly and £ in Definition 24] are now defined
to be of depth k, with vertices at distance from the root less than k each
having k offspring. The requirement on edge-biases in the new definition
of foundation ensures that an arbitrary choice of optional foundation OF' is
compatible with a given i-absent verdant foliage, since it implies that vertices
v lying in OF but not in Py, . have w(v) < w(Umax). In deriving the final
assertion (60 of Lemma 23] we must show (7). We may no longer consider
the event that R = {¢}, but instead consider the event F,,_; that R consists
of a root with K — 1 offspring, with these vertices each having no offspring.
This event has ©-probability at least ¢ > 0. To show (7)), we need to confirm
that

Fo. C {wR(v) < wy, (Vma) for all v € V(R)}. (68)

To do so, we note that, if there is no tree R of depth ¢ such that wf(v) <
Wy, (Vmax) for all v € V(R), then (G6]) certainly holds, since its left-hand-side
is zero. This being what we seek to show, we may assume the other case,
and let T denote some such tree. Provided that ¢ > ll‘z)gg Cj, any choice of R in
the support of F,,_; has the property that each element of V(R) has weight
less than that of some vertex in 7”. This confirms (68]), so that we have (&)
for all ¢ sufficiently high. We obtain the general statement by decreasing the
value of ¢ > 0.

We also suspend the assumption that v have no atoms. In defining the
FSO-decomposition, we must decide which of the vertices of maximal weight
Umax Should be. For ordered trees, we might choose v, to be the lexico-
graphically minimal vertex among those of maximal weight. However, as we
discussed after the statement of Proposition 2l we may not work with ordered
trees. Our solution is to use the lexicographical ordering of a sample of Py, ,
merely to identify v.., after which, we forget about this ordering. This is
the formal definition:

Definition 28 For a finite rooted ordered weighted tree T, we write Vpmax
for the lexicographically minimal element of V(T) among those of maximal
weight. Two such trees T and T" are said to be vyax-isomorphic if there exists
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an isomorphism ¢ : V(T) — V(T") in the sense of Definition [I8 with the
A finite rooted unordered weighted tree with declared mazximum vertex is
an equivalence class of such trees under the equivalence relation of Uyax-
1somorphism.
An unordered weighted Galton- Watson tree with declared mazimum vertex
s the law on finite rooted unordered weighted trees with declared maximum
vertexr given by the vyac-isomorphism class of a sample of an ordered tree

under Py, ,,.

=

We now suspend the notational abuse by which P}, denoted the unordered
Galton-Watson law. For the ensuing argument, we will abuse notation in a
different way, writing P, for the unordered weighted Galton-Watson tree
with declared maximum vertex. It is for this new choice of P}, that the
lemmas in the preceding proof are to be understood, in the case that v has
no atoms.

Regarding the statement of Lemma 23] let S denote the distribution of
O; under IP’E;)V”L. We now have that, for R an unordered weighted tree in the

support of O, the Radon-Nikodym derivative % satisfies

1S 1 if max,ev(r) wi(v) < Wy; (Vmax),
Z*IE(R) =< pr if max,cy(g) wi(v) = wy, (Vmax), (69)
0 otherwise,

where Z > 0 is a normalization. The quantity pr has the following inter-
pretation. Consider the (unordered weighted) tree (with declared maximum
vertex) arising from IP’S;)V’Jr with the choice O; = R being made. Recall that
this tree has no ordering, but that it does carry a declared vertex of maximal
weight. Now assign a random ordering to the set of offspring of each vertex
in this tree, with the uniform law. Then pg is equal to the probability that
the lexicographically minimal vertex of maximal weight, as selected by this
random ordering, is equal to the declared vertex. (Note that, in the case
that max,ey(r) w*(v) = Wy, (Vmax), we have that pr < 1, since the copy of R
playing the role of O; contains at least one vertex of maximal weight.)

In fact, the actual value that pg takes is irrelevant: our purpose is served
by verifying (60]), and, given that (66)) is valid for ©, (as follows immediately
from Lemma [{), it remains only to show that Z > ¢ > 0. However,

Z>@( R < () max>7
> 6 max w(0) < i (V)

The right-hand-side was shown to be positive by the argument involving
(68).Hence, Z > ¢ > 0, as required for (6] in the case that neither element
of Hypothesis Blis assumed. This completes the proof of Proposition Bl [
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B.2 Deriving Theorem [6] and Lemma from Propo-
sition

Proof of Lemma [I2. Recalling that s = [V (S)| — 1, we label the offshoots
{0; : 0 <i < s} appearing in the FSO- decomposmon of a tree T" in reverse
orderasO Os_;, 0<i<s, sett1ng0-®1fz>s

By averaging Proposition 2] over the distribution of the (|V(S)| — i)-th
absent foliage under Py, , ,,, we obtain the following consequence.

Lemma 24 There exists ¢ > 0 such that, for all i,k € N and for all u > 0,
Pra(IV(03)] 2 k) < exp{ — ck}. (70)

Lemma [24] implies that, for some ¢ > 0,

V(S
3ggn»h,y,u(z<2c2>'v< N> exp{(—em)) <exp{—em}  (7)

for each m > 1. Let
Aﬁ = {d(vbaseavmax) S 6/2}

We observe that, on A, the sequence {Jpr)—¢—; : @ > 0} coincides with
{Opsi = i > 0} for some m € {/2,...,0}. We now verify this, with the
aid of Figure 3. The outgrowth Jpr)—s, whose root is the vertex v lying at
distance £ from vy, is also the offshoot Om, where m = d(vyayx, v). We have
that m < £, since d(¢, Vpase) = d(@, Vmax ), While d(vpase; Umax) < ¢/2 forces
m > (/2.

Hence, on Ay,

D(T)—¢ [V(S)|—¢/2
Z (2@)|V(JD(T)—€—i>|q*Z*i < Z (2Q)‘ V(Oise2)| g
i=0 i=0
a’ga’ln by d(¢7 'Ubase) Z d(¢’ vmax) By (m’ then’
D(T)—t

sup Py, .0 (Ag, Z (2@)‘V<JD(T)“‘i)|q_i_g > exp{—cE/Q}) <exp{—cl/2}.

u>0 i—0
For the statement of Lemma [I2] it suffices then to show that

sup Ph,u,u(A;) < eXp{ - CE} (72)

u>0

47



Umax

Ubase

Figure 3: A tree viewed in the neighbourhood of vp.se and vy ax.

Let va,. denote the last common ancestor of vpase and vp.. We argue that
A; g { "/(OAd(Ubaseﬂ)lnax)) ’ Z max {d<vanc7 vmax>7 6/4} } ‘ (7?))

To see this, note that vpue € V(Od(vanc,vmax)), whence |V(OAd(vanC7vmaX)| >
d(Vane, Vbase)- NOW, d(Vanc, Ubase) 1S at least d(Vanc, Vmax), since d(@, vpase) >
d(¢, Umax), while it exceeds ¢/4 on A§, because then d(vmax, Vane) +d(Vanc, Ubase) =
d(Vmax; Ubase) > £/2.

From ([73), we learn that

£/4 00
Pra(45) < 3 Praa (VO] = 0/4) + 3 Py (IVO)] = 1),
i=1 i=0/4+1

Applying Lemma 24 confirms (72]) and completes the proof of Lemma O
We now provide two lemmas in preparation for the proof of Theorem [6l As
we have noted, Theorem [@ is trivial if the hypothesis of the next result is
violated.
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Lemma 25 Assume that h; > 0 for some i > 2. The foundation F in the
FSO-decomposition satisfies the following bound. There exists ¢ > 0 such
that, for all k € N,

sup Ph,y,u(IV(F)\ > k:) <exp{—ck}.
u>0

Proof. We consider the case that HypothesisBholds, the other case requiring
only minor modifications.

Consider a procedure by which the law Py, , is constructed by firstly re-
alizing the offspring of the root, and the associated biases on edges, and
then iteratively selecting an as-yet-selected vertex and similarly realizing its
offspring and the intervening biases (so that the new offspring are added to
the list of vertices awaiting selection). The procedure stops when all vertices
in the presently constructed tree have been selected; naturally, this stopping
occurs in a finite number of steps for a subcritical law h. The means of choos-
ing the next vertex to be selected may be any fixed previsible procedure. Let
@ C V(T) be such that ¢ € @ if and only if, at the moment the procedure
selects ¢, d(¢, q) is strictly greater than d(¢,r) for any already selected ver-
tex 7. Clearly, |@Q)| is one plus the depth D(T") of the sampled tree T. Note
that, if the event |V (F)| > k is to occur, it must be the case that, for each
of the first £ — 1 elements of @) selected by the procedure, the number of
offspring realized is equal to one. It is easy to see, however, that, for any
u > 0 and ¢ € N, under the conditional law Py, ., (- ||@Q| > 7), the number
of offspring realized for the i-th selected element of () stochastically dom-
inates the unconditioned offspring distribution A. This means that, under
Pj, 1., each successive element of () may have at least two offspring, with the
probability of this being bounded below, conditionally on the construction
made thus far; the probability that this fails to happen on k — 1 consecutive
occasions decays exponentially in k£, whence the result. [

Lemma 26 Write P u,.. = [0 = X0:X1s -+ Xij(poman) = Vmax]- Let Of de-
note the connected component containing x; in the graph with vertex set V(T)
and edge-set E(T) \ E(Pguy,..). Then there exists ¢ > 0 such that, for all
1,k eN,

sup Ph,y7u<|V(Og)| > k) <exp{ — ck}.
u>0

Proof. Note that, in the event that [V(F)| = i+ 1, then O} = O;_; for
J > 1. Hence,

i

{vonr=rpc J {IvO) =k} u {IviE) = k2f.

j=i—k/2
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Thus,
P (IV(OD] = ) < 550 (VIO = 1) + B (VP = k/2).

By Proposition 2l and Lemma 23] we obtain the statement of the lemma.
Proof of Theorem [6l. Recall that v,,. denotes the last common ancestor of
Umax aNd Upase. Note that vane € V(P .y ), S0 that we may write vane = X/
with 0 < M < d(¢, Umax)-

Recall that ¢ € N denotes the index fixed in the statement of the theorem.
Set Mz = {M > ’L}

Note that J; = O’ for j < M — 1, so that M; C {J; = O;}. Note further
that M¢ C{V(J;) CV(Ty,..)}-

We have that

Ph,u,u(“/(Ji)‘ > k)
Ph,yvu(|V(Ji)| > k:M) +Ph,u,u(|V(Ji)| > k,Mf)

IN

< Puaa (VO 2 k) + P IV (Tr)| = K). (74)
Hence, the statement of the theorem follows from Lemma 26 and the next
assertion.

There exists ¢ > 0 such that, for all u > 0, and k € N,

Provor (|V (Lue)| 2 k) < exp { = ch}. (75)

To prove ([7H), note that

d<UmaX 7'Ubase)

V)< | V.

J=0

Hence, ([73)) is a consequence of Lemma 24] and (72). O

C The renewal decomposition of a rooted tree

The tree decompositions that we have inroduced have been sufficient for the
purposes of proving the results in this paper. In this appendix, we introduce a
further decomposition of a rooted tree, whose component enjoys an attractive
independence property. This “renewal decomposition” splits the tree at a
sequence of points that have a natural interpretation as regeneration points.
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This structure permits us to describe explicitly the conditional distribution
of P, (- |w(T') > u), given the form of a finite initial sequence of components
from the renewal decomposition. In Proposition 3], we will prove the analogue
of Theorem [0l for the new decomposition. In its derivation of a stable limiting
law for randomly biased walk on a supercritical Galton-Watson tree, the
paper [I8] will make an essential use of the renewal decomposition, and of
Proposition [3

C.1 Definition of the renewal decomposition

Definition 29 By a root-base tree T', we refer to a finite rooted tree, one of
whose vertices base at maximal distance from ¢ is declared to be the base.

Given a rooted tree T', a vertex v € V(T'), v # ¢, is called a cutpoint if it
1s not a leaf, and any other vertex in T at the same distance from ¢ as v is a
leaf. The set of cutpoints naturally decompose a rooted tree into components
in the following manner. We write r(T') for the number of cutpoints of T' plus
one. We may then record these cutpoints in the form ¢;, 1 < i < r(T) -1,
in increasing order of distance from the root ¢. We further set co = ¢. We
set d; = d(¢,¢;) for 0 < i < r(T)—1. We also set dpry = D(T), where
recall that D(T) = max{d(¢,v) : v € V(T)}. For1 < i <r(T), we define
the i-th component C; of the tree T to be the subgraph of T induced by the
set of vertices in T at a distance from the root of at least d;_1 and at most
d;. Then, for 1 <i <r(T)—1, C; may be regarded as a root-base tree, with
#(C;) = ci—1 and base(C;) = ¢;. The final component Ci(ry, however, is a
tree rooted at c,(ry—1 that has no natural choice of base.

In this way, we divide a rooted tree into components. We may also perform
the operation in reverse, assembling a collection of such trees into a single
one.

Definition 30 Let Ti,...,T, be a finite sequence of finite rooted trees, all
but the last of which is root-base. We define the concatenation

Tyo---oT,

to be the rooted tree with vertex set \J;_, V(1;), in which the identifications
base(T;) = ¢(Tiv1), 1 < i < r —1, are made, and whose edges are inherited
from the constituent trees. The root of Ty o --- o T, is taken to be equal to
O(Th).

Remark. Note that the components {C},...,Cy)} of a finite rooted tree
T appear as the constituents in the decomposition 7' = Cjo... 0 Cyp), in

which identifications between successive elements are made at the cutpoints
of T.
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C.2 Sampling the components of a subcritical tree

To gain an understanding of the renewal decomposition, we will form a sam-
ple of Py, iteratively, adding one component at a time. The following defini-
tion is convenient.

Definition 31 Let P} denote the law of P, given that the sample T' is non-
trivial, that is, given that E(T) contains at least one element. We further
write P}, , for the law on rooted weighted trees in which the edges of a sample
of P} are independently assigned biases, each having law v.

Having constructed the first & components of a sample of PP}, we will add the
(k4 1)-st according to the correct conditional distribution. A subtlety arises,
because the final component lacks a base. Note that, for each £ € N, under
the law P, conditional on r(7") > k+ 1 and the values of C1, ..., Cy, the tree
Thase(cy) has law Py, The next component Cj4; is root-base precisely when it
is not the final component, namely, with probability P (r(7") > 2), which is
the conditional probability that a non-trivial tree contains a cutpoint; in this
event, the distribution of Cj.4 is that of C; under Pj (- |r(7") > 2), and it has
a base to which a further component will be added; otherwise, it has the law
of Cy under P;( - |r(T) = 1). We now present two lemmas that summarise
these conclusions.

Lemma 27 Let p,1, denote the law on root-base trees given by Cy under
the law Pp, conditional on T containing a cutpoint. Let p. denote the law
on rooted trees given by Cy under Py conditional on T" being non-trivial but
containing no cutpoint.

Then the decomposition T'= Cy o ... o Cyry under P; has the form

T:Clo...OCLH,
with L an N-valued random variable satisfying
P(L = k) =B;(r(T) > 2)'P;(r(T) = 1), k>0,

and with Cy,...Cp denoting a sequence of independent root-base trees, each
having law p,p, while Cryq is an independent rooted tree with law p,. U

Lemma 28 Let k € N. Consider the law Py, conditionally on r(T) > k+1
and on an arbitrary form for the first k weighted components of T'. Then the
conditional distribution of the descendent tree Tiase(cy) 18 given by Py .-
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Contrast Lemma with the analogous result for the outgrowth splitting
of a rooted tree introduced in Definition [2. If we condition on D(T) >
k + 1, and on the form of the first k£ + 1 outgrowths {J; : 0 < i < k},
then the conditional distribution of T, is dependent on the form of these
initial outgrowths, because of the requirement that the vertex vy, lie in
T - (The vertex vpase being of maximal depth, it is necessary that Ty, o
be deep enough to reach further from the root of T than all of the initial
conditioned outgrowths.) As Lemma 28 shows, this difficulty does not arise
for the renewal decomposition. For this reason, it is natural to think of the
cutpoints of in the renewal decomposition as “regeneration” points for the
tree. The renewal decomposition, in the form of Lemma 28], will be exploited
in [18], to understand the geometry of a subcritical trap, conditional on its
structure near the trap entrance.

Lemma 27 has the following corollary. Recall that we use the notation
Ph,u,u = Ph,y( . |W(T) > U)

Corollary 1 Let k € N and u > 0. Consider the law Py, ,, conditionally on
r(T) > k+ 1 and on an arbitrary form for the first k weighted components
of T. Set v € R according to

u—>y {w(v) [V € Ule V(CH)\ {base(C’k)}}
w(base(C)) '

u =

If u'" > 0, then the conditional distribution of Thase(cy) has the law Pr( -
lw(T) >'); if u' <0, it has the law Py, .

C.3 Components in a high-weight tree are small

We now present the analogue of Theorem [6] for the renewal decomposition.

Proposition 3 For the statement, we take C; = 0 ifi > r(T) (for any rooted
tree T'). There exists ¢ > 0 such that, for allu >0 and i € N,

Prua (IV(C0)| 2 k) < exp{ — ch}.

for each k € N.

Our task is to show that the component sizes of a rooted weighted tree
have exponential tails, uniformly under conditioning a sample 7" of P, , on
w(T) > w. Firstly, consider Figure 4, in which two problematic trees are
depicted. Recalling Definition 20 in each sketch, the vertical segment rep-
resents the path P,,, ., and the slanting segments the offshoots. Each tree
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Figure 4: Two trees having a large component. The small circles indicate
cutpoints.

has a large component (in its renewal decomposition), indicated in a dashed
box. In the left-hand sketch, the cause of the large component is a long
outgrowth, so that the scenario is excluded in essence by Proposition 2l In
the right-hand sketch, the cause occurs is a succession of overlapping short
outgrowths. Not only does Proposition [2] establish that a given offshoot is
unlikely to be long, it does so conditionally on the lengths of the other off-
shoots. Note the dependence in the offshoot lengths in the second sketch
in Figure 4. Proposition 2 will also be valuable in showing that the
right-hand scenario is improbable, since it entails much dependence in the
lengths of successive offshoots.
Alongside Proposition 2, The following result will be required.

Lemma 29 There exists ¢ > 0 such that, for any u > 0, and for all © € N,
P, (D(Oi) < 1)W(T) > u) > ¢

Proof. Consider firstly the case that h; > 0. The details of this argument
are a reworking of those for Proposition [, and we only sketch them. In
Proposition[2, we established, under IP’S)V( |w(T) > u), that O; has probability
at least ¢ of being of size at most ¢!, where a small ¢ > 0 may be chosen
uniformly in v > 0 and the i-absent foliage. Given this, we arrive at the
conclusion that O; = @ has positive probability under the same law, by
considering the event that the optional foundation be a finite length longer
than it is in the case that [V(O;)| < ¢7!. This requirement on the optional
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foundation has a bounded probabilistic cost, but it is enough to ensure that
O; may be empty with the condition w(7') > u being satisfied.

In the case that h; = 0, it is impossible that O; = (0. However, we
may have D(O;) = 1, and the preceding argument works to show that the
probability of this outcome under IP’S)V
in the i-absent foliage. [J
The following lemma is the tool that we will use to obtain Proposition 3 from
Proposition 2] and Lemma 29

is bounded away from zero, uniformly

Lemma 30 Let {X; : i € N} and {R; : i € N} denote two sequences of
N-valued random variables such that X; < R; almost surely for each i € N,
and such that there exists ¢ > 0 for which, for each n,k € N,
]P’(ank‘{Xj:Ogj<n}> < exp { — ck}, (76)
o{X;:j <n}-as.,
P(XnE{O,l}‘{Xj:O§j<n}) >, (77)
o{X;:j <n}-as, and
P(Ro > k[{R;:0<j<n}) <exp{—ckh, (78)
o{R; : j < n}-a.s.
Set D,={n+1,....n+ X, — 1} if X,, > 2, and D,, = 0 otherwise. Set

D=U,"yDy, andY =inf{i > 1:4 € D°}. (Note that 0 € D°, so that Y
denotes the second smallest member of D° N N.) Further, set

~

-1
Z = R;.

i

I
=)

Then there exists ¢ > 0, which is determined by c, such that, for each k € N,
IP’(Z > k:) < exp{ — ¢k} (79)

Proof of Proposition[3. Note firstly that Corollary [dlimplies that it suffices
to prove the statement with the choice 7 = 1.

Let T' be a sample of the measure P, ,,. Recall from Definition 20 that,
in the FSO-decomposition of T, the offshoot O; has root x;. With a view
to applying Lemma B0 with the choice P = P}, ., we set X; = D(0O;) and
R = [V(0,)].
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Deferring for a moment the verification that the hypotheses of Lemma
are satisfied for this choice of sequences {X; : i > 0} and {R; : ¢ > 0}, we
note the reason that the lemma is applicable: consider the set D¢ appearing
in Lemma B0 Then the intersection of the vertex-set V' (S) of the spine
with the set of cutpoints of T consists precisely of those x;, 0 < i < |S],
for which ¢« € D¢. As such, the quantity Y in Lemma [3(] is the index 7 of
the lowest indexed cutpoint y; in V(S) \ {xo}. Let C* denote the (renewal-
decomposition) component of 7' whose root is xo. From the above, we see
that

vieye Jvioy u bu).
whence : v
V(€ <> R+ 1, (80)

We find from Lemma B0l and (80) that
P (IV(CY)| 2 k) < exp{ — ék}, (81)

for all w > 0. Note that, if the foundation F' of T has at least one edge, then,
necessarily, C; consists of a single edge (in the case that h; > 0). If F =),
then C1 = C*. Hence, for k£ > 2, and for all u > 0,

Provar ([V(C1)] 2 k) < Pru(IV(C)] 2 b, L) < exp{ = k).

(A trivial modification is needed in the case that Ay = 0.) This completes the
proof, subject to checking that the hypotheses of Lemma [30] are satisfied for
the present choice of sequences and for P = P, ,. In checking this, we must
ensure that we do so for a choice of the constant ¢ > 0 in the hypotheses
that is valid for all u > 0, since we are claiming that there exists ¢ > 0 such
that (8I]) holds for all u > 0.

Note that, for each of ([76]), (77)) and (78]), the event on which we condition
is determined by the data in an n-absent foliage. Note also that the bound
X; < R;, for any ¢ > 0, is trivial. As such, (@) and (78) are implied by
Proposition 2 and ({7) by Lemma 29 O
Proof of Lemma [30. We firstly show that, for some ¢ > 0,

IP’(Y > k:) <exp{ -k} (82)

To derive (82), it suffices to assume that {X; : i € N} are independent and
identically distributed, with X; having the law x = x., for some ¢y € (0,1),
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that is determined by ¢ > 0, where x on {1,..., 00} has the form

X(@) = (1 —=co)cf !

for « > 1. This is because we may choose c¢g € (0,1) such that, for each
n € N, the conditional distribution of X,, given {X; : i < n} is stochastically
dominated by x, 0{X; : i < n}-a.s.

Note that there exists ¢; > 0, determined by ¢, such that, for each i > 1,

IP’(Z' c DC> > ¢, (83)
Indeed, by use of (@), there exists K € N such that, for all i € N,
]P( U (X, > j}) <1
. - -2
j=K+1

Conditional on the occurrence of ﬂ;: K41 1Xi—j < j}, there is, by (7)), prob-
ability at least c® of ﬂJK:l {Xi_; < j}. Noting that

frem}-N{x=i}

we see that, as required for (83)),

CK

IP’(@' c Dc> >

DO | =

for such a value of K.

To show (82)), firstly define y; = sup Do+1if Dy # () and y; = 1 otherwise.
This quantity acts as a candidate for the smallest element of D¢ exceeding
0. Note that, for each n > 1,

P(yl e De

p=n+1) =P(({XKnsry < jHXo=n+1)
j=1

- P(ﬁ{xnj gj}) :]P(n S Dc) >,

the second equality by the assumption that {X; : ¢ € N} are independent
and identically distributed, the inequality by (83]).

If y; € D, we seek a second candidate y, for the second smallest positive
element of D¢. Let z; € {1,...,y; — 1} be minimal such that y; € D,,, that
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is, such that X,, >y — 2 + 1. We set yo = z; + X, (which is sup D,, +1).

Note that, from the form of the law x, X,, — (y1 — 21), conditionally on

y1 € D, has the distribution of x. However, conditionally on y; € D, we

have that yo — 1 = X,, — (y1 — 21), so that yo — y; has law y. Note that
Y2 >sup D; + 1

for any i < z;, while the conditional distribution of {X,,;; : 7 > 1} is the
same as the unconditioned one. Thus, for any n > 2,

P(ygeDcyleD,yz—zlzn):P<n—1€Dc) > ¢,

the inequality by (83]). Note also that y, > y; > 21, so that y, — 21 > 2,
implying that P(y, € D¢y, € D) > ¢;.

We may iterate this procedure, forming a sequence {y; : ¢ € N} such
that {y;11 — v; : ¢ € N} is a sequence of independent terms, each having law
X, with each y;, i € N, having probability at least ¢; of belonging to D¢,
conditional on all previous terms belonging to D, and on any specific values
for these previous terms. As such, we have found that Y is stochastically
dominated by a sum of independent geometric random variables, the number
of summands being an independent geometric random variable, whence (82)).
Note further that ¢’ is determined by ¢y and ¢, and, thus, by c.

Turning now to ([{9), note that, for any ¢y > 0,

(221} e (S noifulyzar)

so that

cok

P(Z > k) <P(D R > k) +exp{— ok}, (84)

by (82). In estimating P( 3% R, > k), we may assume, due to(7S), that
{R; : i € N} is an independent and identically distributed sequence of random
variables whose law has an exponentially decaying tail, with constant in the

exponential determined by c¢. Choosing ¢y < ]ELRI, we obtain

cok

]P’(Z R, > k) < exp{ — czc2k}. (85)
i=0
by means of the elementary large deviations bound
]P’(ZRi > (ER, + e)n) < { —v(eym),
i=1

(with ¢(e) > 0 for ¢ > 0). Applying [85) to (B4]), we obtain ([[9). This
completes the proof of Lemma [30. [
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