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Abstract

We consider branching random walks on the Euclidean lattice mostly in dimensions
five and higher. In this non-Markovian setting, we derive upper bounds for the proba-
bility of spending a fixed time in each ball of an arbitrary finite collection of balls. These
bounds involve the branching capacity introduced by Zhu (On the critical branching
random walk I: branching capacity and visiting probability, arXiv:1611.10324). For
random walks, the analogous tail estimates have been instrumental in tackling devi-
ation issues for the volume of the range, and other issues related to excess folding.
To obtain these upper bounds, we first obtain a relationship between the equilibrium
measure and Green’s function, in the form of an approximate last passage decomposi-
tion. Secondly, we obtain exponential moment bounds for functionals of the branching
random walk, under optimal condition, analogous to the celebrated Kac’s moment for-
mula for simple random walk. As a corollary we obtain an approximate variational
characterisation of the branching capacity.
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1 Introduction

In this paper we study large deviation estimates for the local times of branching
random walks (BRW), also called tree-indexed random walks, on Z¢ with d > 5.
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The deviation estimates we provide concern the local times, and are prerequisite to
study excess folding. To define branching random walks, we need two sources of
randomness. First we sample a random planar rooted tree and next we attach i.i.d.
random variables to the edges of the tree. The branching random walk is then obtained
by assigning to each node of the tree the sum of all the variables associated to the
edges along the unique geodesic path from the root to that node. To be more precise,
given a general ordered rooted tree, say 7', we denote the root by ¢ and the parent of a
vertex u # ¥ by u~. For x € Z¢, arandom walk indexed by T starting from x is a set
of random variables {S; },c7 indexed by the vertices of 7" with values in 74, which
is such that, given 7', Sj = x, and the set of increments {S;, — S;‘, Yuer\ (g}, forms a
family of independent and identically distributed random variables. When x = 0, we
sometimes drop it from the notation.

To keep our analysis simpler, we assume in the whole paper that the distribution of
the increments of our tree-indexed walks is given by the uniform measure on nearest
neighbours of the origin. We note that all our proofs and results would adapt to centred
finitely supported distributions.

We denote by T the range of the random walk indexed by T starting from x, i.e.

T ={S; :ueT}.

In our work we consider two types of random rooted spatial trees: a critical
Bienaymé-Galton-Watson tree and an invariant infinite tree that we now define.

Let u be an offspring distribution with mean 1 and positive finite variance o-2. We
write ugp for the size biased distribution of u, i.e. ug, (i) = i (i) fori € N.

Definition 1.1 Let 7 be an infinite ordered and rooted tree constructed as follows:

e The root produces i offspring with probability p(i — 1) for every i > 1. The first
offspring of the root is special, while the others if they exist are normal.

e Special vertices produce offspring independently according to jg, while normal
vertices produce offspring independently according to p.

e Each special vertex produces exactly one special vertex chosen uniformly at
random among its children, while the other children are normal.

Note that if we forget the planar (or ordered) structure of 7, we obtain a prominent
example of an invariant one-ended tree introduced by Aldous in [1], which appears as
thelocal limitasn — oo of a Bienaymé-Galton-Watson tree with offspring distribution
w conditioned on having n vertices, and rooted at a uniformly chosen vertex, see again
[1].

By construction 7 has a unique infinite path stemming from the root that we call
the spine. We assign label 0 to the root. We assign positive labels to the vertices on
the side of the spine reached clockwise from the root according to a depth-first search
from the root and negative labels to the other ones according to depth-first search from
infinity as depicted in the first tree of Fig. 1. We call the vertices with negative labels
(including the spine vertices) the past of 7" and denote them by 7_, while the vertices
with non-negative labels are in the future of 7 and we denote them by 7. Note that
the root does not have any offspring in the past of 7.
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Local times and capacity for transient branching random walks

Fig. 1 An infinite tree rooted at 0, seen from —8 and relabelled

We denote by 7. a Bienaymé-Galton Watson tree with offspring distribution w. The
tree 7. is almost surely finite, but conditioned on being large, say having n nodes, it
has of the order of \/n generations and the set of positions, 7., typically fills a ball
of volume n?/*. The cases d > 5 are called by physicists the upper-critical space
dimensions, when considering the BRW. For probabilists, when d > 5 the critical
BRW is transient in the sense that a BRW, conditioned on having size n, visits the
origin a finite number of times independent of n, and the expected number of visits of
a site (the so-called Green’s function) is well defined. Dimension four is the critical
dimension for BRW, and there the number of visits to the origin grows logarithmically
(in the size of the critical tree). We mention here the works of Le Galland Lin [17, 18] in
the transient dimensions that obtained laws of large numbers for the volume of the set
of visited sites, when conditioning the BRW to have n nodes, as n goes to infinity. The
far-reaching idea behind the law of large numbers is introducing an infinite labelled
tree invariant under a shift of the labelling as shown in Fig. 1, and its corresponding
re-rooting of the tree. On such an invariant object, such as 7_, ergodic theory yields
laws of large numbers. The genealogy of the invariant tree looks like a comb whose
teeth are independent critical trees, with respective volumes being independent heavy
tailed variables (since by Kolmogorov’s estimate P(|7;| > t) = %ﬁ). This allowed
Le Gall and Lin to retrieve information on the critical tree from the infinite invariant
ones. Then, building on their beautiful observations, Zhu [21] defines, in d > 5, the
branching capacity of a set, and links it to a hitting probability for a critical BRW
(indexed by 7;) or an infinite BRW (indexed by 7_), properly normalised. With our
notation, Zhu’s key results read as follows.

P(77 hits K) . P(7 hits K)
im —————— = BCap(K) = lim ———, (1.1)
[lx||—o00 g(x) llx||— o0 G(x)

where g (respectively G) is the Green’s function for the critical tree 7 (resp. for the
infinite tree 7). In other words,

g =E[ Y 1(s0=x)|, and Gx)=E| Y 1(s!=x)
ue7, ueT_
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Note that by criticality of the tree, the function g is the same as the Green’s function
for simple random walk.

Moreover, [21] gives a dual definition of branching capacity in terms of escape
probabilities:

BCap(K) = Z P(T* N K = ). (1.2)
xekK

In view of these findings, a transient branching random walk seems to resemble a
transient random walk. What about a last passage decomposition? Let us recall what
it amounts to for a simple random walk, denoted here by (X,),>0. When starting at
x, we denote its law by [P, and for any subset K C 74, we denote by Hx = inf{n >
0:X, € K}and H =inf{n > 1: X,, € K}, the first hitting and the first return time
to K respectively. Then we have a last passage decomposition

P, (Hgx < o0) = Z ZIP’X(Xn =y, {Xpsk 1k > 1}avoids K).  (1.3)
yeK neN

We next use the Markov property and invariance by time shift to get, for any x € Z¢

Py (Hg <o00) = Y gx —y) Py(H{ = o0). (1.4)
yeK

For a tree this Markov property fails and this is the main source of difficulty in this
setting. The fundamental formula (1.4) is at the heart of the potential theory for random
walks, and can also be thought of as a relation between the function x — P, (Hg <
00), which equals one on K and is harmonic outside K, the Green’s function g and
the equilibrium measure. Such an exact formula in the context of branching random
walks is missing due to the lack of Markov property, and so far it has prevented the
development of a satisfactory potential theory for branching random walks, despite
the series of works by Zhu [21-26] that laid its foundations.

The main goal of this paper is to establish a tail estimate for the time spent in
a domain A made of disjoint balls, in terms of the branching capacity of A, in an
analogous form as for the simple random walk. Our results complement recent results
of [9] and [7] for d > 5. The former authors focused on hitting a single site, whereas
the latter focused on hitting a single ball. For the purpose of obtaining tail estimates,
we first obtain a relation between the Green’s function and the equilibrium measure
similar to (1.4). One application of the former relation is an approximate variational
characterisation, see Corollary 1.4, which is important in Potential Theory. Secondly,
we obtain exponential moment bounds on certain functionals of the BRW for both the
infinite tree and the critical one. These exponential bounds are based on a type of Kac’s
moments formula (see for instance Proposition 2.9 of [20]). Note that this moments
formula has an expression in dimension 4, which we use to derive a result which was
first derived in [4] using a different method. We then give two other corollaries of our
results: (i) Euclidean balls are sets of minimal branching capacity (up to constant),
given their volume, and (ii) in each finite set A C 74 there is a subset whose branching
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capacity and volume are of order the branching capacity of A, which were instrumental
for solving large deviations problems on the range, see below.

Before stating precisely our results, we recall the definitions of equilibrium measure
and branching capacity, which were introduced by Zhu in [21]. Unless stated otherwise,
we assume from now on and until the end of the paper that d > 5.

Definition 1.2 Let K be a finite subset of Z¢. The equilibrium measure of K is the
measure defined for x € Z¢, by

ex(x)=1(x e K) -P(T* NK =0).

The branching capacity of K is defined to be

BCap(K) = Z ex (x).

xekK

Our first result provides an approximate last passage decomposition.

Theorem 1.3 There exist positive constants ¢ and C, so that for any finite set K C Zd,
we have

IGek lloo = max Geg (x) := max » " G(x, y)ex (y) < C, (1.5)
xezd xezd yek

and if K is nonempty,

min Geg(x) > c. (1.6)
xekK

One application of this result is an approximate variational characterisation of the
branching capacity, which solves an open question of [25]. Zhu defined the branch-
ing capacity (in dimension five and higher) as a hitting probability, rescaled, when
the initial state is taken to infinity. Establishing a variational characterization of the
branching capacity puts the discrete analysis on the same footing as the continuous
one. Indeed, Dhersin and Le Gall [14] relate hitting probabilities of a set for the Brow-
nian snake in terms of its (d — 4)-capacity, for any d > 4, which is defined via a
variational formula, and recently Bai, Delmas and Hu [11] defined a Brownian snake
capacity in dimension 5 and higher, as a hitting probability from infinity and show
that the discrete Branching Capacity converges after rescaling toward the Brownian
snake capacity.

Corollary 1.4 There exist positive constants C1, Cy, such that for any finite nonempty
set K € 79,

Cy
—— <inf G(x — y)v(x)v(y) : v probability measure on K
BCap(K) { )MZE:K Y Y p &y }
C
< (1.7)
BCap(K)
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As we will recall in (2.3), G (x) is of order ||x||*~¢. Then, the corollary says that the
branching capacity is of the same order as the (d — 4)-capacity, and as a consequence
hitting probabilities of a set for a critical branching random walk can be expressed in
terms of the (d — 4)-capacity, as in the continuous setting [14]. We stress however,
that the proofs are completely different in the two cases. Note furthermore, that in the
discrete setting branching capacity may also be defined in terms of escape probabilities
(or as the total mass of an equilibrium measure), which does not have an equivalent
(yet) in the continuous setting.

We shall give two proofs of Corollary 1.4. One, based on the method of [13], which
only uses (1.5), but requires a finite third moment on u, and a second one which needs
both (1.5) and (1.6), but only requires a finite second moment on (.

In order to obtain large deviation estimates, we present an exponential moment
bound for functionals of the infinite BRW which is fundamental on its own right. This
is obtained independently of Theorem 1.3, and can be thought of as an extension of
Kac’s moment formula to a non-Markovian setting, see e.g. [20, Proposition 2.9].

Theorem 1.5 Assume that p has a finite exponential moment. There exists « > 0,
such that for any map ¢ : Z¢ — [0, 00), satisfying || G¢|lo < &, one has

E[eXp ( > so(Su))] <2.

ueT

Theorem 1.5 is useful if we can find a potential ¢ with |Ggl|l < k, and The-
orem 1.3 provides such a family of functions: we build them from the equilibrium
potentials e .

Our proof of Theorem 1.5 uses a moment method, which bears similarities with the
one used by Angel, Hutchcroft and Jarai [9], itself taking its roots in the tree-diagram
expansion of Aizenman and Newman [2]. However, while [9] only considers the case
when ¢ is supported on a single point, here we are able to consider any function
satisfying ||G¢|lcc < k, which is ideally suited to study covering of a given domain
of space by BRW, and our recursion method is elementary.

When combined together our two main results have a number of interesting conse-
quences. A first immediate application is a large deviations upper bound for the time
spent on a collection of balls. For x € 74, and r > 0, write B(x, r) for the Euclidean
closed ball of radius r centered at x (intersected with 74 ), and for a subset C C 74,
define B(C,r) = UyccB(x, r).

Forx,y e 74, we define

Lr(y) =Y L(S) =),
ueT

and for A C Z9, we write {7+ (A) = ZyeA L1 (y).
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Corollary 1.6 Assume that u has a finite exponential moment. Then there exists k > 0,
such that for any t > 0, any r > 1, and any finite set C C 7%,

IF’(ETo(B(x, ") > t, forall x c) < 2exp ( — kL BCap(B(C, r))). (1.8)
r

Remark 1.7 Note that since 7 contains 7. as subtree, the same result holds as well
with 70 instead of 70 (and this remark applies to Theorem 1.5 as well).

Also, it was proved in [21] that the branching capacity of a ball of radius 7 is of
order r?=*, thus in the case of one ball we recover the results of [7, 9]. We note that
the case of dimension four would require a new strategy, and is open (except for one
ball). The question of obtaining a corresponding lower bound is also interesting, even
in the case of a single random walk.

Let us mention that in the setting of a simple random walk the argument used
here for proving Corollary 1.6 provides an alternative and more direct approach for
Theorem 1.2 from [5], see also Remark 4.10. Furthermore, in the critical dimension
four, our method also allows to recover the one ball upper bound of [7, 9] in a simple
way.

Proposition 1.8 Assume d = 4, and that i has a finite exponential moment. There
are positive constants C and «, such that for any » > 1, and any ¢ > 0,

t
P(€70(B(0,r)) = 1) < C-exp(—« - iz—) (1.9)
¢ r
One interesting challenge is obtaining an analogue to (1.8) ind = 4 where a critical
discrete capacity has still to be described.
Another application of Theorem 1.5 is the following general upper deviations bound
for the time spent in an arbitrary set. Define for x € 74 and A C 74, Gx,A) =

ZyeA G(x, y)~

Corollary 1.9 Assume that u has a finite exponential moment. Then there exists ¢ > 0,
such that for any t > 0 and any finite nonempty set A C 74, one has

t
Plro(A) > 1) <2exp| —c- ———— " —=].
(lgo(A) >1) < exp< ¢ superdG(X,A)>

Note that G(x, A) < C|A|*?, for some universal constant C which does not
depend on A nor on x € Z4, thus in the above corollary, one could as well replace the
denominator in the exponential by |A|*/¢. However, the slightly more general form
presented here can be useful in some situations when e.g. the set A has a small local
density, as in [4, 6].

In the standard framework of random walks, Corollaries 1.6 and 1.9 were instru-
mental in studying the moderate deviations of the range in [3-5], and for solving a
long-standing conjecture of Khanin, Mazel, Schlossman and Sinai [15] concerning
the large deviations for the intersection of two independent ranges in [6]. With the
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results of this paper, intersections of branching random walks are also investigated in
[8].

The non-Markovian nature of the BRW. We mentioned already that this work
can be seen as extending some key random walk potential theoretic results to a non-
Markovian setting: the infinite invariant tree defined above. We describe the latter
informally as being a one-sided infinite random walk, the so-called spine, on each
node of which there are two critical trees hanging off, one in the past and the other
one in the future. It is only when conditioning on the spine that we can disentangle
past and future. However, as we average over both the spine and its dangling trees
there is often a subtle tradeoff between what is required from the spine, and what the
dangling trees achieve. We use extensively that we are in a regime where the typical
behaviour is dominant, and the spine is a simple random walk which typically spends
time L? in a region of diameter L. If we can place ourselves in a situation where the
dangling trees all see the same environment (typically avoid some set far away) then
their initial position is innocuous, and we can use uniform bounds on them.

Organisation. The rest of the paper is organised as follows. In Sect.2 we provide
some preliminary results, such as the shift-invariance of the infinite tree, some basic
facts about Green’s functions, and also about the equilibrium measure. We also recall
important results of Zhu on hitting probability estimates. In Sect.3 we first give a
sketch of the proof of (1.5) and in the remaining section we give the full proof as
well as provide a first proof of Corollary 1.4, that only uses the upper bound part of
Theorem 1.3. In Sect. 4 we prove Theorem 1.5, together with Corollary 1.6 and Propo-
sition 1.8. Then in Sect.5 we prove (1.6), which concludes the proof of Theorem 1.3.
Finally in Sect. 6, we give short proofs of Corollaries 1.4 and 1.9.

2 Preliminaries
2.1 General notation

Given two real functions f and g, we write f < g, or sometimes f = O(g), when
there exists a constant C > 0, such that f(x) < Cg(x), for all x. We write f < g,
when both f < gand g < f. We write f ~ g, when f(x)/g(x) — 1, as x — oo.

Given A C 74, we let A€ := Zd\A, and we define the boundary d A of A as the set
of elements of A which have at least one neighbor in A°.

We let ||x|| denote the Euclidean norm of an element x € Z<. We write a A b and
a Vv b respectively for the minimum and maximum between two real numbers a and
b. Forr > 0, we write G(r) = ré—d.

2.2 Trees and tree-indexed random walks
Let /i be the probability measure defined by /(i) = }_;-; 1 1(j). A tree where only

the distribution of the offspring of the root is it and everywhere else it is j is called a
wn-adjoint tree and we denote it by 7.
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Fig.2 Applying the shift transformation 68: the blue part is the spine, the green part is the future and the
red part is the past

Definition 2.1 We define the shift transformations 6 and its inverse #~! on 7 by
adding 1, respectively —1, to all labels and then the vertex with label 0 becomes the
new root. Furthermore, these maps extend naturally to transformations on the law of
the random walk indexed by 7.

Proposition 2.2 The laws of 7 and of the random walk indexed by 7 are invariant
under the shift transformations 6 and 6.

We refer the reader to [23] or [12] for a full proof of this proposition. The fact that
the law of the random walk indexed by 77 is invariant under #~! was first observed
by Le Gall and Lin [17, 18], and is reminiscent of the invariance property of sin-trees
discovered by Aldous [1] (Fig.2).

For a special vertex u of 7 (i.e. on the spine of 7) we write k(1) and k¢ (u) for
the number of normal offsprings of u in the past and future of 7 respectively. By the
construction of 7 we then see that for all i, j € N,

Pkp(u) = i k() = j) = (i + j + 1),

and hence both &, () and k¢ (u) are distributed according to L. As a consequence, the
subtrees of 7 emanating from the vertices on the spine, either in the past or in the
future, are p-adjoint trees. A random walk indexed by a p-adjoint tree is called an
adjoint branching random walk.

Forn > 0, welet 7% (n) be the value of the random walk indexed by 7 starting from
x at the vertex with label n € Z, and similarly for the other tree-indexed walks. For
a < binZ,wewrite 7*[a, b] := {T*(n)},e[a,b], and similarly for 7*[a, b), T*(a, b],
or for other random trees. We write (X* (1)), for the random walk indexed by the
spine parametrised by its intrinsic labelling (i.e. its natural time parametrisation), when
it starts from x € Z<.

With a slight abuse of notation we shall sometimes denote the tree-indexed random
walk (as a process) by 7* (which was formally defined as a random subset of Z%).
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For integers 0 < a < b < oo, we also write 7~ [a, b] (respectively F7 [a, b]) for the
positions of 7% on the set of vertices lying in the adjoint trees in the past (respec-
tively future) emanating from the points on the spine with time index (in the natural
parametrisation of the spine) in [a, b], and similarly with [a, b).

2.3 Basic facts on Green'’s functions and branching capacity

We denote by g the Green’s function of a simple random walk (X}, ),,>0, in other words:

g, ) =B Y 10X = )| =80,y — ),
n=0

where E, denotes the expectation for a walk starting from x. Recall that (see e.g.

[161),

1

_—. 2.1
L+ flx — y)4=2 @D

glx,y) =
In fact by linearity of expectation and criticality of u, one also has

g,y =E[ Y 1(si =],
ue7;

Similarly we define

G(x,y) =GO -0 =E[ Y 155 =],
uel_

Since the mean number of normal offspring of a vertex of the spine of 7” which belong
to the past has mean o2 /2, we deduce that for any x, y € 74,

2
Gy =Y (s -1e=x) (L =0 +5 ey -1c=)

ze74

2
= % Z g(x,2)8(z, y) + O(g(x, y)). (2.2)

774
Using (2.1), this yields

1

G(x, - —_—
) = T =

2.3)

We now state some important facts related to the equilibrium measure and the branch-
ing capacity. The next proposition is a simple last passage decomposition formula
which will be used widely in the paper.
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Proposition 2.3 Let K’ € K and B be finite subsets of Z¢ such that B contains K’
and points at distance 1 from K’. Then

> exk(y)= Y P(T"N(KUB)=# T firsthits K in K').
yeK’ wedB

Proof Let L be the last time that the past of the tree-indexed random walk is in B. For
all y € K’ we can now write

ek(M=PT NK=0)= > > PTNK=0T(n=wL=n),

weIB n>1

since L is finite almost surely. Using the invariance of the tree 7~ under the shift 6"
by Proposition 2.2 we get

P(TXNK =0,T"(-n) =w,L =n)
= P(Tw(n) =y, 7'N(KUB)=0,T"[0,n)NK = 0)).

Taking now the sum over all y € K’ and all n > 1 completes the proof. O
For a finite subset K C Z4, and A C Z4, we write ek (A) = erA ex (x).

Lemma 2.4 For any finite set K C 74 containing two disjoint sets U and V, we have
ex(UUYV) > ex\v(U).

Remark 2.5 An immediate consequence of this lemma is that the branching capacity
is monotone for inclusion, a fact already proved by [21]. Indeed, applying the lemma
with V = K\U, gives that if U € K, then BCap(U) < BCap(K).

Proofof Lemma2.4 Let R > 0, be such that K < B(0,R — 1). Applying
Proposition 2.3 we get

ex(UUV)= Y P(T¥NB,R) =0T first hits K in U U V).
wedB(0,R)

Observing that {7} first hits K\V in U} C {7" first hits K in YUV}, we then obtain

exk(UUV)= Y P(T"N B, R) =4 T} firsthits K\V in U) = ex\v (U),
wedB(0,R)

applying Proposition 2.3 again for the last equality. O

The next result provides the exact order of magnitude of the branching capacity of
balls.
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Proposition 2.6 ( [21]) There exist positive constants c1, ¢, such that for all » > 1,
c1-r?™* <BCap(B(0,r)) < ¢y - r?*.

We shall often use later, without further reference that for a set K € B(0, R), one
has BCap(K) < RY~*, which follows from a combination of the last two results.

2.4 Hitting probability for a branching random walk

Definition 2.7 Suppose that S is a random walk indexed by a planar rooted tree 7. On
the event that S hits a set A we define the first entry vertex to A as the smallest vertex
u € T in the lexicographical order for which S, € A. If the unique path from the root
of 7 to the first entry vertex of A is given by (v, vy, ..., vx) for some k € N, then
we set I'(S) = (Syy, - .., Sy,). We say that S hits A via y, if I'(S) = y. We also say
that S first hits the set A in a € A if at the first entry vertex to A the walk S is at a.

Recall that 7’? denotes the range of an adjoint branching random walk starting from
x.Foraset A C 79, we write

ba(x) =P(T7 N A = 0).

Forapathy : {0,..., N} = Z¢ we write |y| = N, i.e. |y| is the length of y without
its first point. We write s () ) for the probability that a simple random walk started from
y (0) follows this path for its first |y | steps. We say that y starts from x if y (0) = x,
and that it goes from x to a set A and write y : x — A, if in addition y (N) € A and
y(£) ¢ Aforall £ < N.Givenx,y € Z4, we write y : x — y, if y(0) = x and
y(N)=y.

Proposition 2.8 ([21, Proposition 5.1]) Let A € Z¢ and x € A°. Then for any y :

x — A we have
lyl—1

P(T;* hitsAviay) = s(v) [ | ba(y(©).
£=0
We now recall some hitting probability estimates obtained by Zhu. Given x € Z¢
and K C Z¢, weletd(x, K) = inf{||x — y| : y € K}, and diam(K) = sup{|lx —y| :
x,y € K}.
Theorem 2.9 ([21, 22]) Let ¢ > 0 be fixed. There exist positive constants cy, ¢z, such

that for any finite nonempty K C 74 and any x € 74, with d (x, K) > ¢ - diam(K),
one has

BCap(K) . BCap(X)
G Ky <P(TXNK #9) TN (2.4)
and
BCap(K) . i BCap(K)
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Remark 2.10 We note that the same estimate as (2.5) holds as well for ’Z~'C".

3 Upper bound on ||Gek ||

In this section we give the proof of the first part of Theorem 1.3, namely (1.5).
Using (1.5) we then give a proof of Corollary 1.4 assuming a finite third moment
on . We start with a sketch of the proof in Sect.3.1. Then after recalling some stan-
dard estimates for a simple random walk in Sect. 3.2, we state and prove some results
on hitting times for branching random walks in Sect.3.3. The proofs of (1.5) and
Corollary 1.4 are deferred to Sects. 3.4 and 3.5 respectively.

3.1 Sketch of proof of (1.5)

First, since we seek an upper bound of Geg (x), which is uniform in K and x, one can
always assume that x is at the origin. Now by decomposing K into slices K = U; K;,
where K; = K N {2} < ||lx|| < 2i*1}, we find that

Gek (0) < ) G(2hex (Ky),

with eg (K;) = ZyEKi ek (¥). Thus one needs to estimate ek (K;) now. For each

y € K;, we decompose the event {T? N K = @} according to the last point on
dB(0, 2112) visited by the spine, and using shift invariance of the tree we arrive at

ex(K)< > P(TVNK #0.T" N (B2 UK) =0),
wedB(0,2i+2)

see (3.6) below. If the past and future trees were independent, we could separate both
events in the probability on the right-hand side. Now for any w € 9 B(0, 2/2), by (2.4)
(which holds as well for 7,), one has

P(7T N K; # ) < G(2') - BCap(K;),
while by Proposition 2.6,

1

Y. P(TYNBia=#)=BCap(BO.2™) S .

wed B(0,2i+2)

Moreover, at aheuristiclevel the events {7**NK ; = @},for j > i+3, canbe considered
as being almost independent, and also independent of the event {7 N B;j;, = @},
since they depend on different pieces of 7% involving different scales. Thus we may
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infer that for some constant ¢ > 0,

> IP(T,’”H(Bi+2UK)=(ZJ)<;~ I1 (1—c.G(2f)BCap(K,»)).

wed B(0,2i+2) G2) Jj=i+3

Therefore, under these rough independence assumptions, we arrive at

G(2i)eK(Ki)§G(2i)BCap(Ki)-exp(—c 3 G(2j)BCap(Kj)>, G.1)
i+3<j<I

where [ is the maximal index i such that K; is nonempty, and we conclude by observing
that for any sequence (&;);>0, bounded by one,

sup Y erexp(—c Y &),

Izl i< i+3<j<I

is bounded by a constant that does not depend on the sequence (¢;);>1, see the end of
Sect. 3.4 for a proof. Now of course, while we will prove that (3.1) is indeed correct,
the whole technical matter of the proof is to deal with the fact that the events above
are not really independent. In particular it is only once we condition on the positions
of the walk on the spine that the past and future can be decorrelated. However, to
make the arguments work fine, one also needs to ensure that one can place ourselves
on the typical event, when the spine spends a time of order 2%/ in each of the sets
{27 < |Ix|| < 2/*1}, which leads to some technical difficulties.

3.2 Simple random walk estimates

We collect here a number of preliminary estimates concerning the simple random walk
on Z4, that will be used for the proof of (1.5). We write P, for the law of a simple
random walk started from x € Z? and E, for the corresponding expectation. We let
X be a simple random walk in Z<. For r > 0, we let 7, be the first hitting time of
dB(0,r) and 7, the first return time to B(0, r), i.e.

, =inf{t >0: X, €dB(0,r)} and 1 =inf{r>1:X, € dB(0,r)}.

r

Lemma 3.1 Let § > 0. There exists a positive constant ¢ = c(8) such that if R > 0,
then for all u € dB(0, R) we have

Eu[tr(146) - L(Tr(148) < T)] < cR.
Proof Let T = tRr(145) A Tr. We first use that the Green’s function is harmonic
outside the origin. Hence applying the optional stopping theorem to the martingale

(8(XnAz))n=0, and using as well the asymptotics of the Green’s function from [16,
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Theorem 4.3.1] we get that there exists a positive constant ¢ = ¢(8) such that for any
v~ u,withv ¢ B(0, R),
Py(r = tr(144)) = ¢/R.

Then using this and applying the optional stopping theorem to the martingale (|| X, [|>—
n),>0 we obtain that for a positive constant ¢’ = ¢(§)

Eu[tr(1+s) - Ltrai4s) < Tp)] <1+ sup E,[r] < 'R,
v¢B(0,R)
v~u

which concludes the proof. O

Lemma 3.2 There exists ¢ > 0 such that the following holds. Let R > 0, u € dB(0, R)
and v € 0B(0, 2R). Then

5 1
]P’,,(XIR =u,Tg <cR ) < 2 -PU(XIR = u)

Proof Let t = inf{tr > 0 : X, € 9B(0,3R/2)} be the first hitting time of

dB(0,3R/2). Let c be a positive constant to be determined later. By the strong Markov

property applied to T we have

IP’U<XIR =u, TR <CR2)= Z Z Z]P’U(szw,rzs)

wedB(0,3R/2) n<|cR?] s<n
Pw(X,R =u,Tlg =n — s)

< Z Z IPU(stw,tzs)IP’w(XfRzu).

wedB(0,3R/2) s<|_cR2J

By a proof similar to [16, Lemma 6.3.7], we get that there exist universal constants
c1, ¢z so that for all w € dB(0, 3R/2) we have

C1

IP’w(X,R = u) < 2 and ]P’U(X,R = u) > T

R (3.2)
Therefore, plugging this above gives

IP’U(XIR =Uu,Tgp < cR2> < % -IPU(r < LcRZJ).

On the event {t < |cR?]}, the walk must travel distance R /2 in time less than lcR?],
and hence this has probability less than exp(—c3/c), where c3 is a positive constant.
Plugging this above gives

P, (XTR =u,Tp < ch) < % - exp(—c3/c).
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Taking now c sufficiently small so that ¢; - exp(—c3/c) < c¢1/2 and using (3.2) we
conclude

PU<XTR =u,Tp < ch) <

and this finishes the proof. O

Lemma 3.3 There exists a positive constant ¢ so that the following holds. Let R > 0,
u € dB(0, R) and v € dB(0,2R). Then we have

ZnIP’ n—er>n)<c R?. ZIP’ n—v,r;>n).

n>0 n>0

Proof First of all using a time reversal argument we see that

ZIP’ X, =, ‘L’R>I’l) IPU(X,Rzu).

n>0

Since P, (XTR = u) = R4 (see [16, Lemma 6.3.7]), to prove the claim it suffices to
show that there exists a positive constant ¢ so that

Zn ~IP’u(Xn =, r; > n) < %. (3.3)

Let t be the first hitting time of 9 B(0, 3R/2). Then by the strong Markov property
applied to T we have

Zn]P’ Xy =v, 18 >n)

n>0
ZZ Z Z”‘Pu(T=S,XS=w,T<tIJ{)
n>0 wedB(0,3R/2) s<n
Py(Xp—s =v,Tp >n—25)

= Z Z]P’u(r:s,Xs:w,r<r;)

wedB(0,3R/2) s>0

(Zn Pp(Xy—s =v,Tp >n — s))
< Z ZIP’ r_sX_wt<rR <Zn IF’w(an_v))

wedB(0,3R/2) s>0 n>s

Using the local central limit theorem we now obtain

N

i

Zn']}bw(xn—s:U):Z”'Pw(xnzv)+s'z]?w(xn:U) Rdl 1

n>s n=1 n=1
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Plugging this above we deduce

Zn]P’ Xy =v, 18 >n)

n>0

1
< Z ZPu(rzs,stw,r<r;)~<m+#>

wedB(0,3R/2) s>0

1

1
ZW'Pu(f <T;—)+

-]Eu[r 1t < r;)] < RIS

Rd—2

where we used Lemma 3.1 for the last inequality. This now concludes the proof. O

3.3 Hitting times for branching random walks

Forapathy : {0,..., N} — 74, and A C 79, we write y C A ify) € A, for
all £ > 1 (note that we allow the starting point of the path to be in A€). Recall the
notation introduced at the beginning of Sect.2.4.

Lemma 3.4 There exists a positive constant ¢ so that for any R > 1 any K C
B(0, R/2), anyu € dB(0, R) and v € dB(0, 2R), one has

Iyl
BCap(K
3 s(y)]‘[bK<y<z>)<exp<—c Ri,p(4))~ Y s,

yiu—v =0 yiu—v
ySB(0,R)" ySB(0,R)°

Proof Since y € B(0, R) and K C B(0, R/2), using (2.5) and Remark 2.10 we get
that for a positive constant ¢ and for all £ > 0

BCap(K)

bk(y(©) < 1—c—g

So taking the product over all £ we get for a positive constant ¢’

Iy
BCap(K
16k ©) <exp <_cf,y|ﬂ) |

RA-2
=0

Thus we deduce

Iyl

BCap(K)

/

> s[[ekv@r = 3 strew (—cmw).
yiu—v =0 yiu—>v

ySBO,R) y<SB©O,R)"

Let c; be a positive constant to be determined later. We now show that the last sum
above is upper bounded by the sum where we restrict y to have length at least ¢| R>.

@ Springer



A. Asselah et al.

First we write

BCap(K
3 s(y)exp<—0/|y|;+(2)>§ S 5o

yiu—v yiu—v
ySB(0,R)¢ ySB(0,R)°
lyl<ciR?
BCap(K)
+ Z s(y)exp <—c/c1Rd—p4>.
yiu—v
ySB(O,R)°
lyl>c1R?

Since BCap(K) < C R fora positive constant C we can take ¢ sufficiently small
so that

k]

, BCap(K) c'ci BCap(K)
e e e N T

and hence plugging this above we obtain

/. BCap(K)
S sexp (—c |y|—>

d—2
Yiu—v R
yCB(0,R)¢
c'c1BCap(K) ¢'c1BCap(K)
= (1 2 Rd—4 ’ Z S(J/) + 2 Rd—4 ’ Z s(y).
yiu—v Yiu—v
yCB(0,R)" ySB(0,R)"
ly|<c1 R?

Taking c; even smaller, applying a time reversal and using Lemma 3.2 we upper bound
the quantity above by

'c1BCap(K BCap(K
(1_%>. )3 s(y)gexP(_c/cl%Q). S s,
Y

yiu—v U—v
ySB(O,R)* ySB(0,R)*
and this concludes the proof. O

Lemma3.5 For each R > 1 let Ty be the generation of the first hitting vertex of
B(0, R) by T}*. There exists C > 0, such that, forany R > 1, and anyu € 9B(0, 2R),
we have

E[t} - L(rp < 00)] < C.

Proof We have
E[ch - L(th < 00)] <2R* - P(th < 00) + R*- ZIP’(I}@ > kR?, 4 < oo) :

k>2
34)
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Using Theorem 2.9 we get
1

R?
and hence it only remains to bound the sum appearing on the right hand side of (3.4).
‘We now notice that on the event {rl’g > kR2?, tl‘é < 00}, there must exist a node on the
tree in generation (k — I)Rz, whose position is not in B(0, R), but which has at least
one descendant at distance at least R? from it, whose position is in B(0, R). Writing
Z,, for the number of vertices in generation m and S; = B(0, Ryy1) \ B(0, Ry) with
Ry = 2(R, for £ € N, we get

P(tp < o0) <

’

P(T% > kRz, Tﬁ < OO) < E[Z(k—l)Rz]

o0
X Z Pu(Xg_1)g2 € Sm) max IP’(’TCX hits B(0, R) after R> generations ) ,
xeSy

m=0

where X is a simple random walk. For m = 0 we bound the second probability
appearing above by the probability that the tree survives for R? generations, which
is of order 1/R?, by Kolmogorov’s estimate again. For m > 1 we bound the second
probability by R4/ R;‘ffz using (2.5) and Proposition 2.6. We also have for a constant
¢ > 0, by the local central limit theorem, for all k > 2

- R, Ry,
IP’M(X(k_l)Rz [S Sm) N W N exXp —Cm .

Putting everything together we get

o
Z]P’u (X_1)r2 € Sm) max IP’(TC" hits B(0, R) after R* generations)
Xeom
m=1
d d—4
<Ly K K
S e R2 ki2Rd " Rd-2

mzZ:R,%, <kR?

RZ\ R 1 1
+ ) CXP<—C,(—,3’2>'WXE'W-
m:R2 >kR? m

m

Plugging this back into the sum in (3.4) and using that E[Z ;_;)z2] = 1 by criticality
of u, concludes the proof. O

3.4 Proof of (1.5)

We prove here the first part of Theorem 1.3. We let Ry = 0 and R; = 2l fori > 1, as
well as

Bi=B(x,R)), Si={y:R =<ly—x|l<Riy1} and K;=KnNSG;.
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Let I be the maximal index i such that K N S; # . Then we have

1
Y G, ek () < Y GR) Y ex (). (3.5)
i=0

yek yvek;

Fix some 0 < i < I. Then applying Proposition 2.3 with K’ = K; and B = B; we
obtain

ek < Y P(TUNBipUK) =0T NKi #0).  (3.6)
yeKk; wedBj12

We now use the natural parametrisation of the spine and let X" be the simple random
walk that the spine performs starting from w. Recall that we also write F%[a, b]
(respectively F'[a, b]) for the positions of the walk indexed by 7 starting from w at
vertices lying in the forest consisting of the adjoint trees in the past (respectively future)
emanating from the points on the spine with time index (in the natural parametrisation
of the spine) in [a, b].

Fix some w € dB;7, and for each j > i + 2 we let o; be the last time that X" is
ondBj,i.e.

oj =sup{n > 0:X"(n) € 9B;}.

Note in particular that o; > = 0 on the event {7* N B;» = @} (Fig.3).
Fori, j € Nwith j > i + 2 we define

Aij={F{loj, 011N Ki 0, TY N Biyz =0,
andVi+2<m<I1+2, Fllom, omr1]NKpn_o =0}

With this definition we then get
o
(TYNBiVK) =0T nK #0 < | A 3.7)
j=i+2

We now upper bound IP’(A,-,j) for all i, j with j > i 4+ 2. First we consider j > i + 2.
In this case we have

P(Ai ;) = Z Z P(Nit3<m<1+3{X" (Om) = um}, Aij) .

u;j+3€9B; 43 uj+3€9B143
For any path y using (2.5) and a union bound we get

BCap(K;)

P(FYloj, 05411 NKi #0 | X"[0j, 05111 =v) Syl i 2
J
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Rj1

Fig. 3 The re-rooted tree at w whose spine (in blue) has to avoid B;5 and the past trees (in red) have to
avoid K ; in the shell S;, whereas the future trees (in green) have to hit K; (colour figure online)

Recall that ’ZN’CZ denotes an adjoint branching random walk started from z € Z<, and
that for a finite set A C Z¢ we write

ba(z) =P(T7 N A = 0).

Also recall that we write s(y) for the probability that a simple random walk of length
|y| started from y (0) follows the path y. Using the above together with the indepen-
dence of the adjoint trees hanging off the spine conditionally on the values of the spine,
we get

Iyl

Pa)s 2 o > (X so]]ben0®)
ui+3€0B; 43 Ur43€0Br43 VW UIL3 =1
vEBiy,
BCap(K;)
(X o))
Yauj—ujil R]
y<BS
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b4

x JT (X sO[]brkmatr®) x Pz, =00,

i+3<m<I+2 VYUm—>Un+] =0
m#j v<B;,

where rX stands for the first return time to A by a simple random walk. Using
Lemma 3.3 we get

Dol SR Y sk, (3.8)
ViUj—Ujy] YiUj—>Uji]
y<Bj yCBS

For any path y : w — u;43 with y C B, one has by Proposition 2.8

lyl

s) [ [ 8isa (v () = P(Z* hits B viay <),
=1

where y <~ denotes the reversal of y. Therefore, using also Theorem 2.9 we now get

Iy

> > s(y)]"[bB,+2<y<e)>— P(Z:"*" hits Biy2) = %

wWeIBj 4o VW—U43 i
y_Bl+2

Using this together with (3.8) and Lemma 3.4, we finally get that in the case j > i +2

I
BCap(K;) 1 BCap(K )
Z P(Aij) S Rd 4l R2 exp( Z Rd—4m )
m

wedBjy2 m=i+1
1+2
+
Y Y T (T s0) xR, =0
ui3€0Biy3  ur43€dBryz m=i+3 yum»Bumw
y<By,
I
BCan(K: 1 BCap(K,
SRR ew (e PR T R =
R~ R: Rd 4 s
j i m=i+1 u€dBiy3

and thus using that the capacity of a ball B(0, R) is of order R?~2, for the usual notion
of capacity, we get

1
Y PA)S Bcap(K)-R?“‘-exp(—c ) BCL(_K’“) (3.9)

d—4
wedB; 12 J m=i+1 R

We now bound the sum )~ ;5. , P(A; ;) in the case when j = i + 2. Conditionally
on the event {X"[0;42, 0i13] = v}, we let 7y be the £-th adjoint tree in the past
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hanging off y (¢) (taking 7o = #) and 7, be the £-th adjoint tree in the future hanging
off y (£). Then we get using again (2.5),

P(FY[0, 0i431 N K; # 0, F¥10, 0431 N Biyo =B | X*[0, 01431 = y)

[yl 14 Iyl
/ BCa K
< § P(T) N K; # 3, Vk # €, T N Bito = 0) < § % ]_[ b, ., (y (m)).

=0 =0 i
m;ée

Note that bp,,(y (m)) > 12(0) for all m, since if the tree dies out immediately, the
adjoint branching random walk cannot hit the set B;;>. Using this we deduce
P(FL10, 01431 N K; # B, F[0, 0i13]1 N Bira =0 | X[0, 04431 = ¥)
[yl
BCap(K;)
Sl =z H b, (v (0)).

1

Using this we obtain

142 Iyl
Y oPau)s Y Y o X I (X so]]tk.0w)

weIBj 12 wE()Bl+2L¢L+3€dB,+3 ur43€0Br 3 m=i+3 Vum*;illmﬂ =0

y<By,
BCap(K =1
1
(5 st B T 0) x5, =)
Yw—uis3 Rl
VCBH»Z

Using Lemma 3.4 again we get

' BCap(K,
Z ]P’(A,'.j)i Z exp(—c Z ;]3(1(4))

wedBiy wedBj 2 m=i+1
uedBiy3
(3.10)
BCap(K;)
(X syl g Hbg,+2<y(6)>) o7, =)
yiw—u
J/CBl+2

We note again that for any path y : w — u, withy € B ,, one has by Proposition 2.8

i+2°
[yl
s [] 0812 (v (©) = P(T hits Biyz via y <),

(=1

where y < denotes the reversal of y. Writing t* for the generation of the first hitting
vertex of B; by acritical branching random walk started from u, we therefore deduce
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by Lemma 3.5, that

b4

Yo s vl [ [ b)) =E[r* - 1" < o0)] < C.

wedBjp VWU =1
Y= Bl+2

Plugging this back into (3.10) we get that for all i, j with j > i + 2 we have
I
BCap(K) d—d BCap(K,,)
wed Bt J m=i+1 m
Then taking the sum over all j > i 4 2 and using (3.7) and (3.6) yields
I
BCap(K,,)

ek = BT ola) < ey e (e 3 PRE).

yek; Jj>i+2 wedBiyr m=i+1 m
We can now conclude the proof using (3.5) to get

BCap(K; . BCap(K.,
> G, y)@K(y)<Z ap( L P(-C > %)

yek m=i+1

Setting ¢, = BCap(K;)/ Rfl_4 we know that there exists a universal constant C > 0,
such that 0 < ¢; < C, for all i. We have now reduced the problem to proving that for

such (¢;) we have
I I
Zei-exp (— Z em>§1.

i=0 m=i+1
Using that for x < C wehavee™ <1 — x/ec we get
1 1 < 1 I e
> exp( 3 ) =3 I1 (-2)

m=i+1
Hence, it suffices to prove that for (¢;); with €; € [0, 1] we have
I I
Yoa [] d-em =t
i=0 m=i+l1
To show this, it is enough to prove that
Z ]_[ (l—em)—i—l_[(l—e,)—l (3.11)
i=0 m=i+1
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Indeed, notice that for any i we have

I I I

g [[ —en+]J0-en= [] 0 —ew.

m=i+1 m=i m=i+1

Applying this iteratively we deduce (3.11) and this concludes the proof of (1.5).

3.5 Variational characterisation: first proof of Corollary 1.4

In this section we prove Corollary 1.4, using only the results obtained so far, but under
the additional hypothesis that i has a finite third moment. We start with a technical
lemma that will be needed in the proof.

Lemma 3.6 There exists a positive C so that the following is true. For every M > 0,
allx,y € B(0, M) and all p € Z¢ with ||p|| = 10 M, we have

Y 8,98z p)G(y,2) < C-G(p) - Glx — y),

z€Z4

Y 8, 9e(y, G (p,2) < C-G(p)- Glx — y).

z€Z4

Proof We start with the first inequality. We consider the set E = {7 : ||z — p|| <
lloll /2}. Then for z € E we have ||y —z||, [lx — z|| < [lpll, so we get using (2.1)
and (2.3),

1
Y st 0g(0. GGy = |zd 2D |d 3 = s

-y “z - o]
1

Tlol T e =yl

where for the last step we used that || p|| > ||x — y||. For the sum over E¢ we have

1
g(x,2)8(p,2)G(z,y) S —.  (3.12)
XE: |d -2 Z 12472 1z = (x = )14
Setting u = x — y and considering three different cases depending on whether

iz —ull < llull /2, llull /2 < llz — ull < 2lufl or |z — ull = 2|[u| we obtain that

)3 1 ST
— Nzl e = (x = I T e — )98

Plugging this into (3.12) and using that ||x — y|| < ||p|l, we get the desired bound.
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For the second sum of the statement considering again the set E we have

1
> glx. 208y, 2)G(p. 2) < |2d =2y |d NP

-y iz o]
1

S d—4 a4
ol llx — ylI“™

For the sum over E€ we get

Y 8, 2803, DG(p, 2) S 1 Y 8x, 08y, 2) : 1

8, 2)8y, 2 ) S T g(x,2)g(y,z2) X — - —
oy lolld=* < lolld=* flx = y[4—*
and this concludes the proof. O

The proof of Corollary 1.4 uses the same idea as the proof of [13, Theorem 2.2]
(see also [19, Proposition 8.26]).

Proof of Corollary 1.4 when ;i 3u(i) < oo To prove the upper bound we take v =
ex /BCap(K) and use (1.5).

To prove the lower bound, it suffices to show that for any probability measure v
supported on K we have

1
N ek Xyek VEOV(G(x, y)

BCap(K) 2

Let v be a probability measure on K. Let p € Z¢ and

2o Y Y SE= v,

el vek G(p,y)

Then it is clear that by the Payley-Zygmund inequality

P(TNK #9) = P(Z>0) > 1]; (3.13)

By Proposition 8.1 of [21] we have that

0
lloll— 00 G(p)

In view of this and (3.13) it suffices to prove that for || p|| sufficiently large

E[Z?]

(E[Z])? S G(p) Z v(E)v(G(x, y). (3.14)

x,yekK
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For the first moment of Z we have

G(p, y)
E(Z] = § v(y) (3.13)
o G(p,y

We now turn to the second moment. For this we have

E[Zz] <E|YY Y L(TP(=k) = x)L(T"(=n) = y)v(x)v(y) . (3.16)

k<n yeK xeK G(p,x)G(p, V)

Applying the shift O¥ and using the invariance of the tree and the walk under 6 we
obtain

P(TP(—k)=x,T(—n) =y) =P(T*(k) = p, T (-n+ k) = y).

Taking the sum over all k and n we obtain

E Z (TP (k) =x)L(T"(—n) =y)

k<n

=E[ [ Y 1T®=p) | [ D LT (n) =y

k>0 n>0

So above we get the product of the number of visits to p in the future of 7" with the
number of visits to y in the past of 7 including the root. Let (X;,),eN be the random
walk of the spine started from x and denote by V¢ (k) the number of visits to p in the
adjoint tree in the future hanging off X3 and V), (k) for the number of visits to y in the
adjoint tree in the past hanging off Xﬁ . We then have, denoting by (%e;);=1,...q the
neighbors of the origin in Z¢,

E| Y LT (k) =x)L(T (-n)=y) | <E| Y V,()Vs(0)

k<n k, >0
= Y E[e(X;. »)e(X}. 0)] + Y _E[V,(k) Vs (k)]
k£t k>0
< E[s(XF . »g(XF. )]
k#e
+Y > i+ ~E[m§§g(X,f + e, y):| e E[mggg(x,’g + e, p)}
m m
k>01i,j>0 - -

< Y E[s(XF . ne(XE. o] = g, 28z w)glz. p)g(w, y)

k,£>0 Z,w
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+ ) glx, 28z gz w)g(w, p)

Z,w

=Y 8, 98 PG y) + Y glx, 28 VG, p),

where for the second line we used the independence between the trees in the past and
future attached to different points on the spine, and for the fourth line we used the
assumption that u has a finite third moment. Taking o with ||p|| > 10 - diam(K), and
applying Lemma 3.6 we get

Y 8,8 MG GE Y + Y 8(x, 298G, Gz, p) S G(p) - Glx, y).

Therefore for p with ||p|| > 10 - diam(K), plugging this in the above and then
using (3.16) we deduce that

2l < L.
E[z ] <07 X%:Kv(x)v(y)G(x,y).

This together with (3.15) finish the proof of (3.14) and the proof of the theorem. O

4 Moments of local times

In this section we prove Theorem 1.5 and Corollaries 1.6 and 1.8. To prove Theorem 1.5
we first show the result for a critical branching random walk, then for an adjoint critical
branching random walk, and finally we extend it to the infinite tree-indexed random
walk using the natural decomposition of 7 in terms of a spine together with adjoint
trees hanging off its vertices. We use here the notation {Sy},c7 to denote the random
walk indexed by 7 and similarly with 7; or 7. We then let P, denote their law when
the starting point is x, and write E, for the corresponding expectation.

We assume in the whole section that x has a finite exponential moment, in other
words we assume that there exists A > 0 such that Y ,.,e* n(i) < co. We also

assume that ¢ : Z¢ — [0, 00) is a function satisfying ||G¢|looc < 1. Note that thanks

to (2.1) and (2.3), at the price of multiplying ¢ by a constant, we will always also
assume that ||g@lleo < 1.

4.1 The case of a critical branching random walk

We consider here the case of a critical branching random walk. The proof consists in
bounding the moments using a suitable induction.

To start with, let us bound the first moment. Recall that g denotes the Green’s
function of the simple random walk (X, ),>0, and notice that for any x € 74, one has
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with Z, the number of vertices in the n-th generation of 7,

Ee | Y 080 | = Y EIZ]-Eilg(X)] = go(x) < 1, @.1)

veT, n>0

using for the second equality that E[Z,] = 1, by criticality of u, and our standing
hypothesis on ¢ for the last inequality.
Now our bound on the moments takes the following form.

Lemma 4.1 There exists C > 0, such that for any function ¢ : Z¢ — [0, 00), satisfying
IGelloo < 1, and any x € 74 we have forall k > 1,

k

Ec| (D¢ ] | = (k= VDB D 6(S) | 42)

veT, veT,

Note that Theorem 1.5 for the critical tree 7. immediately follows from this lemma
and (4.1).

Remark 4.2 Before delving into the proof, let us explain the condition ||G¢|ls < 1,
and the term E,[Y" .7 ¢(Sy)] (i.e. gp(x)), that we keep in (4.2). Taking the k-th
moment of the sum of our function ¢ (S,) over the vertices of the tree, corresponds to
summing, over all k-tuples of individuals of the tree, a product of k functions ¢ (S.)
running over the positions of these individuals. We organise this sum in terms of the
youngest common ancestor of our k individuals, which is say at position y. Assume
this ancestor has L kids with L > 2 (the case L = 1 being easier). Then the only space
dependent variable on the right hand side of (4.2) is g¢(x), and we have to establish
the following inequality

Z gy —x)(gfﬁ()’))L <C-gp(x), forany L >2. 4.3)
yeZd

Assuming that ||g¢|lcc < 1, it suffices to prove it for L = 2. Now Claim 4.4 below

shows that the condition ||G¢|l« < 1 is enough to guarantee (4.3).

Proof of Lemma 4.1 We will prove this by induction on k and for a constant C that we
will determine. The case k = 1 is immediate. We assume now that it holds for k — 1
and we will prove it for k. We have

k

Ecl D oS0 ] [ =E| D ¢Su)- oSy |- (44)

veT, V1, k€7
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We write v9 = MRCA(vy, ..., ve), if vy is the most recent common ancestor of
V1, ..., v¢. With this notation we have

D eSSy

k
= > Y 1@wo=MRCA@,....0)L(vo ¢ {vi.....u) [[¢(Su)

V1,0 €70 voeT, i=1
k
+ Y ) 1(wo=MRCA@y,....v0)L(vo € {vr,.... v} [ [o(Su)
V1, k€70 vo€T, i=1
4.5)

We first treat the case where vy ¢ {vy, ..., vx}. Changing the order of summation this
becomes equal to

Z Zl(deg(vo) =J) Z L(Sy, —y)Z( ) Z (nl k nL>

veTe j=1 yezd yeees
Yoini=k

n;>1,Vi

L ne
[T 22 TleGw),

=1,¢ 13 =1
4 1v1,...,vnle72 m

where deg(vg) stands for the number of children of vy, 7, stands for the £-th descendant
tree of vy containing at least one of the vertices vy, ..., vk, and ng is the number of
these vertices that it contains. The expectation of the expression above equals

ne

O (x—y)Z() > <nlknL)£[llE desy| |

izl yezd Np,.sllL, vel,

where v, is the uniform distribution on all neighbours of y. We can now use the
induction hypothesis to upper bound the expectations appearing above and obtain that
this last expression is bounded by

mer g £ () 5, ()

Jj=1 yezd ni,...nL

L
<[] =2 v - [Eu | Y 6(S)

i=1 vel,
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By (4.1) we get that the last expectation to the power L can be bounded by its square,
since we take L > 2. Expanding the combinatorial factor we deduce

2

J .
Z“(j) dog =y By | D oS 'Z(Z)'Ck_L'
j=1 yezd veT, =
: mZ e l—[ ni((n; — 1) v (4.6)
> n,—k
ni>1,vVi

Claim 4.3 There exists a positive constant Cy so that for every L > 2 we have

> 1‘[ (CI)L
R e 1”((n,—1)v1)_ k2
Z,n,_k
n;>1,vi

Claim 4.4 There exists a positive constant C; so that for all x we have

2

Y =B | Do) || =CEx| D b(Sy)

yezd veT, veTl.

We now complete the proof of the lemma and defer the proofs of the claims to the
end of the section. Using the two claims above we deduce that the sum in (4.6) is upper
bounded by

L

DBEICONEDINTE) Z( >~ckL.k!.%

veT, j>1

Using that k!/k% < (k —2)!and (}) < j*/L! and taking C > C]%, we obtain that
the above sum is bounded by

k  c=99L/100
G2 € Bl D080 |3 =3
veTl. L=2 j>L
k
<Cy-(k—2)-CF E, Z #(Sy) | - Z C3L . C~99L/100,
vel, L=2
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where Cj is a positive constant and where for this we used the assumption that  has
exponential moments. Taking further C > C3100 V4 we get that the sum above is upper
bounded by

k=196 k=2 -E, Z & (Sy)
veT,

So far we have treated the case vg ¢ {vy, ..., v} and have established that

k
Edl D>, Y 1(wo=MRCAQL...,00) 10 & {vr,---. v [[#(Su)

V1, 0k €T vo€T, i=1

<2CK190 (k=) B | Y 4(S))
veTe

4.7

We consider now the case where vy € {vy, ..., vx}. We denote by 7,, the subtree of
descendants of vy,

k
Ec| Y. > 1(vo=MRCAQ,....v0)) Lo € {vr..... v} [ [#(Suy)

V,..., v€Ze voeT, i=1

k
=E | > D> []ew

vo€Te v1,..., 0 €Ty i=1
voe{vy,..., Uk}

k—1
SEN Y D ISy =080 Y. k[[eGw

L voeZe yeZd vl - 1€Ty,  i=1
k-1
=Y Mg —k-Ey| | D o(S))
yezd veTl,

We now consider two different cases depending on whether k =2 ork > 3. If k = 2,
then the sum above becomes equal to

2 )" p(gk — MEy [ > ¢>(sv)} <2, { > ¢><Su)} <2ck196 R, [ > ¢><sv)} ,

yezd veT, veT, veT,
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since C > 4 and where we used again (4.1). Suppose next that k > 3. Then we can
use the induction hypothesis to get

k—1

D eex —k-Ey| [ Y o(5)

yezd veT,
< Y dMgx —y) k- (k=3)C2 By | Y p(S)
yezd veT,

Using that k < 3(k — 2) for k > 3 we can further bound the sum above by

3k —2)1- CF 2B | Y 4(Sy)
vel,

Therefore in both cases taking C > (3/2)> we get

k
Ex| > Y L(wo=MRCAy,...,v)L(vo € {vr,.... v} [ [o(Su)

V1, Uk €T v0E€T, i=1

<2CK0 k=21 B | D h(S))
vel,

Plugging in this bound together with the bound from (4.7) into (4.5) and using (4.4)
we finally deduce

k

Eo| [ Do o] | =4C 0 =21 E| Y ¢(S0)

veT, vel.

<C k=2 B[ )60 |
veT.

since C > (3/2)% and this completes the proof. O
It remains to prove the two claims used in the proof above.

Proof of Claim 4.3 We first note that there exists a positive constant A > 1 such that
for all kK we have

2": 1 LA “s)
£:1£((£—1)v1)'(k—£)2_k2' '
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We will prove that the statement of the claim is true for C; = A by induction on L.
For L = 1, the claim is obvious for all k. Suppose now that the claim is true for L — 1
for all values of k. We will establish it also for L. We have

L 1 k 1 L 1
Z l_[’li((’li -Hvl - Z ny((n N VAT Z 1_[’li((’li -bHvl

ni,..., ng j=1 ni=1 na,..., np =2
Zi ni:].( Zi n;:k—.nl
ni>1,Vi n;>1,Vi

k —
<y 1 et A _Cf
T men =Dy D k—np? T

'k2_k72’

where for the first inequality we used the induction hypothesis and for second one we
used (4.8). This completes the proof. ]

Proof of Claim 4.4 We first prove that there exists a universal constant C so that for all
x, z, 7 we have

D gl — gy — gy — ) < Celx —)G(x —2) + g(x —2)G(z — ).
y

Indeed, letting E = {y : ||y — z|| > ||z — x||/2} we have for the sum over E

1
Y gt — gy —2g(y—2) S T Y s =gy —2)
YEE y

Sglx —2)G(x =2,

using (2.1) and (2.2) for the last inequality. We notice that when y € E€, then by the
triangle inequality we get ||y — x|| > ||z — x||/2. So for the sum over E€ we get

D gx =gy — gy —2) S

yeE®

1
T 280 = D8y =)
y

llz — x|
Sglx =Gz —2).
We now prove the statement of the claim. We have, using the notation x ~ y when x

and y are neighbors in Z2,

2

Y s —y) %ZEZ Y (S

yeZd ~y veT.

= @ DD s =y — 9g(n — PP (E).

yeZd YI~Y Y2~y 2.7
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Using that for all neighbours y; of y and all z we have that g(y; — z) < g(y — 2), we
then get

2
> g —y) (zld > E, { > ¢<SU>D = YY) el — gy — gy — NP ()

yezd >y veTe yezd 2,7/

SY =G —) + 2k — Gz - NPRIP() <2+ Y glx —)p(2),

2,7 z

where in the last inequality we used the hypothesis that ||Gg||oc < 1. Using that

Y g —2)p@) =E| Y ¢S |
z veT,

finally concludes the proof of the claim. O

4.2 Moments for the infinite tree

Recall that we write x ~ y when x and y are neighbours in Z¢. We begin with the
case of an adjoint branching random walk.

Lemma 4.5 There exists C > 0, so that for allk € N and z € 74, we have

k

Ef| Do) | = (k=2 v D! supBepc| D 6(S))

vel, 0 vel,

Proof We first claim that it suffices to prove that there exists A sufficiently small and
a positive constant C so that

Ec| (D 00s0) exp (2 ) 6(50) | <CosupBes| Y680 | (49)
vel, veT. 0 vel,
Indeed, once this is established, then expanding the exponential we get
O an n+1
E| (Do) e () o60) | =2 5B (o) |
ve’f} ve’i n=0 ve’f}
and hence for all n > 1 this gives
n 1
E | (Y e0) | <€ =Dl supEesc | > 0S|
ve’ZN'C x~0 veT.
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which is equivalent to the statement of the lemma by taking the constant C from the
statement sufficiently large.

We now turn to prove (4.9). Let Z be the number of offspring of the root of 7, which

has distribution & and let (U;);> be i.i.d. uniformly chosen among the neighbours of
0. Then we can write

> e(s) e (1 Y 6(50)

veT, vel.

=2 (X o) e (2 30 osh) - [Texp (r 3 o(sD).

i=l  veT} veT} J=Z veT?
J#

where (TC")Z-? 1 are i.i.d. critical trees and (Si)iz 1 are independent branching random
walks on (7/);> started from (U;);>1. Using the independence property, we then get

E [ (2 6s0) exp (1) 6(s0)

UG'ZNZ ve’ZNZ
k—1
=3 k-PZ=k-|E|exp (x 3> ¢(S;)) (4.10)
keN

1
veT,

xB.| (2 oesh)-exp (2 Y o(sh)

veT]! veT]!

By Lemma 4.1 we obtain for A < 1/C with C as in Lemma 4.1

n

B (X osh)-exn( X osh) | =2 m [ (3 wish)”

veT) veT]! n=0 veT]!

< T5hc 0B Y (S

veT]!

We also get that for A < 1/C
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and hence plugging these two bounds into (4.10) yields for A < 1/C

B[ (3 0s0) exp (Y 650)

veT. vel,
! E Z dSH|-E|Z Ly
- Su . .
ST ac BBt P 1—C
ve c

Since u has an exponential moment, the same is true also for ft. Therefore, choosing
A sufficiently small we get that the last expectation appearing on the right hand side
above is bounded by a constant, and hence this completes the proof of (4.9) and the
proof of the lemma. O

We now move to the case of an infinite tree. We start with the case of 7_ which is
slightly easier to handle.

Lemma 4.6 There exists C > 0 so that for all z € 7Z¢ and n > 1, we have

n

E D o@n| |z nl
veTl_

Proof Let (X,,) denote the random walk of the spine in its natural parametrization.
We then have

k k

E | Y o] [=E| D> esi+xa]| |

veZ_ n=1 uein

where (’fc") are i.i.d. adjoint critical trees and (S") are independent branching random
walks on (7). With this representation we now obtain

ni

e )-£.2.0.0 2 e

ve7_ j=1n1,>4..,n,-21 """ ki<..<kj i=1 ue’?}k'
Z{:ln;zn
n n J i
= > (n n) PRI ICTRIEHY I 1 N DI ICN
J=lneng=1 N I ) i=1 ueT,

Y ni=n

\ n
- Z <n1 ..... nj> Z 8z, x1) ... g(xj—1, %))

Jj=lny,...,n;j>1 X1seeenXj

Z}']:l ni=n
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r[c"f—l(n - DtsupEy +y[2 ¢(Su)} (4.11)

i=1 ueT.:

where for the last step we used Lemma 4.1. Using Claim 4.3 the above sum reduces
to

Zn!.?-c”‘/ > g@xn).. . glxjrx)) - nsupEx,+y DB

j=1 XlseeXj =10 =
4.12)

Furthermore, for all x, z € Z% and y ~ 0 we have g(z, y) =< g(z, x + y) and by (2.2),

D 8@ OE Y d(S) | =8 0 e S Gp) S 1.

vel, X,y

These now imply that there exists a positive constant C; so that

D g@x) g1, x)) - ]"[supIEx,ﬂ Y 60| =6

XlyeensX =190 ueT,

Plugging this back into (4.12) and then into (4.11) we conclude that

n

E | Y oG] [s@—21-Y ¢ cf-cf.

vel_ j=1
which by choosing C sufficiently large compared to C; and Cj finishes the proof. O

Proof of Theorem 1.5 Lemmas 4.1 and 4.6 immediately imply that the statement of the
theorem is true for 7. and 7_. Moreover, 7 is made of a critical tree attached to the
root plus a forest of trees which are contained in a copy of 7_. Therefore the result
for 7 follows by an application of the Cauchy-Schwarz inequality. O

4.3 Proof of Proposition 1.8: the critical dimension

We show in this section how our analogue of Kac’s moment formula produces upper
bounds for the tail of the time spent in one ball centred at the origin, in the critical
dimension four. We thus provide in a unified way estimates for tails of local times in
all dimensions d > 4. Note that we consider only the critical tree, since the infinite
invariant one is recurrent. Very little changes need to be made with respect to the proof
ind > 5, but they are conceptually important. Most notably, we localise the critical
BRW in a large box whose size is linked with the occupation we want to reach in a
ball.

@ Springer



Local times and capacity for transient branching random walks

Inequalities in the critical dimension. First we use the elementary fact that with
log, (a) = log(e + a), one has for some constant C > 0, and any x € 74,

> gl —y) - g2y = C-log, (Ix]) - g(x). (4.13)
yeZ4

From (4.13), we deduce that for a constant «, one has for any » > 1, and any x € VAR

oY s =gy — 8y —2) = (k1% log (Ix]) - g().
yeZ4 z,2/€B(0,r)
(4.14)

Indeed, by Cauchy-Schwarz and (4.13), we get that for any z, z’ € B(0, r),

D gl — gy —2g(y —2)

yezZ?*
< (Y s —»r-2- > g — gy )"
yeZ* yezZ*
<> (gx—z—y) +etx—2 =)&)
yeZ*

< C-(log,(lx —zll) - gx —z) +log (Jx —2'|) - g(x — 2)),

and as we sum over z, 7/ € B(0, r), we obtain (4.14).
Main bound. We now consider the problem of spending a large time in a ball
B(0,7). Let ¢ = lp, be the indicator function of the ball B(0,r), and write

<E7;X s 90) = ZyeB(O,r) ZI];X ()’)
Lemma4.7 There are positive constants C and k, such that for any r < R, any
x € B(0,R), and alln € N,

E[(ZTX, o) - L(T* C B(O, R))] <" er)* . (max(1, n — 2))! -

log ™' (R) - g(x). (4.15)

Proof of Proposition 1.8 Assume for a moment Lemma 4.7. Set 1/y := 2C - (kr)* -
log, (R). Then, using Chebychev’s inequality, there is a possibly larger constant C,
such that

P(E70(BO. 1) = 1) = P((t70.9) = 1)
<e V! .]E[exp (y (L0, (p)) ) chocBR] + IP’(TCO ¢ BR)

<o (-t )4 &
- P C-r*-log (R) R?’
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Now, we choose R, such that log, (R) = NG /r2, and obtain

5,

]P’(ET()(B(O, r)) > t) < 2Cexp ( —

which is the desired result. O

Proof of Lemma 4.7The inductive proof of (4.15) in the upper critical case goes almost
unchanged. We just need to check the case n = 1, modify appropriately Claim 4.4,
and finally introduce an indicator that the tree stays in B(0, R). Let us indicate first
how we tackle the latter requirement. When the initial tree 7 stays in B(0, R), then
all its subtrees also stay in B(0, R). Thus, when dealing with the k-th power, the vertex
vp, the most recent common ancestor of vy, ..., vk, has a position y € B(0, R) and all
the subtrees sprouting from vg and containing one of vy, ..., v stay in B(0, R). Itis
then innocuous to add the indicator that these subtrees stay in B(0, R), and to bound
the initial indicator (that 7* C B(0, R)) by 1.

We tackle now the case n = 1, for which we simply notice that for a possibly larger
k> 0,andany x € Z%, any r > 1,

E[(¢7:. 0) - Lrrcpon] <E[Uz. )] = DY g —y) <k-rt g).
yeB(0,r)

We note that (4.14) entails that uniformly over x € B(0, R),

2 2
Y g — 3 E[{tp.0) Ly cpop] < (- r*) log, (R) - g(x).
yeB(0,R)
(4.16)

Then the proof of Lemma 4.1 can be followed step by step to yield Lemma 4.7.

4.4 Proof of Corollary 1.6

We start with two technical lemmas. Recall that for C C Z4, we write B(C,r) =
UXGCB(X5 r)~

Lemma 4.8 There exists C1 > 0 so that the following holds. Let C be a finite collection
of points in Z¢ within distance greater than 2r from each other. Then for all xo € 74
we have

Z Z G(xo— ) Z epc.n(z) < Cp-ré.

xeC yeB(x,r) z€dB(x,r)

Proof We let
Axg) ={x €C: |lx —xol = 2r}.

@ Springer



Local times and capacity for transient branching random walks

By (2.3), there exists C; > 0, such that for all x € A(xg), all y € B(x,r) and
z€dB(x,r),
G(xo—y) =Ci-G(xo —2).

We then have

YY) G-y Y. esen®@

X€A(xg) yeB(x,r) 7€dB(x,r)

< C1Cyr Z Z G(xo — 2epc,r)(2)

xeA(xg) zedB(x,r)

<CiCr? Y Y Glxo— e () < Card,
xeC z€dB(x,r)

where for the last step we used (1.5). For the sum over x ¢ A(xp), we have using
again (2.3),

Yo ) G-y Y. escn@

x¢A(xo) yeB(x,r) z€dB(x,r)
<BCap(B(x,r)- Y. Y Glxo—y)
x¢A(xo) yeB(x,r)
Srdt Z Glxo—x)=<rd=*. 4 =pd,

x€B(xp,3r)
This now concludes the proof. O

Lemma 4.9 There exists ¢ > 0, such that for any finite set C C 7%, and any r > 1,
one has
BCap(B(C,r)) > c1 - BCap(B(C, 3r)).

Proof Note that B(C, 3r) can be covered by a finite number of translates of B(C, r),
so the lemma just follows from sub-additivity of branching capacity proved in [21]. O

Proof of Corollary 1.6 Let C be a finite subset of Z¢ and r > 1 be given. By discarding
some points, one can find a subset C' C C, whose points are all at distance greater
than 2r from each other, and such that B(C, r) € B(C’, 3r).

We now define a function ¢ by taking it to be equal to 0 outside of B(C’, r) and for
every y € B(x, r) with x € C' we define

1
o0 =Gra- Y. esen@, (4.17)

z€0B(x,r)

where C is the constant from Lemma 4.8 so that ||G¢|l.c < 1. We then have using
Chernoft’s bound

P(ero(B(x,r)) >, Vx €C) <P(Lro(B(x,r)) >1t, Vx €C)
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< P(Z ¢(x) - Lro(B(x,r) = 1 -

xeC’

BCap(B(C', r))
Cyré

BCap(B(C/,
Szexp<_K.t.%)
BCap(B(C,
Szexp(_m.t.%dm),

where we used Theorem 1.5 at the third line, and Lemmas 4.9 and 2.4 at the last one.
This concludes the proof of the corollary. O

Remark 4.10 In the case of a simple random walk on 74, d > 3, one can recover
Theorem 1.2 of [5] by using a similar argument (which in the setting of standard
random walks is much simpler). This allows also to remove the hypothesis (1.4) from
there.

5 The lower bound in Theorem 1.3
5.1 Preliminary estimates

Given A and B two disjoint subsets of Z?, we say that a tree-indexed random walk
hits the set A before the set B, if the first vertex in the lexicographical order of the tree
at which the walk is in A U B, the walk is in A. We say that the tree indexed random
walk hits the set A after the set B if it hits the set A but not before the set B.

Lemma 5.1 There exist positive constants ¢ and Ly > 3, such that for any L > Lo,
any R > 1, any finite set K C B(0, R), and any x € B(0, LR) ~. B(0,2R),

BCap(K
P(T hits K before B0, L’R)) = c BCap(K)
(L R)d—2
Proof For two vertices u, v € 7, let us write v < u if v is on the geodesic going from
the root to u, and different from u. Then consider the set

U ={ueT.:S €dBO, L°R) and S* € B(0, L*R) \ B(0, L*R) Vv < u}.

If 7;* hits K, but only after hitting 3 B(0, LZR), there must exist u € U*, whose tree
of descendants hits K. Since conditionally on {/*, the descendant trees of its vertices
are independent copies of 7, we get

]P’(?Zf‘ hits K after 9B(0, L’R) | U") < |Uu- sup P(T N K #9)
x€dB(0,L2R)
BCap(K)

X
SJ'U'.W,

5.1
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using (2.5) for the last inequality. Note also that for any x € B(0, LR),

E[U ] =) E[Z,]-Pe(r =n) =1,

n>0

where Z,, is the number of vertices of generation n in 7;, and 7t is the hitting time
of dB(0, L?R) by a simple random walk. Therefore taking expectation on both sides
of (5.1) gives

) BCap(K)
X 2 < =V
]P’(TC hits K after d B(0, L R)) ~ (LZRyd2"

Hence, applying again (2.5) gives for L large enough,
P(?;x hits K before 3 B (0, LZR))

BCap(K
= P(T* NK #0) — P(Tf hits K after 3 B(0, LZR)) > (L;—l;fl_z),

concluding the proof of the lemma. O

Recall the definitions of s(y) and b4 (x) given in Sect.2.4. For a path y define

lyl lyl—1
bay) =[] baty®). and ba(y) = [] baly(©).
=1 =0

Lemma 5.2 There exists Lo > 0, such that for any L > Lg, and any R > 1,

BCap(B(0, R))

> > s bron() z —————.
x€dB(O,R) y:x—9dB(0,LR)
R2<|y|<L4R?

Proof For x € dB(0, R), consider a random walk indexed by 7 starting from x, and
let o be the first hitting time of d B(0, L R) by the spine (using its intrinsic labelling).
Then one has by definition,

’

Z (y)-b (y) > (= (0, )—“,R2<UX<L4R2)
s(¥)-OBwO,R)(Y P B(0, R

y:x—>9B(0,LR) SUPy e B(0,LR) P(T> N B0, R) = 0)

R2<|y|<L?R? =

and thus by (2.4) and Proposition 2.6 one has for L large enough,

3
Y. S bron®) z 3 BITENBOR) =4, R? <o* < L'R?).

y:x—0B(0,LR)
RZS‘}/‘SL{IRZ

(5.2)
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Recall that typically o* is of order L>R?, hence one can expect the two events {o* >
L?R?} and {o* < R?} to have small probability, provided that L is large enough. We
start considering the first one. Let ¥ be the last visiting time of d B(0, LR) by the
walk on the spine:

¥ =sup{n > 0: X*(n) € B(0, LR)}.

Then by rerooting the tree at the vertex corresponding to t¥, we can write using
Proposition 2.8, and denoting by Z,, the number of vertices at generation n in a critical
tree,

Z P(T* N B(0,R) =@, 6 > LR?)
x€dB(0,R)
< Z P(T* N B0, R) =@, t* > LYR?)
x€dB(0,R)
= Z Z P(7* N B(0, R)
x€dB(0,R) yedB(0,LR)
=0, "> LRE X" () = y)
= Y (X so-Bonm) P NBOR

y€dB(0,LR) y:y— B(0,R)
ly|>L9R?

=@, X" (n) € B(0, LR), foralln > 1)
< Z P(Zag2 #0)-Py(X, € B(O, LR), foralln > 1)

yedB(0,LR)
_ Cap(B(0, LR)) _ BCap(B(0, R))
~ L4R2 ~ L2 ’

using also Kolmogorov’s estimate at the last line, see e.g. [10, Theorem 1 p.19].
Therefore, for L large enough, one has for any R > 1,

BCap(B(0, R))

Z P(Z*NBO,R) =0, o* > LYR?) < 0

x€dB(0,R)

(5.3)

It remains to consider the event {o* < R?}, which is more complicated to handle. We
introduce two intermediate surfaces:

I

¥, = B0, ), and ¥, =9B(0, RVL).

Define 7{" and 75 to be the last visiting times of ¥ and X respectively by the spine
(for its natural parametrisation). First observe that

P(T* N B0, R) =0, &5 > o) <P(5 > o*)P(F[0,0%] N B(0, R) = )
1

d-2

L 72

< -P(FX[0,6*]1 N B(0, R) = 0).
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Using (2.4) we see that for L sufficiently large

P(T* N B0, R) = @) > P(F[0,0*1N B(O, R) = ) -

inf  P(72 N B, R) =9)
yedB(0,RL)

> P(F*[0,0*1N B0, R) = 9),

and hence plugging this above we deduce

1
P(T* N BO,R) =0, ©§ > 0") <

~ d=2
2

L

‘P(T* N B(0,R) =9). 5.4

Now, denoting by Hy, and H{z for the first hitting time of X and first return time to
3, respectively, by a simple random walk, one can write for some constant ¢ > 0,

Z P(T* N B(0,R) =¥, t5 < R?)

x€dB(0,R)

= Y Y PT*NBO.R) =% 15 <R X*(1}) =y, X" (1}) =2)
x€dB(0,R) yeX|,ze€Xy

= Y P@NBOREN (Y sk))-Pe(Hy, =00,

yEX|,Z€X) yiy—>2z
ySE¢, ly|<R?

where the last inequality follows from Proposition 2.8. Using (2.5) for a positive
constant C we can now upper bound this last expression by

C
E Z IPZ(HEI < R2) . ]P)Z(H;:_z = OO)
LTRz ZEX)
< exp(—cv/L) - R™*< exp(—cv/L) - BCap(B(0, R)), (5.5)

where for the last inequality we used (2.6). Combining (5.4) and (5.5) yields for L
large enough,

BCap(B(0, R))

> P(T*NBO.R) =0 0" <R} < 0

x€dB(0,R)

Together with (5.3), this gives

4
Z P(T*NB(,R) =@, R* <o* < LR? > < *BCap(B(0, R)),
x€dB(0,R)

and remembering also (5.2) concludes the proof of the lemma. O
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5.2 Proof of the lower bound of Theorem 1.3

Proofof (1.6) Assume without loss of generality that 0 € K, and x = 0. We need
to bound from below Geg (0) = ZX cx G(x)ek (x), by some universal constant that
does not depend on K. Fix L > 2 to be determined later and define R; = L% for
i > 0. Then let

B, =B(0,R;), S;=B;~Bi_1 and K; = K NB;,

with also B_; = (. Define I as the maximal index i such that K N S; # @. Note that
if I < 1, then we can write

Gek (0) > (xeg%le) G(x)) - BCap(K) > (xeg?ole) G(x)) - BCap({0}),

which gives a universal lower bound independent of K. Thus we may assume now
that 7 > 2.

Recall that we defined G(r) = r*~4, for r > 0. Using (2.3), we get that for a
positive constance cp (only depending on L) whose value may change from line to
line

1

1
D GWek () =) > Gx)ex(x) = co Y  G(R) - ex(Si)

xekK i=0 xeS; i=0
| , (5.6)
>c0 Y (D G(R))-ex(S)=co) G(R;)-ex(Bi).
i=0  j>i i=0

Fori € {0, ..., I}, define
&i = G(R;) - BCap(K;),

and let

I
I*:inf{izO:Zakch},
k=i

where § > 0is another constant to be fixed later, and using the convention inf § = +o0.
The proof of (1.6) will follow from the next result, where we use the convention
K_1=40. (]

Proposition 5.3 There exists ¢ > 0, and a choice of L and §, such that for any finite
K C Zd, and any index i satisfying I* 4+ 1 <i <1,

ek (B;) = ¢ -BCap(K;_»3).

Assuming this proposition, one can conclude the proof of (1.6). Indeed, fix L and
8, as in Proposition 5.3, and distinguish between a few cases. If ¢; > §/ (4L2d=D)y,
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then we have by (5.6),

8

Gek (0) = coG(Ry) - ex (Br) = co-e1 = co 7

If &7 < 8/(4L*4=%), then we have
e1—1 = G(Rj_1) -BCap(K;_1) < L% .¢; < 5/4.

In particular /* < I — 1. If in addition I* > 1, then by (5.6) and Proposition 5.3, we
get

I

Gex(0) = co ) G(R)-ex(B)
i=I*+1

coc =2 coc ) )
LAd—4) 12: 1€i z LAd—4) G 4 4L2(d—4))
i=]*—
coc - 8
2 [Ad—4)"

If I'* = 0, then we have as well (recall that we assume I > 2),
Geg (0) > coG(R2) - e (B2) > cocG(Ry) - BCap(Kp) > cocG(R2) - BCap({0}),

using that K¢ contains the origin for the last inequality. In all cases we get a universal
lower bound for Geg (0), independent of K, and this concludes the proof of (1.6). O
It remains to prove the previous proposition.

Proof of Proposition 5.3 Assume that I* < [ — 1, as otherwise there is nothing to
prove, and fix some i € {I*+ 1, ..., 1}. By Lemma 2.4, we have that

ek (Bi) > exi(Bi_2), where K'=K\(S;US;_1). (5.7)
Applying Proposition 2.3 yields

exi(Bi_2) = Z P(7}” first hits K' in K;_o, 7 N (B;—1 U K') = ). (5.8)

we‘()B[_l

Let ¥ = 0B(0, LR;_1), and define o as the first time the spine hits X (in its natural
parametrisation). One has for any w € dB;_1,

P(7}” first hits K' in K;—», 7 N (Bj—1 UK") = 0))
> P(FY[0, o] first hits K’ in K;_», 7 N (Bi—1 UK') = 0)
> P(FY[0, o] hits K;_, before dB;, F[0, 01N (Bi—; UB;) = 0)
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x inf P(TX N (Bi— UK') = 9). (5.9)

uex
We deal first with the last probability. By Proposition 2.6 and (2.4), one has

1
supP(T* N Bi—1 #0) < —
uey L

and by definition of I*, one has by a union bound

supP(T*NKNBf #0) < Z ej S8,
uex i+l

so that by choosing § small enough, and L large enough, one can ensure that

inf P(7* N (B UK') =) > (5.10)
ue

R —

Now we bound from below the other probability in (5.9). Recall that X* denotes the
random walk on the spine. One has

P(F[0, o] hits K;_, before dB;, F"[0, 01N (Bi—1 UdB;) = ¥)

> > s(y) - P(FY[0, o] hits K;_ before dB;, F*[0, 0]

yw—X
YEB{_,
RY <|y|<L‘R%

N(Bi—1UdB;) =0 | X"[0,0] = y)

For £ > 0, and on the event {X"[0, 0] = y}, we denote by ’iy(a the adjoint tree

hanging off y (£) in the past and by T, I © the adjoint tree without its root hanging off

y (£) in the future. Then using the independence of these trees for different £, we get
that for any y : w — X with y C Bf_|, one has

P(FY[0, o] hits K;_» before 8B;, F[0,0]N (Bi—1 UdB;) =¥ | X"[0,0] = y)

b4
> (]_[ PTYY N (B VB =0, T" N (B, UB) = VJ))
=0
[yl N _
x (DA its Ki before 0B, T2 0 (B UaB) =), (5.11)
£=0

Now by (2.5) and since y C Bffl N B(0, LR;_1), one has for any £ > 0, and some
constant ¢ > 0,

P(T’Y N (B, UdB) =0, TV N(B._ 1 UIB) =)
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Ty (£) _ ¢
=PI NBi1=0)-(1- E)

c
=bp_(y() - (1 = ——),
- R’z

and thus the product on the right-hand side of (5.11) is bounded from below by
bp, ,(y) - exp(—c’ - L%), with ¢’ another positive constant and for any y satisfy-
ing |y| < LYR? . Concerning the other terms appearing in the sum in (5.11), by
considering the event that the £-th vertex of the spine has no children in the past, and
at least one in the future, we obtain that for some constant ¢ > 0 whose value may
change from line to line,

P(T7“ hits K;_ before dB;, 779 0 (Bi_ U3 B;) = )
>c- inf P(7 hits K;_> before 3 B;)

x~y(£)

¢ BCap(Ki—2)
= 7d-2° d—2 ’
L R}

using also Lemma 5.1 for the last inequality. Altogether this gives, using in addition
Lemma 5.2,

Z P(F}[0, o] hits K;_; before dB;, F¥[0, 0] N (Bi—; U3B;) = ¥)
weIB; 1
BCap(K;_»)
>c. % cexp(—C LY Y > s(y) - bp,_,(¥)
Rifl wedB;_ yw—%
RY <|y|<LR},

> ¢ - BCap(K;_») - exp(—C - LY).
Plugging this together with (5.10) into (5.9), and then in (5.8) and (5.7) concludes the
proof of the proposition. O
6 Proofs of miscellaneous corollaries

Proof of Corollary 1.9 Let A be a finite and nonempty subset of Z¢, and consider the
function ¢(x) = wi‘éj%. It is then immediate that ||G¢l|l« < 1, and thus the
corollary follows from Chebyshev’s exponential inequality together with Theorem 1.5.

O

Proof of Corollary 1.4 Define the function G (x, y), by

Gx,y) =) glx. g ),

z€Z4
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which is symmetric and positive definite. Note also that by (2.2) it is of the same order
as G. Then define the scalar product on the set of functions supported on K, by

(f.8)= Y. G, y)fxegW.

x,yeK

As already seen, the upper bound

1
inf {(v, v) : v probability measure on K } S ————,
BCap(K)

follows from (1.5) by choosing for v the measure ex = ex /BCap(K). For the lower
bound, note that by (1.6) one has for any measure v supported on K,

1
(U,?K) Z *
BCap(K)

On the other hand by Cauchy-Schwarz inequality one also has

~ 2 PN (v, v)
(UveK) S(vs]))'(eKseK)SBCap(K)v

using again (1.5) for the last inequality. Combining the last two displays gives as
wanted

1
inf {(v, v) : v probability measure on K } > BCan (&)
ap
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