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Branching capacity of a random walk range

Bruno Schapira*

Abstract

We consider the branching capacity of the range of a simple random walk on Z¢, with d > 5,
and show that it falls in the same universality class as the volume and the capacity of the range
of simple random walks and branching random walks. To be more precise we prove a law of
large numbers in dimension d > 6, with a logarithmic correction in dimension 6, and identify
the correct order of growth in dimension 5. The main original part is the law of large numbers
in dimension 6, for which one needs a precise asymptotic of the non-intersection probability of
an infinite invariant critical tree-indexed walk with a two-sided simple random walk. The result
is analogous to the estimate proved by Lawler for the non-intersection probability of an infinite
random walk with a two-sided walk in dimension four. While the general strategy of Lawler’s
proof still applies in this new setting, many steps require new ingredients.

Keywords and phrases. Random walk range, tree-indexed random walk, branching capacity,
law of large numbers.
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[4 Proofs of Theorem [1.1] and Proposition |1.3] 22

1 Introduction

We start by recalling some important definitions and we will then state our main results. The
branching capacity is defined here in terms of an offspring distribution yx on N, which is fixed in the
whole paper and assumed to be critical, in the sense that ), iu(i) = 1. We further assume that it
has a finite and positive variance o?. We write the size biased distribution of y as i, which we
recall is defined by pgh (i) = ip(7), for all 4 > 0.

We then consider 7 an infinite spatial tree constructed as follows:

e The root produces i offspring with probability (i — 1) for every ¢ > 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 pgp, while normal vertices pro-
duce offspring independently according to u.

e One of the offspring of a special vertex is chosen at random to be a special vertex, while the
rest are normal ones.

By construction 7 has a unique infinite path emanating from the root that we call spine. We assign
label 0 to the root. We assign positive labels to the vertices to the right of the spine according to
depth first search from the root and we assign negative labels to the vertices to the left of the spine
and the spine vertices as well according to depth first search from infinity. We call the vertices with
negative labels (including the spine vertices) the past of T and denote them 7_, while the vertices
with non-negative labels are in the future of 7 and we denote them 7T,. Note that the root does
not have any offspring in the past of 7.

Given x € Z%, we denote by (S¥),ec7 the random walk indexed by 7T, starting from 2, whose jump
distribution is the uniform measure on the neighbors of the origin, and denote its range in the past
by

TE={Sr:ueT_}.

The equilibrium measure e4 of a finite set A C Z?, with d > 5, has been introduced by Zhu [16],
and is defined by,
ealz) =1{x € A} - P(T*NA=0).

Then the branching capacity of a finite set A is defined similarly as the usual Newtonian capacity,
namely

BCap(A) = ) ea(z).

z€EA

Consider now (X,),>0 an independent simple random walk on Z% (i.e. a random walk whose law
of increments is the uniform measure on the neighbors of the origin), and define its range at time
n as

Ry ={Xo,..., Xn}

Our main object of study in this paper is the branching capacity of the range BCap(R,), in
dimension d > 5, and our goal is to show that it satisfies the same universal asymptotic behavior as
the volume [7] and the capacity [II 2, 6, 8] of the range, with only a shift of the critical dimension



of respectively two and four units, which is here the dimension 6. Interestingly, the same universal
results have also been proved recently for the volume [I3] 14] and the capacity [4, 5] of a critical
branching random walk, and of course it would be of interest to see if they can as well be extended
to the branching capacity of a branching random walk, but we leave this for a future work.

Our first result is a strong law of large numbers. The proof is entirely similar to the one for the
usual Newtonian capacity, which dates back to Jain and Orey [8], and is reproduced at the end
of this paper for reader’s convenience (to be more precise the fact that the limiting constant is
positive requires a specific argument).

Theorem 1.1. Assume d > 7. There exists a constant cq > 0, such that almost surely,

lim 2CP(Ra) _ (1.1)

n—oo n

It is very likely that a central limit theorem, with the usual renormalization in y/n, could be proved
in dimension d > 8, following the same lines as in [I]. In dimension 7 it is expected that a logarithmic
correction should appear in the normalization, but this might be a much more challenging problem,
as the corresponding results in the simpler cases of the volume and the capacity of the range of a
random walk are already quite involved, see [9} [I5] respectively.

The main contribution of this paper is the law of large numbers in dimension 6, which requires some
more original work. We only present here a detailed proof of the weak law (with a convergence in
probability), but a strong law (with an almost sure convergence) could be proved as well without
much additional work, see Remark for more details. The main step is to obtain the asymptotic
of the expected branching capacity of the range. The general strategy for this is the same as for
the capacity of the range, in which case the corresponding result follows from the estimates proved
by Lawler [10] for the non-intersection probability between one walk and another independent
two-sided walk in dimension four, see [l [6]. However, one serious issue that arises when working
with the tree-indexed walk is the lack of Markov property, which in particular has for damaging
consequence that there is no simple last exit formula as one has for a simple random walk. This
leads to some non-trivial complications, which fortunately can be overtaken.

Theorem 1.2. Assume d = 6, and that p has a finite third moment. Then one has the convergence
in probability and in L2,

1 273

lim —2" . BCap(R,) = —

n—oo  n 2702

Of course a natural question now would be to prove a central limit theorem, as it was done in [12] 2]
respectively for the volume and the capacity of the range. We leave this for future work, as it would
require some really new ingredients, in particular one major issue would be to identify a simple
expression for the term

X(A, B) = BCap(A U B) — BCap(A) — BCap(B),

where A and B are arbitrary finite subsets of Z¢, and improve the bounds that we have on the
variance of BCap(R,,).

To conclude we provide bounds identifying the correct order of growth of the expected branching
capacity of the range in dimension five. The upper bound is easily obtained by using monotonicity
of the branching capacity, and known bounds on the branching capacity of balls. The lower bound
is more difficult, and we rely here on a recent result of [3] showing a variational characterization of
the branching capacity.



Proposition 1.3. For d =5, there exist positive constants c5 and c;, such that for allm > 1,
¢; - vn <E[BCap(R,)] < ¢i - V/n.

The paper is organized as follows. In Section [2| we prove some preliminary results which could be
of general interest. In particular we prove an analogous version in the setting of branching random
walks of a key equation discovered by Lawler, relating some non-intersection events and a sum of
Green’s function along the positions of a random walk, see Lemma and Corollary We also
prove there some quantitative bounds on the speed of convergence toward the branching capacity
of a set A, of the (conveniently normalized) probability to hit A for a tree-indexed walk, as the
starting point goes to infinity, see Lemma [2.5] Then Section [3| focuses on the case of dimension 6,
and we prove there Theorem while short proofs of Theorem and Proposition [I.3] are given
in Section [l

2 Preliminaries

2.1 Some additional notation

We let ||z|| denote the Euclidean norm of # € Z%. For m > 0, we denote by B(0,m) the closed
Euclidean ball of radius m centered at the origin (intersected with 7Z%), and for a set A C Z%, we
let OA be the inner boundary of A consisting of points of A having at least one neighbor outside A.
We denote by |A| the size of a finite set A C Z<.

We use here the convention that a Geometric random variable X with parameter p € (0, 1) takes
values in N, and is such that for any k > 0, P(X = k) = p(1 — p)*.

We denote by ()Af k)k>0 the simple random walk indexed by the vertices of the spine, equipped with
its intrinsic labelling (i.e. the vertex on the spine at graph distance k from the root has intrinsic
label k). The law of a simple random walk starting from z is denoted by P, while the corresponding
expectation is denoted by E,, and we abbreviate them in IP and E respectively when the walk starts
from the origin. For n < m, we write the range of a random walk (Xj)ren between times n and m
as R[n,m| ={Xn,..., Xm}.

The root of the tree T is denoted by .

Given two functions f and g, we write f < g, or sometimes also f = O(g), if there exists a constant
C > 0, such that f(x) < Cg(z) for all z, and likewise write f = g, if g < f. We write f = o(g) if
f(z)/g(x) goes to 0 as x goes to infinity, and f ~ g, when |f — g| = o(g).

2.2 An exact last passage formula
Our tree-indexed random walks are not Markovian, but nevertheless they satisfy a certain last
passage formula, which takes the following form.
Lemma 2.1 (Last passage formula). For any x € Z%, with d > 1, and any set A C Z¢, one has
P(TENA#0) = Z]E[l{T_yﬂA - @}-c+<y,x)},
yeA

where

Lilgw)= > YSu=a}.

ueT {0}
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Proof. The proof is an immediate application of the shift invariance of the tree T, first identified
by Le Gall and Lin [I3] [14], see also [16, 4]. More precisely denote by o the last time in the past
when the walk visits A, and for n € Z, denote with a slight abuse of notation by S} the position of
the walk S* at the vertex with label n. Then by shift invariance,

P(T*NA#0) = f Y Plo=n,S=y) = _f > P(SE =y, S5, € A°, for all m < n)

n=—1yecA n=—1yeA
=Y YRS = T N A=0) = Y E[YTY N A=0}- L4 (y )]
n=1ycA yEA

2.3 Green’s functions

Recall that the random walk Green’s function is defined by

g(z,y) = Ew[z X, = y}} =9(0,y — @),

n>0

with (X,)n>0 @ simple random walk. We also let g(z) = ¢(0,z), and recall that for d > 3, as

[|2]] = oo (see [11]),
aq

g(z) ~ Wﬂ (2.1)
where i 4
_ e —d/2
agq 2f(2 1)m=%=.

We now define

G(z) =) gz —2)g(x).

x€Z4

We shall need a few facts about this function. First, for any z,z € Z? (see e.g. [3]),
P(zeT*) S G(z — o). (2.2)
The next result gives the leading order term in the asymptotic behavior of G at infinity.

Lemma 2.2. Assume d > 5. Then as ||z|| — oo,

Gz) ~ o

(|44
U}Zth Cq = Z(jii) . 7r_d/2 . F(g — 1)
Proof. One has using (2.1)) and rotational invariance, G(2) ~ cq - ||2]|*~¢, with

1 1

2

Cd:a’d'/ 9 — dy7
ra |y —ul|4=2 |ly[4-2

for any w with ||u|| = 1. Note that by integrating over the unit sphere S(0, 1), we find

2
ay / 1 / 1
ci= 3 [ s du | dy.
IS0, D] Jga [lyl|7> ( s, ly —ul|72
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Using next that z — ||y[|?>~¢ is harmonic on R \ {0}, we find that

/ { lyl>~4 if Jlyll > 1
0 1) | S(0,1) ||y—u||d 3 ¢ 1 if [lyl| <1,

and a change of variables in polar coordinates then yields

2rd/2 > 2rd/2 4 —2
_ 2 3—d _ 2. )
=% T g (/Q Tdr‘+uﬁm " dr) Y4 T(dj2) 2d— 1)’

which after simplifying gives the desired result. |

Finally one should need the following gradient bound.

Lemma 2.3. Assume d > 5. One has for any z,h € Z%, with ||h|| < ||z]|/2,

Glz+h) = G(2) - (1 + o(Hh”))

Proof. The result for the function g is already known, see e.g. [I1, Theorem 4.3.1], even for all h
satisfying ||h|| < 2|z||. Injecting this in the definition of G, we get for ||h| < |z]|/2,

G(z+h) = Z g(z+h+u)g(u) = Z g(z —v)g(h+v)

uezZd vEZI
D SR CEnV Ol RRetC DR DN CE (RN
IRI<(2/3)][v]| lIR]I>(2/3)][v]|
- (1+odt) + T ge-vgtra-0n) X gz g)
[IR)I>(2/3)]]l lRlI>(2/3)]vl
= 6ta)- (1+ o) + Ol - o2 = 66:) - (1+ O ).

2.4 Variational characterization of the branching capacity

We state here a result from [3] that we shall use only in dimension 5 for proving the lower bound
in Proposition It shows that the branching capacity is of the same order as the inverse of an
energy.

Theorem 2.4 ([3]). Assume d > 5. There exist positive constants ¢ and C, such that for any
nonempty finite set A C 79,

C

_° < = BCap(A)
BCap 1nf{ Z G(z (x)v(y) : v probability measure on A} BCap(A)’

z,y€A

In particular the inverse of the middle term in the above display could provide an alternative
definition of the branching capacity, which would be more intrinsic, in that it would not depend on
a particular choice of critical probability measure p. However, it is not clear if with this definition,
the law of large numbers would still hold in dimension 6; at least the proof given here would break
completely.



2.5 Quantitative bounds on hitting probability

Our goal here is to prove some quantitative bounds, given a finite set A C Z%, on the speed of
convergence toward BCap(A) of the probability that an infinite tree-indexed random walk starting
from z hits A, as ||z|| — oo, when conveniently normalized. We only state the result in dimension
6 for convenience, as we shall only need it in this case, but analogous bounds could be proved in
any dimension d > 5, with the same arguments.

We define the diameter of a finite set A as diam(A) = max{||z —y|| : z,y € A}.

Lemma 2.5. For any finite set A C 75, containing the origin, and any x, satisfying ||z| >
diam(A)°,

P(T*NA#D) o2 diam(A)3
G 2 B+ o ERE )

Proof. By Lemma [2.1] one has with the notation thereof,

P(TZ N A # () = ZE[l{ﬂmAzw}.@(y,:g)]

yeA

If the two terms in the expectation above were independent, we would be done, because one can
observe that (see e.g. [3]),

0.2
E[L+(y, )] = 5 Gz —y) + Og(z — ), (2.3)

and thus the result would follow directly from Lemma [2.3] The problem is of course that they are
not independent, thus our goal will be to decorrelate them as much as possible.

To this end, fix some y € A, as well as a tree indexed walk starting from y, and define
¥ =inf {k>0: X}, € dB(0,r)},

with 2diam(A) < r < ||z|/2, to be fixed later, and where we recall that X refers to the walk
indexed by the spine of the tree 7. For 0 < a < b < oo, we let F¥[a,b] and F¥[a,b] denote the
forests of trees respectively in the future and the past of 7Y hanging off the spine at vertices with
intrinsic label between a and b. Then let

Liyz)= Y 1YY=z}, and Li(yx)= Y 1{SY=a}.

ueFY[0,7} ueFY [r¥+1,00)
One has for any y € A,
E[m:y NA =0} -,c+(y,x>} - E[miy NA=0} ci(y,x)} +E[1{71y NA=0} ci(y,x)] (2.4)
We upper bound the first term using Lemma [2.3] as follows
E[{TYnA=0}Lh(y0)| <E[Ch2)] S o) - Elr) S gla) o,

using for the last inequality the well-known fact that for a simple random walk, the expected time
needed to reach B(0,r) is of order at most 2. The second term in the right hand side of (2.4)),



which is the dominant part, will be evaluated using the independence of the forests before and after

time 77, conditionally on the position of X at this time. More precisely, we first note that
E[{TYNA=0}-L2(y,2)] (2.5)

—E[L{FY[0,7] N A =0} £3(y,2)| ~ E[L{FY[0, 7] N A = 0, FY[r¥ +1,00) N A # 0} - £2 ()]
Then concerning the first term on the right hand side, using (2.3)) and Lemma we already get

E[uﬁ 0,7Y] A =0} L2 (y, x)} - fa(x) : (1 + 0(L>) B(FY0, 7] N A =0).

]
Moreover, by a result of Zhu [16], one has (recall that the dimension is equal to 6 here),

1 2
P(FU[r¥,00) NA#0) < BC?;I;(A) _ diam(4)?

~

2
r
In particular by choosing r large enough, one can always ensure that the probability on the left
hand side is smaller than 1/2. This has for consequence that

diam(A)? )>

P(FY[0, 7] N A =0) = ea(y) - (1 +0( (2.6)

r2
Altogether this gives
2 : 2
V(0.7 A A = 0) - L2 — TG ealy) - ., diam(4)®
E[UA0, 704 =0} L y0)] = TG@) eaty) {1+ 0(m+ =575 |
Now it remains to consider the second term in (2.5). By , one has
E[l{fﬁ[o,rg]m — 0, F [, 00)N A # @}.ﬁi(y,x)} <ealy). sup E[1{Tan ” @}‘£+(z,x)}.
z€0B(0,r)

We let g = 2diam(A), and first upper bound the time spent at z after the spine hits 9B(0,r¢) if
it ever happens. Using some independence and (2.3)), we get that for any z € 9B(0,r),

= 9(2)
E[1{T:O < oo} £+(Xffo,x)} S gy 6@,
with the notation g(s) = s~4, for s > 0. It amounts next to upper bound the time spent at z in the
future before the spine hits 0B(0, ro) under the event that the past hits A. We shall first condition
on the positions of the walk indexed by the spine, and use a union bound for the probability that
the past hits A. We know by [16] that for any v, satisfying ||v|| > ro, the probability for a critical
tree indexed walk starting from v to hit A is of order at most g(v) - BCap(A). Therefore, denoting
by ¢%(u) the time spent at u by the walk X starting from z, we get that for any z € 9B(0,7),

BT 04400 Lot £ 3 glo =) BF@EQ] - 9(0) - BCap(4) + 22 - 6(a)

l[ullllvlI>70

S X o) glu o) ol -0 + gz - o)) BCap(a) + XE Gl

l[ull,lvll>r0

9(2)
$ (6 Gl@) + o) -log ]} - BCap(4) + 755 - Gia).

Summing now all these estimates over y € A, we conclude that
P(T*NA#0) o2 r  diam(A)?
————~ - =—.BCap(4A -(1 Oo(+—+———

Gy oz Do Ol

at least if we assume that lc‘>‘g$||||923H < L. Now take r = (||| -diam(A)?)'/3. Using that BCap(A) <

diam(A)?, and the rough bound |A| < diam(A)%, we get well the desired result. [

) +0(A]- Ga) - 2),




2.6 Lawler’s identity and first consequences

We give here an analogous version for the branching capacity of a wonderful identity discovered by
Lawler in the setting of Newtonian capacity, see e.g. [10], and which has also been used successfully
by Bai and Wan when studying the capacity of a branching random walk in the recent work [4].

For n > 1, let &, and & be two independent Geometric random variables with parameter 1/n. Let
(Xk)rez be a two-sided simple random walk starting from the origin at time 0. Then for a < b € Z,
define Rla,b] = {X,,..., Xp}, and let

en = 1{0 ¢ R[1,&]}.
Now consider an infinite invariant tree 7 independent of the walk X, and let A, be the event
An ={T2 MR-, €] =0},
Write also, with the notation of Lemma [2.1]

&
Lo= Y L£(0,X)).
j=—&h
Lemma 2.6. Assume d > 5. Then for anyn > 1,

E[lAn-en-En} =1

Proof. For m > 0, and a nearest neighbor path (x1,...,z,,), define the event
B(m,x1,...,xy) ={& +& =m, Xy—gr = X_ g + g, for 1 <k <mj.
Let also for 0 < j < m,
B(m,j,z1,...,2m) = B(m,z1,...,2,) N{E =4, =m—j}.
Note that all these events have the same probability, and thus for any 0 < j < m,

]P’(B(m,:vl, . ,xm))
m+1 '

P(B(m,j,xl, - ,xm)) =

Thus one can write, with zg = 0,

E|:1An'en' n} 2 Z P(B(m,x1,...,Tm))

m+ 1

NE

E[lAn cen - Ln ) B(m,j,xl,...,xm)]

.
Il
=)

m= 0 xlv 7Im

[e.o]

P(B(m,z1,...,ZTm
3 (B( ml—i—l )

NE

1{z) # x;, for all k > j}

m=0 (1,Tm)

X E[1{Tfj N {0, 1., 2m} = 0} - (Z@(xj,xg))]
/=0

B > P(B(m,x1,...,Tm
_Z Z m+1

m=0 (x1,...,xm)

.
Il
=)

> 1{ay # xj, for all k> j}-
0 j=0

Ms

~
I

x E[I{T_xj {01, e} = 0} L4y, 0)]

_Z Z m,xl,...,xm))zl,

(331: 733m)

using Lemma [2.1] for the penultimate equality. [ |



We now provide some first consequences of this lemma. Define for n € NU {oo},

&n 3

Up= > Y di-g(X;, X)), and Zy= > > di 1{X;=X;}. (2.7)

j=—¢& 120 j=—¢&h 120
Corollary 2.7. Assume d > 5. Then for alln > 1,
E[lAn e (Un — Zn)} ~1.

Moreover, if d > 7, then
E[leo e (Uso — Zoo)} ~1

Proof. The idea for the first identity is to start from the equation given by Lemma and then
condition with respect to the sigma-field

Gn = 0((di)izo, (X,)izo, (Xj)fgglgjggg),

where d; is the number of offspring in the future of the i-th vertex on the spine, and we recall
(yi)izo is the walk indexed by the spine of 7. The main observation is that conditionally on G,
the random variables £,, and 14, - e, are independent. Moreover, for each i, if we denote by 7; the
adjoint critical tree hanging off the spine in the future at its i-th vertex, to which we remove the
root, then for any y € Z¢,

1[«:[ S 1S, =y} | Qn} =d; - (9(Xiy) — 1{X; = y}),
u€T;

since for a random walk indexed by a critical tree, starting from x, and conditioned by the fact
that the root of the tree has exactly one offspring, the mean number of visits to a site y is equal to
g(z,y) — 1{z = y}, if we do not count the starting point. Therefore, summing over i > 0, we get

B[ |G =) Y di- (9(Xi, X)) — 1{X; = X;}), (2.8)
=0 —g, <<
which proves already the first claim of the corollary.

For the second claim note that by definition almost surely the sequence 14, - e,, converges toward
14, - e, while (Uy, — Z,)n>0 converges toward Us, — Zoo. Moreover, for each n > 1, one has

0<14, € (Un—2Zyn) <Usx,and if d > 7, by (2.1)) and Lemma

EU] S Y glu—v)glu)gv) = 3 Glu)g(u) < .

w,vEZL u€Zd

Thus the second claim follows from the first one and the dominated convergence theorem. |

3 Proof of Theorem [1.2|

We assume in the whole section that d = 6, and that p has a finite third moment, which is in fact
only needed for bounding the variance of U, defined in (2.7)).

10



3.1 Concentration of the variable U,

We just state here our main estimates concerning the mean and variance of the variable U,,. The
proof is postponed to Section [3.6] as it is a bit long and technical.

Proposition 3.1. One has as n — 0o,

2702

Bl ~ 5

-logn, and Var(U,) = O(logn).

3.2 Rough bounds on the probability of the event A,

We prove here some rough upper bound on the probability of the event A,,, as well as on the event
B, = {T°NR[0,&] =0} .

Lemma 3.2. One has

1 1
P(A,) < . and P(B,) < .
( ) ~ log n an ( ) ~ \/@

Proof. Recall the definitions of U,, and Z,, given in (2.7)), and let
1
&n = {10 = 2,) ~El(Un - 2,)]| = SEIU)}-

Note that in any dimension d > 5,

El(Zoo)’)= > > P(Xi =2,Xp,=y) P(X;, =2,X;, =¢) S Y g(@)°gly—2)* 51,

z,yeZ4 11,1220 z,y€Z%
J1,J2€Z
(3.1)
and hence by Proposition [3.1 and Chebyshev’s inequality,
1
P&y < .
(€n) 5 logn
Then using in addition Corollary we get
1 Elly -e, - (U, —Z 1
E[lAn .en] SJ [P(gn) +E[1An ey - 155] < + [ A, " €n ( n n)] < (3_2)

~ logn E[U,] ~logn

We want now to remove e,, from the expectation in the left-hand side. Denote by ¢ the last visiting
time of the origin by the walk (Xj)r>0. Let

AT ={T2 N (R[-€ 5, 0l UR[o, 0 + € ]) = 0.

Since the law of the walk X after time o, is the law of a walk conditioned on not returning to the
origin after time 0, one has

P(An) < P(A7) + P(o + &5 > &) SE[La ;e m] +Plo+&5 > &)

" 1 P r Ty < 1
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where the last bound follows from basic estimates. Indeed on one hand,

Plo>vn)< > PXpe=005 > Pt
k> K>ym "

and on the other hand, by standard properties of geometric random variables,
P(¢ 5 > & — V) S PE L > nh) + P(g), < 2n®/t) Snt/1

Thus so far we have proved the first inequality of the corollary. The second one follows by Cauchy-
Schwarz inequality. Indeed, using also the independence between R[0,£%] and R[—¢L, 0], one de-
duces that

P(B,)? <E[P(B, | T2)%] = P(An).

3.3 Probability estimates of some non-intersection events

Our main goal in this section is to prove estimates on some non-intersection events, which are
simple consequences of Corollary 3.2} Denote by &, a Geometric random variable with parameter
1/n, independent of everything else, and for ¢ > 0, we denote by z. the hitting point of 9B(0,1/¢)
by the walk X indexed by the spine of 7. We start with the following estimate.

Lemma 3.3. For every ¢ € (0,1), there exists a constant C(e) > 0, such that for all n > 2,

C(e)
Viogn'

P(TEE AR, ] = (2)) <

Proof. Define for € € (0,1), N

T. =inf{k > 0: X € 0B(0,1/¢)},
where we recall that X is the random walk indexed by the spine of 7°. In particular, z. = )Z';E,
by definition. Now we let D. be the event that the path X up to time 7. avoids R[0,&,] and that
none of the vertices on the spine up to time 7. has any normal offspring. Note that there exists a

constant ¢(e) > 0, such that for any x € 9B(0,1/¢) and any path 7 starting from the origin, for
which

P(Xz =2, R[0,&] =7, T2 N R[0, &) = 0) >0,

one also has B B
P(Dea X?-E =, R[O, gn] = 7) > C(E) : P(X?'s =, R[()? fn] = '7)7

since in particular in this case x cannot be disconnected from the origin within B(0,1/¢) by the
path . Then one has

P(T° NR[0,&,] = 0) > P(T* N'R[0,&,] = 0,D:)
= Z Zp(ﬁ N R[O, §n] = @, XFE =, R[Oa gﬂ] =7, DE)

2€0B(0,1/e)

>c(e) Y. Y B(TFARO,&] =0, X5 = 2,R[0,6] =)

2€dB(0,1/¢)

= c(e) - P(T* NR[0, &) = 0),

and we conclude the proof using Corollary |

12



We prove now a second estimate. Recall the definitions of 7. given in the proof of the previous
lemma. Then denote by F°[0, 7] the forest consisting of all the subtrees in the past of 79 hanging
of the spine from vertices with intrinsic label between 0 and 7.

Lemma 3.4. There exists a constant C' > 0, such that for every e € (0, 1),

limsup P(F2[0,7.] N R[0,&,] = 0) < <

n—00 o \/10g(1/6).

Proof. Let & be a Geometric random variable with parameter ¢, independent of everything else.
Note that for any n > 73,

P(f& > fn) < P(f& > 5_2) + P(fn < 5_2) 5 &,

and thus one can always replace &, by & in the statement of the proposition. Moreover, for any
x € 0B(0,1/¢),

BT NR0.6]#0) <E[[TNRO.&]| £ Y Glo—w)-Pluc RD.&]) <.

ueZs

Therefore, for n large enough,
P(F[0, 7] R0, &) = 0) SP(TPNR[0,&] =0) +e,

and then the result follows from Corollary [

3.4 Asymptotic of the mean

Here we compute the leading order term in the asymptotic of the expectation of the branching
capacity of the range.

Proposition 3.5. One has

273 1
E{14 - ~ .
[ An en] 2702 logn’
and 5
2 n
E [BCap(R,)] ~ . .
[BCap(Rn)) 2702 logn

Proof. Let us start with the first claim of the proposition. By Lemma and (3.1]), one has using
also Cauchy-Schwarz inequality,

1
E[l4, - en- Zn] <E[lg, -en])V/? E[Z2]Y? < e

Therefore Corollary gives

E[1An-en-Un]=1+o( ). (3.3)

1
Viogn
Then letting U,, = U,, — E[U,], and using Proposition we get

1

1 E[ly, -en- Uyl )
(logn)3/2””

Elta e =gy =~ wwa - 1Ol

13



and it amounts now to bound the second term on the right hand side. For € > 0, let
Yo = 1{’Un - E[Un” > & E[Un]}
One has B B
E[l4, €n - |Unl] <e-E[Upn] - E[l4, en] +E[1a, Ye-|Unll,

and again it suffices to bound the second term on the right-hand side. By Cauchy-Schwarz inequality
and Proposition we have

E[ly, - Y. |U,|] SE[1y, - Y])Y2 - logn.

Now define
1

&
= eg(X;), and U, = > ogz(X;).
=0 =

Let also
V" =Y |Uf -E[US]| >e-E[US]}, and Y. =1{|U, —E[U,]| > ¢ E[U,]}.
One has
E[la, - Y] <E[l4, Y 4+ E[1y, - Y],

and by symmetry it suffices to bound the term E[14, - Y.']. We further decompose it into two
terms as follows. Recall the definition of 7. from the proof of Lemma |3.3, and let

§n T _ _ &n 00 "
:ZZdlg(X],Xl), and UZ:Z Z dzg(X],Xz)

J=01=0 J=0i=7c+1

Now set ¢/ = exp(—e~%), and define
vi=1{jus —Ewg)| > S B} and ¥2 =1 |07 - BT > S BT}

One has

Moreover, letting y. = Xz, /40 We can write using independence,

E[lAn-Y]<E[Y1 {7 NR[-¢&,,0] _(ZJ}}
= > > BNV Y{Xz, =] Pu(Xz,, =) P(TY NR[=&,,0] = 0)

x€0B(0,1/e") yc0B(0,4/¢")
DY Y. BN 1{Xs, =2} B(Xs,, =y) - B(TYNR[-E,,0] = 0)
z€0B(0,1/e") yedB(0,4/¢")
using also Harnack’s inequality at the third line, see e.g. [11, Lemma 6.3. 7] Now the same argu-

ment as the one used for proving Proposition (3.1 shows that E[Y.!] < Using additionally
Lemma then yields

~ 5210 n’

C(E//4>
E1y - Y< ————17
[ An a] ~ 52(logn)3/2

14



Similarly one has, with the notation from Lemma [3.4] and using this result,

E[La, - Y2) < E|YZ- 1{F2[0, 7] N RI=¢4,0] = 0}

SEYZ] - P(FO[0, Faer] NR[-EL, 0] = 0)
< 1 1 5

~ Vlog(1/¢") " e2logn - logn’

Since this holds for all € € (0, 1), combining all the previous estimates proves that

)

concluding the proof of the first part of the proposition, thanks again to Proposition (3.1

]E[lA" -en} = E[;]n] + 0(

1
logn

For the second part we use first that
E[BCap(R,)] = Y P(T° N R[~k,n— k] = 0,0 ¢ R[1,n — k).
k=0

Then the lower bound follows from the first part, by writing

n

E[BCap(R,)] > n - IP’(’TB NR[—n,n] =0,0 ¢ R[l,n]) >n- E[lAn(logn)2 “En(logn)?] — o(logn),

using for the last inequality that for a Geometric random variable ¢ with parameter p, one has
P(¢ < n) < p(n+1). For the upper bound we write similarly, with n’ = n/(logn)?,

E[BCap(R,)] < 2n' + (n—2n/) - P(T?P N R[-n',n] = 0,0 ¢ R[1,7])

m),

/ /
<2n + (n —2n ) ’ E[]-An/<logn)4 ) en/(logn)4] - 0(logn

using this time that for a Geometric random variable ¢ with parameter p, one has P(§ > n/) <
(1- p)”/. This concludes the proof of the proposition. |

3.5 Conclusion
We are now in position to conclude the proof of the weak law of large numbers in dimension 6.
Proof of Theorem[1.4. To conclude the proof it suffices to show that

Var(BCap(R,)) = o(E[BCap(R,,)]?). (3.4)

For this one can follow verbatim the proof of Chang [6], which we briefly recall for reader’s conve-
nience. Note first that by Lemma one has for any z with ||z > n9,

o2 P(T*NR,#0| R,
T o) = LR TR o (),
As a consequence, )
o P(TENR, #0
% “E[BCap(Ry)] = ( 2(2) z Ho(i), (3.5)
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and with 77 an independent copy of T7Z,

ot o1 P(TPNR, # 0,72 Ry # 0)
Z‘E[BCap(Rn) ] = EBE

+0(1), (3.6)

using that BCap(R,) < n + 1 to show that the error term is well O(1). Next, we define
n=inf{k: X, € T?}, and 7 =inf{k: X, € T*}.
One has by symmetry,
P(T? N Rn # 0, T NRy #0) < 2P(ry < 75 < ). (3.7)
Then by using the Markov property for the walk X, we get
P(ri <72 <n)=E[1{n <n} Px (T?NR[0,n—71] #0|m)]. (3.8)

Letting k(n) = (¢%/2) - E[BCap(R,)], one has using also Lemma

Px, (TZOARO0,n—7]#0 | 71) =G(2) - k(n—7) + O(G(z)).

n
Injecting this in (3.8)), and using (3.5) gives
P(ri <72 <n) =G(z)-E[1{r < n}-k(n —71)] + O(G(2)?). (3.9)

The final step is to show that conditionally on the event {1 < n}, the random variable 71 /n
converges in law to a uniform random variable in [0, 1], as n — oo (uniformly in z with ||z|| > n3).
For this one can write using (3.5) and Proposition that for any s € (0, 1),

P(TZNRps #0)  k(ns) +O(1)

P sns|m<n) = 3@=ar, 20) ~ *kmy+ow ° L Tob)

Using this and (3.9)), as well as (3.5)) and Proposition yields
P(ry <7 <n)=G(z) E[1{rn <n}-k(n—m)] = G(2)* kn)? (1+0(1))+ O(G(2)?),

and plugging this into (3.7)) and (3.6]) concludes the proof of (3.4]), and thus the proof of Theorem
as well. |

Remark 3.6 (Sketch of proof of the strong law of large numbers). We now briefly explain how
one can strengthen the weak law into a strong law of large numbers. The main point is to obtain a
quantitative bound on the second order term in the asymptotic expansion of the expected branching
capacity of the range. More precisely one needs a bound of the form

B 273 n n ( n )
- 2702 logn (logn)i+o/”

E[BCap(R,,)] (3.10)

for some § > 0. Indeed, once this is obtained, then a careful look at the previous proof above
reveals that this would yield a better bound on the variance, namely

Var(BCap(Rn)): ( 1 )
E[BCap(R,)|? (logn)d’"
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In turn, once such bound is known, then one can follow exactly the same proof as in [2] to deduce
almost sure convergence. Roughly, using a dyadic decomposition scheme, one can express the
branching capacity of the range as a sum of independent and (almost) identically distributed terms,
plus a sum of so-called crossed terms, whose variance is controlled. Hence, one has for any L > 1
a decomposition of the form

L 2¢-2

Bcap Z BCap z L + Z Z R(Q] E 2]+1 K))

(=1 j=0

where x(A, B) is defined in the introduction, and RYY = Rljge, (J + 1)5z]. Here, as we take L
of order loglogn, the main contribution comes from the first sum, the second sum is shown to
have a small variance, thanks to the previous bound. As a consequence one can deduce almost
sure convergence of lof’; . BCap(R,) along a subsequence of the form a, = exp(n'~?), for some
8" € (0,1), just using Chebyshev’s inequality and the Borel-Cantelli lemma. Finally using that
an+1/ay, converges to one, and monotonicity of the branching capacity, one easily extends this

convergence along a subsequence into an almost sure convergence for the initial sequence.

Thus the whole proof boils down to proving (3.10)), for some § > 0. For this one can follow roughly
the same strategy as in the proof of Proposition but with a different truncation of the variable
U,;f. In fact reproducing the same first steps, one can see that the main problem is to prove a

bound of the form )

oz n)é), (3.11)

where Y,F = 1{|U} — E[U,[]| > (log n)%} To this end, fix some L > 0 and define

E[]-An . YJ] = O(

& T bn
VE=S"S "t g(X;. %), and WE=3""di-g(X;, X),
j=0 i=0 =0 i=r

where B
71 = inf{k > 0: X, € 9B(0,2")}.

Write also Y,! = 1{|V,l — E[V;F]| > 3(logn) 10} and Y,?2 = 1{|W} — E[WE]| > ;(logn) 10} so that
E[14, V] <E[l4, Y, ] +E[14, Y]
Now a similar proof as the one of Proposition [3.1] can show that
Var(VE) <L, and Var(Wr) <logn,

and thus E[Y;!}] < L/(log n)%, while E[Y;?] < (logn)~*5. Therefore a similar argument as in the
original proof can show that if L = /logn, then

E[1a, Y] <EL{F2[0,7 iszm] N R[-E,,0] = 0} - Y] < (logn) =,

logn

and on the other hand, one can simply write

E[1a, - Y] < P(A)"2-E[Y,]"* S (logn) =5,

n

which give (3.11) as wanted. Actually the last step is to show that one also has

270
E[U,] = Py -logn + O(y/logn),

but this is more routine (yet slightly tedious) computation. For this one can follow the same
argument as the one given in the next section, and use a finer asymptotic of the function G, itself
following from finer asymptotic of the function g, which is well-known, see e.g. [T, Theorem 4.3.1].
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3.6 Proof of Proposition (3.1

We start by a preliminary result. Let

Lemma 3.7. One has

2
E[Gp] ~ sz -logn, and Var(G,) < logn.

Proof. Let A = (1 —1/n). One has by and Lemma
E[G] = G(0) +2 3 N EG(X,)] ~2 S EIG(X)] ~2 3 Gg(u) ~ 2epa67° / Lar
s i=1 lul<vn v
= cgagm logn = 2773 logn,

and we now deal with the variance. For this, unfortunately it does not seem possible to use an
explicit computation as it was done in dimension four by Lawler, see the proof of [10, Proposition
3.4.1], since the function G is no longer harmonic when d = 6. However, the heuristic argument
given there still holds, and we shall use it here. More precisely, the idea is that parts of the
trajectories of X between times 2! and 2!*! are almost independent for different i’s. In order to
formalize it, we introduce some more notation. First notice that by symmetry it suffices to bound
the variance of G, = Zi”zo G(X}), where &, is a Geometric random variable with parameter 1/n,
independent of the walk X. Then for £ > 0, define B, = B(0,2/"!), and

¢ = inf{k > 0: X} € 0By}.

Let also

v = 3 G(Xp), and Yo=Y G(Xp),

Tg/\fnék<7'g+1/\§n TgSk‘<Tg+1

so that in particular,
o0

Gr=>v".
=0
Recall that for a simple random walk, starting from 0By, the probability to hit B(0,r), for some
r < 2% is of order g(2¢)/g(r), where we use the convention g(r) = r>~%. Tt follows that

sup sup E.[V?] < sup Z G(u)G(u+v)g(29)? < 1. (3.12)

>0 2B >0
. ‘ = lull, vl <2

Thus for any ¢ > 0, by the Markov property,

EY,") < Blew 2 ) - sup Eo[YV) S Bén > 7).

IG@B[
and likewise
E[(Y")2] < P(&, > 7) - sup E[Y7] S P&, > 7). (3.13)
r€IBy
Moreover,
Var(G) = Y Var(,™) +2 3 (E[Y}”) Y] Ry ™) - IE[Y,SL”)]). (3.14)
>0 0<t<m
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The first sum above is handled using (3.13|), which shows that it is bounded by
ZE[(YZ(M)Q] S Z]P(fn > 1) < logn.
>0 >0

It amounts now to bound the second sum in (3.14)). Define for y € By, and = € B,,,

Hy(y, ) = Py(X5, = x).

It is known, see e.g. [11], Proposition 6.4.4], that uniformly in y € By, with £ <m — 1,
Hyp(y,2) = Hyp(0,2)(1+ O(27™)). (3.15)
Now define 1 1
=3 logy(n) — 2logy(logn), and M = 3 logy(n) — logy(logn).

Write for £,m > 0,
Af =E Y] - B B

We first bound for £ < L and m > M, using the memoryless property of geometric random variables,

B v < Y Y B, = o} Hu(y,e) B[]

y€OByy1 x€OB)

<EY™- Y Huy(0,2)(1+ 028 M)) B[y,
x€0B)s

and for m > M,

]E'[YTSLH)] = Z P(&n > ™ Xryy = z) El"[Yrgzn)]

T€OB)
= D> Hu(02) BV = D P < ar, Xy = 0) - B[V
T€OB) x€0B)r
> > Huy(0,2) B[V = P(6n < i) - sup Puén < 7.
wG@BM xeaBlw
Note also that
E 22M 1
B(6n <) = S B(6n = k) - B(ryy > k) < M < 2 < .
n n (logn)?
k>0
Altogether, this gives
L
Z Agtzm S logn
{=0 m>N
Moreover,
S EM" v < Py > 7)) sup Pu(& > 7m) S (loglogn)?,
L<t<m L<t<m 2€0Be 11
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and it just remains to consider the case when ¢ < m < M. Note that the case m = ¢+ 1 can be
handled using a similar bound as (3.13)). Furthermore, if £ 4+ 2 < m, then by (3.15)),

E[Yg(n) -Yfg")} <E[Y; Yn]= Z Z E[Y, - 1{X7'z+1 =y}l Hin(y, z) - Eo[Yon]
yeaBg_,_l xeaBm

< (1+027™) - EYy] - E[Yn].
Conversely, one can use that by Cauchy-Schwarz inequality,

12 55

E[Y;"] > E[Y}] - E[Y?]"” - P& < 7e01) E[Y{] - C - P(§0 < 7er1)%,

for some constant C' > 0, and that for ¢ < M,

E[rpyq] _ 22M 1
P < < < <

which altogether give as well

Z AETQL < logn.
0<f<m<N

This concludes the proof of the upper bound for the variance. |
We now move to proving concentration for U,. The proof is based on a similar idea.

Proof of Proposition 3.1 First recall, see e.g. [3], that for each ¢ > 1, and k > 0, one has P(d; =
k) = szk:-i-l 1(7), and hence

Bld) = k-1 Y u) = S ) = 7

k>1 Jjzk j=21

while E[dp] = 1. Thus, recalling (2.7) and the definition of G, we get
l o2 o2

with
&

gn = Z g (XJ)
j=—¢h
Therefore the result for the expectation of U, follows from Lemma together with the fact that
Elgn] < 2G(0). We shall now use that

Var(Un) = E|Var(Uy | X, €,€)] + Var(E[Uy | X, ¢h,€1]). (3.17)
Lemma [3.7 and ({3.16]) yield
Var (E[Un | X, ¢, ;]) < Var(Gp) + El¢2] < logn + E[g?].

Furthermore,

Bl < 4E[( X 0(x) | <8 3 E(x)e(xi] =8 3 g(uPo(u+v)g(w) < 1.

720 0<j<k u,veL?
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and thus it only remains to consider the first term on the right-hand side of (3.17)). This is where
we use the hypothesis that p has a finite third moment, which implies that d; has a finite second
moment for all 4 > 0.

Now for ¢ > 0, define B
T = inf{k >0:X; € aBg},

and for x € Z5,
?[-&-1_1

Yo(z) = Y dj-g(x, X;).
J=Te
Note that by using (3.15)), one has for any m > ¢ + 2, uniformly over z,y € Z5,
E[Yi(x) - Yin(y)] < (1+027™)) - E[Yy(2)] - E[Ym(y)]-
Moreover, repeating the argument used for (3.12)) yields for m > 0,
EVa@)] < D 9u,wg(2™) < pmy),
UEBm11
with
pm(y) = 9()2°™ - 1{y ¢ B} + G(2™) - 1{y € Bn,}.

As a consequence, letting

2€

e 1{y ¢ By} +27°" - 1{y € By},

he(y) =

we get that for any ¢ > 0,

Y 2 EYa(y)] S hely).

m>0+1
It follows that uniformly over z,y € Z9,
ST (EN@) - Vnly)] — BYi(o)]  EVn(w)]) S 3 pele) - hely) <3 ha@) - hely).
£>0 m>0+2 £>0 >0
On the other hand, a similar computation as above yields
E[Yy(x) (Vi) +Yera@)] S D gz wgly.u+v)9(2)? < pe(a) - pely) < he(x) - he(y).
u,vEBy 41

Altogether this gives

>3 (V@) - Vau(w)] — EVe(@)] - EVn()]) S D helw) - hely).
£>0 m>0 >0
From this we infer that
Var(Un | X, 60,600 S D D he(X5) - hu(X).
—¢£L <jk<gp €20

Now, for any fixed ¢ > 0, one has

2
n
E| Y m(Xph(X)| S D hz(u)'he(u+v)'9(u)g(v),Sm,
0<j<k<&n lull,llvlI<vn
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and likewise,
2

n
Bl 3 m)] 5| X hlwew) | S
0<j=&n lull<vn
Thus as wanted,
2
n
E[Var(Un | X, 55;, ;)] S Z n2 1 24l < logn,
>0
concluding the proof of the proposition. |

4 Proofs of Theorem [1.1] and Proposition [1.3

Proof of Proposition[I.3 The proof is the same as in [I], which we recall for completeness. For the

lower bound, we let
n

Ln(z) =Y 1{S, =z},
k=0

and v,(z) = Ln”g), which defines a probability measure supported on R,. Thus one can use

Theorem which gives that

n2
BCap(Rn) Z Z:}c,yGRn G(w — y)Ln(x)Ln(y) .

Then by using Cauchy-Schwarz’s inequality, we get

n? n?

RS G — DELa@) )]~ B[S geren Socren CXr — X7)]

Z E[Zogkgn G(Xk)] Z Z”u”S\/ﬁ G(u)g(u) Z \/ﬁ (4-1)

The upper bound comes from the fact that the branching capacity is monotone for inclusion, and
thus if R,, = maxo<g<n || Xk, then BCap(R,,) < BCap(B(0, R;)) S Ry, as we know from [I6] that
the branching capacity of a ball of radius R is of order R in dimension 5. Therefore E[BCap(R,)] <

~

E[R,], and the desired upper bound follows since it is well known that E[R,] < /n. [

E[BCap(Ry)]

Proof of Theorem[1.1. The fact that the limit exists in (1.1)) follows from the ergodic theorem,
exactly as in [8]. Let us recall the argument for reader’s convenience. First one has

BCap(Rn) = Y _ er, (Xi) - 1{X) & {Xpp1,..., Xn}}.
k=0
Thus, letting Roo and R oo be two independent infinite ranges starting from the origin, one has
BCap(R,) _ 1 —
n() > - ZeRwUﬁm(Xk) Xk & { X155 1
k=0

and the ergodic theorem implies that the right hand side converges almost surely as n — oo, toward
(with the notation of Corollary

e =Elen_uz.(0) 1{0 ¢ RILoo)}| =E[1u - exe].
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which provides already the lower bound

B
i int 2CPRA) o
n—o00 n

To get the upper bound, notice that for any n > 1,

E[BCap(Rn)] < 2v/n + (1 2v/n) - E| g g o vay - 1O ¢ ROV},

and since by monotone convergence the expectation on the right hand side converges to c; as

n — 00, it follows that
n—00 n

Now fix some integer m > 1, and observe that by subadditivity of the branching capacity, see [16],
one has

ln/m]—1
BCap(R,) < Z BCap(R[im, (i + 1)m]).
=0

Since the right-hand side is a sum of independent and identically distributed terms, one get by
Kolmogorov’s strong law of large numbers,
BCap(Rn) _ E[BCap(Rm)]

lim sup <
n—00 n m

Since this holds for any m, we obtain the converse inequality,

BCap(Ry) _ o E[BCap(Ry)
7)<

m—00 m

< Cd-

lim sup
n—oo

Finally, to see that ¢4 is positive when d > 7, one can use the second statement of Corollary
It has already been seen in its proof that E[Us] is finite, which implies that Uy is finite almost
surely. Together with the second claim of Corollary we deduce that 14_ - ex is not almost
surely equal to zero, and thus ¢4 > 0. |
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