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Abstract

We provide asymptotics for the range R,, of a random walk on the d-dimensional lattice
indexed by a random tree with n vertices. Using Kingman’s subadditive ergodic theorem, we
prove under general assumptions that n~'R,, converges to a constant, and we give conditions
ensuring that the limiting constant is strictly positive. On the other hand, in dimension 4
and in the case of a symmetric random walk with exponential moments, we prove that R,
grows like n/logn. We apply our results to asymptotics for the range of branching random
walk when the initial size of the population tends to infinity.
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1 Introduction

The main goal of this work is to derive asymptotics for the number of distinct sites of the
lattice visited by a tree-indexed random walk. Asymptotics for the range of an ordinary random
walk on the d-dimensional lattice Z? have been studied extensively since the pioneering work of
Dvoretzky and Erdos [4]. Consider for simplicity the case of a simple random walk on Z?, and,
for every integer n > 1, let R,, be the number of distinct sites of Z¢ visited by the random walk
up to time n. When d > 3, let ¢4 > 0 be the probability that the random walk never returns to
its starting point. Then,

o ifd>3,
%Rn n%o qd »
o ifd—2,
logan 25 o,
n—0o
o ifd=1,
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n" %R, Q sup By — inf By,
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where Q indicates convergence in distribution and (Bi);>o is a standard linear Brownian

motion. The cases d > 3 and d = 2 were obtained in [4], whereas the case d = 1 is a very
easy consequence of Donsker’s invariance theorem (see e.g. [6]). The preceding asymptotics have



been extended to much more general random walks. In particular, for any random walk in Z¢,
an application of Kingman’s subadditive ergodic theorem [I0] shows that the quantity R, /n
converges a.s. to the probability that the random walk does not return to its starting point
(which is positive if the random walk is transient). See also [6] for the almost sure convergence
of the (suitably normalized) range of an arbitrary recurrent random walk in the plane, [5] for
a central limit theorem for the range of transient random walk, [15] for a non-Gaussian central
limit theorem in the plane and [19] for a general study of the range of random walks in the
domain of attraction of a stable distribution.

In the present work, we discuss similar asymptotics for tree-indexed random walk. We
consider (discrete) plane trees, which are rooted ordered trees that can be viewed as describing
the genealogy of a population starting with one ancestor or root, which is usually denoted by
the symbol @. Given such a tree 7 and a probability measure # on Z%, we can consider the
random walk with jump distribution # indexed by the tree 7. This means that we assign a
(random) spatial location Z7(u) € Z¢ to every vertex u of T, in the following way. First, the
spatial location Z7(@) of the root is the origin of Z%. Then, we assign independently to every
edge e of the tree 7 a random variable X, distributed according to 6, and we let the spatial
location Z7(u) of the vertex u be the sum of the quantities X, over all edges e belonging to the
simple path from @& to u in the tree. The number of distinct spatial locations is called the range
of the tree-indexed random walk Z.

Let us state a particular case of our results.

Theorem 1. Let 0 be a probability distribution on Z¢, which is symmetric and has finite support.
Assume that 0 is not supported on a strict subgroup of Z®. For every integer n > 1, let T, be a
random tree uniformly distributed over all plane trees with n vertices. Conditionally given Ty,
let Z7., be a random walk with jump distribution 6 indexed by T, and let R,, stand for the range
of Z7,. Then,

e ifd>5,
1
—Rn (—P)> co ,
n n—00

P
where cg > 0 is a constant depending on 0, and Q indicates convergence in probability;

o ifd=4,

logn L2
A = 8n2ot ,
n—oo

Rn
where o = (det My)'/*, with My denoting the covariance matriz of 0;

o ifd <3,
- (d)
n~ Ry = ag Ma(supp(Z))
where ag = 24*(detMy)'/? is a constant depending on 0, and \g(supp(Z)) stands for the
Lebesgue measure of the support of the random measure on R? known as ISE (Integrated
Super-Brownian Excursion).

Notice the obvious analogy with the results for the range of (ordinary) random walk that
were recalled above. At an intuitive level, R, is likely to be smaller than the range R, of
ordinary random walk, because one expects many more self-intersections in the tree-indexed
case. This is reflected in the fact that the “critical dimension” is now d = 4 instead of d = 2.
In the same way as d = 2 is critical for the recurrence of random walk on Z¢, one may say that



d = 4 is critical for the recurrence of tree-indexed random walk, in the sense that for random
walk indexed by a “typical” large tree of size n, the number of returns to the origin will grow
logarithmically with n. Furthermore, one may notice that the set of all spatial locations of T, is
contained in the ball of radius Cn'/4 centered at the origin, with a probability close to 1 if the
constant C' is sufficiently large (see Janson and Marckert [8] or Kesten [9] in a slightly different
setting), so that the range R,, is at most of order n%* in dimension d < 3. We finally mention
that the limiting constant ¢y in dimension d > 5 can again be interpreted as a probability of no
return to the origin for random walk indexed by a certain infinite random tree: See Section 2
below for more details.

Let us emphasize that asymptotics of the type of Theorem [1| hold in a much more general
setting. Firstly, it is enough to assume that the jump distribution 6 is centered and has suf-
ficiently high moments (a little more is needed when d = 4). Our argument to get the case
d > 5 of Theorem [I] relies on an application of Kingman’s subadditive ergodic theorem, which
gives the convergence of %Rn to a (possibly vanishing) constant in any dimension d, without
any moment assumption on . Secondly, in all cases except the critical dimension d = 4, we
can handle more general random trees. Our methods apply to Galton-Watson trees with an
offspring distribution having mean one and finite variance, which are conditioned to have ex-
actly n vertices. In the special case where the offspring distribution is geometric with parameter
1/2, we recover uniformly distributed plane trees, but the setting of conditioned Galton-Watson
trees includes other important “combinatorial trees” such as binary trees or Cayley trees (see
e.g. [16]). Some of our results even hold for an offspring distribution with infinite variance in
the domain of attraction of a stable distribution.

In the present work, we deal with the cases d > 5 and d = 4 of Theorem [1} and the extensions
that have just been described. The companion paper [I8] addresses the “subcritical” case d < 3,
which involves different methods and is closely related to the invariance principles connecting
branching random walk with super-Brownian motion.

Let us turn to a more precise description of our main results and of our methods. In
Section 2 below, we discuss the convergence of %Rn in a general setting. The basic ingredient
of the proof is the introduction of a suitable probability measure on a certain set of infinite
trees. Roughly speaking, for any offspring distribution u with mean one, we construct a random
infinite tree consisting of an infinite “spine” and, for each node of the spine, of a random number
of Galton-Watson trees with offspring distribution p that branch off the spine at this node. This
construction is related to the infinite size-biased Galton-Watson tree (see [2I] and references
therein), with the difference that we consider only subtrees branching off the right side of the
spine. For a more precise description, see subsection @ The law of our infinite tree turns out
to be invariant under a shift transformation, which basically involves re-rooting the tree at the
first vertex (in lexicographical order) that does not belong to the spine. If we consider a random
walk (with an arbitrary jump distribution ) indexed by this infinite tree, the number of distinct
locations of the random walk at the first n vertices of the infinite tree yields a subadditive process
R, to which we can apply Kingman’s theorem in order to get the almost sure convergence of
%Rn to a constant (Theorem. One then needs to discuss the positivity of the limiting constant,
and this leads to conditions depending both on the offspring distribution g and on the jump
distribution 6. More precisely, we give a criterion (Proposition [5)) involving the Green function
of the random walk and the generating function of y, which ensures that the limiting constant is
positive. In the case when p has finite variance and if the jump distribution 6 is centered (with
sufficiently high moments), this criterion is satisfied if d > 5. The preceding line of reasoning is
of course very similar to the classical application of Kingman’s theorem to the range of ordinary



random walk. In the present setting however, additional ingredients are needed to transfer the
asymptotics from the case of the infinite random tree to a single Galton-Watson tree conditioned
to have n vertices. At this point, we need to assume that the offspring distribution p has finite
variance or is in the domain of attraction of a stable distribution, so that we can use known
results [3] on the scaling limit of the height process associated with a sequence of Galton-Watson
trees with offspring distribution u: Applying these results to the sequence of trees that branch
off the spine of the infinite tree yields information about the “large” trees in the sequence, which
is essentially what we need to cover the case of a single Galton-Watson tree conditioned to be
large (Theorem . The case d > 5 of Theorem |1| follows as a special case of the results in
Section 2.

Section 3, which is the most technical part of the paper, is devoted to the proof of a general-
ized version of the case d = 4 of Theorem [1] (Theorem [14). We restrict our attention to the case
when the offspring distribution is geometric with parameter 1/2, and we assume that the jump
distribution # is symmetric with small exponential moments. While the symmetry assumption
can presumably be weakened without too much additional work, the existence of exponential
moments is used at a crucial point of our proof where we rely on the multidimensional extension
of the celebrated Komlés-Major-Tusnady strong invariance principle. Our approach is based on
the path-valued Markov chain called the discrete snake. In our setting, this process, which we
denote by (W,,)n>0, takes values in the space of all infinite paths w : (—o0, (] NZ — Z*, where
¢ = ((w) € Z is called the lifetime of w. If {, denotes the lifetime of W,,, the process ((n)n>0
evolves like simple random walk on Z. Furthermore, if (,,+1 = (, — 1, the path W, is obtained
by restricting W, to the interval (—oo,(, — 1] N Z, whereas if (,+1 = ¢, + 1, the path W, 1
is obtained by adding to W, one step distributed according to #. We assume that the initial
value Wy is just a path (indexed by negative times) of the random walk with jump distribution
0 started from the origin. Then the values of the discrete snake generate a random walk indexed
by an infinite random tree, which corresponds, in the particular case of the geometric offspring
distribution, to the construction developed in Section 2. Note however that, in contrast with
Section 2, the Markovian properties of the discrete snake play a very important role in Section
3. A key estimate (Proposition |8)) states that the probability that the “head of the discrete
snake” (that is the process (W (Cx))k>0) does not return to the origin before time n behaves
like ¢/logn for a certain constant c. This is analogous to the well-known asymptotics for the
probability that simple random walk in Z? does not come back to its starting point before time
n, but the proof, which is developed in subsection [3.2] turns out to be much more involved in
our setting. The main result of Section 3 (Theorem [14) gives the case d = 4 of Theorem [1] under
slightly more general assumptions. It would be of interest to extend this result to more general
offspring distributions, but this would require a different approach.

Section 4 applies the preceding results to asymptotics for the range of a branching random
walk in Z¢, d > 4, when the size of the initial population tends to infinity. This study is related
to the recent work of Lalley and Zheng [12], who discuss the number of distinct sites occupied
by a nearest neighbor branching random walk in Z¢ at a fixed time. Note that the genealogical
structures of descendants of the different initial particles are described by independent Galton-
Watson trees, which makes it possible to apply our results about the range of tree-indexed
random walk. Still one needs to verify that points that are visited by the descendants of two
distinct initial particles give a negligible contribution in the limit. The analogous problem for
low dimensions d < 3 is addressed in [18].

Let us finally mention that there are certain analogs of our results in a continuous setting. In
particular, Delmas [2] considers the Lebesgue measure of the tubular neighborhood of radius ¢ of



the range of a super-Brownian measure in R%, d > 4, and proves that this measure behaves like
€9=% when d > 5 and like |log ¢|~! when d = 4. This is analogous to our results for branching
random walk in Section 4. An exact analog of the cases d > 4 in Theorem [I] is obtained by
considering the Lebesgue measure of the tubular neighborhood of radius ¢ of the support of
the so-called integrated super-Brownian excursion (ISE). Asymptotics for this quantity when
e — 0 are derived in [2, Corollary 2.4]. We do not know of any analog of Proposition [§]in the
continuous setting. Abraham and Werner [I] discuss a very similar problem for the Brownian
snake and super-Brownian motion in R, but only when d < 3.

Notation. We use the notation [a,b] := [a,b]NZ for a,b € Z, with a < b. Similarly, | — oo, a] :=
(—00,a] NZ for a € Z. For any finite set A, #A denotes the cardinality of A.

2 Linear growth of the range

2.1 Finite trees

We use the standard formalism for plane trees. We set

U:= U N™,
n=0

where N = {1,2,...} and N = {@}. If u = (ug,...,un) € U, we set |u| = n (in particular
|@| = 0). We write < for the lexicographical order on U, so that @ < 1 < (1,1) < 2 for instance.
If u,v € U, uv stands for the concatenation of u and v. In particular @u = u@ = u. The
genealogical (partial) order < is then defined by saying that v < v if and only if v = uw for
some w € U.
A plane tree (also called rooted ordered tree) 7T is a finite subset of ¢ such that the following
holds:

(i) oeT.
(ii) If u=(uy,...,uy) € T\{@} then @ := (u1,...,up—1) € T.

(iii) For every u = (uy,...,un) € T, there exists an integer k,(7) > 0 such that, for every
JjeN, (u1,...,un,j) €T if and only if 1 < 5 < k(7).

The notions of a child and a parent of a vertex of 7 are defined in an obvious way. The
quantity k,(7) in (iii) is the number of children of w in 7. If u € T, we write [T], ={v el :
uwv € T}, which corresponds to the subtree of descendants of u in 7. We denote the set of all
plane trees by Ty.

Throughout this work, we consider a probability measure p on Z,, which is critical in the
sense that

i kEp(k) = 1.
k=0

We exclude the degenerate case where (1) = 1. The law of the Galton-Watson tree with
offspring distribution 1 is a probability measure on the space T, which we denote by II,, (see
e.g. [16], Section 1]).

We also let 6 be a probability measure on Z%, which is adapted in the sense that it is not
supported on a strict subgroup of Z.



A (d-dimensional) spatial tree is a pair (T, (zy)ue7) where 7 € Ty and 2, € Z¢ for every
u € T. Let T* be the set of all spatial trees. We write IT* 1.0 for the probability distribution on ']I‘*
under which T is distributed according to II,, and, condltlonally on T, the “spatial locatlons
(zu)ueT are distributed as random walk 1ndexed by 7T, with jump distribution 6, and started
from 0 at the root @ (see the definition given in Section 1). We then set

aup =11, g(2u # 0, Yu € T\{D}),

and, for every y € Z¢,
huo(y) == HZ,G(Zu #—y,YueT).

Notice that a, g > 0, simply because with positive probability a tree distributed according to
I1,, consists only of the root.

2.2 Infinite trees

We now introduce a certain class of infinite trees. Each tree in this class will consist of an infinite
ray or spine starting from the root, and finite subtrees branching off every node of this infinite
ray. We label the vertices of the infinite ray by nonpositive integers 0, —1,—2,.... The reason
for labelling the vertices of the spine by negative integers comes from the fact that —1 is viewed
as the parent of 0, —2 as the parent of —1, and so on.

More precisely, we consider the set

Vi=Z_xU

where Z_ = {0,—1,—2,...}. For every j € Z_, we identify the element (j, ) of V with the

integer j, and we thus view Z_ as a subset of V. We define the lexicographical order on V as

follows. If j,j" € Z_, we have j < j' if and only if j < j/. If u € U\{D}, we have always

J =< (Gyu). If u,u’ € U\{D}, we have (j,u) < (j/,u) if either j > 5/, or j = j/ and u < u'.

The genealogical (partial) order < on V is defined in an obvious way: in agreement with the

preceding heuristic interpretation, the property j < j’ for j,j" € Z_ holds if and only if j < j'.
Let 7 be a subset of V such that Z_ C T. For every j € Z_, we set

Ti={uel:(ju) T}

We say that T is an infinite tree if, for every j € Z_, 7T; is a (finite) plane tree, and furthermore
T\Z- is infinite. We write T for the set of all infinite trees. By convention, the root of an
infinite tree 7 is the vertex 0. Clearly, 7 is determined by the collection (7;)jez_. Note that
the lexicographical order of vertices corresponds to the order of visit when one “moves around”
the tree in clockwise order, starting from the “bottom” of the spine and assuming that the
“subtrees” T; are drawn on the right side of the spine, as in Fig. 1.

We next define a shift transformation 7 on the space T. Starting from an infinite tree T, its
image 7(7) = T is obtained informally as follows. We look for the first vertex (in lexicographical
order) of T\Z_. Call this vertex v. We then “re-root” the tree 7 at v and, in the case when
v is not a child of 0 (or equivalently if 7o = {@}), we remove the vertices of the spine that are
strict descendants of the parent of v.

For a more formal definition, let & € Z_ be the unique integer such that v € T (necessarily,
v = (k,1)). Then, T is determined by requiring that:

o T/ =Tjh+1if j < =2



o Tg = [Tili;

e T’ is the unique plane tree such that there exists a bijection from Tp\{u € Ty : 1 < u}
onto T, that preserves both the lexicographical order and the genealogical order.

0e 0e
0.1 i 0.1
0 -<%| Y S— —1e 0 -<§|
° ° (=2,1) o
—1e o<. —De o<. _Qo—E<. —1e
_2./0 ° _3./0 ° _3./0 ° _2./0 °
\. \. \. \.

_30<:<. _40<:<. _40<:<. _30<:<.

T T =7(T) ToT(T) 3(T)

Figure 1: The first 3 iterations of the shift transformation on an infinite tree 7. At
each step, the marked vertex will become the new root after the shift.

Fig.[l] explains the construction of 7’ better than the formal definition.

2.3 The invariant measure on infinite trees

Let P, be the probability measure on T that is determined by the following conditions. Under
PH(dT)a

e the trees Ty, 71, T—2,. .. are independent;
o is distributed according to II,;

o for every integer j < —1,

P (ko(Tj) = n) = p([n + 1, 00)),

for every n > 0; furthermore, conditionally on kg (7;) = n, the trees [T;]1, [Tjl2, .-, [T]n
are independent and distributed according to II,.

Notice that >-,~qpu([n + 1,00)) = 1 due to the criticality of the probability measure p. The
reason for introducing the probability measure P, comes from the next proposition.

Proposition 2. The probability measure P, is invariant under the shift 7.

Proof. Suppose that 7 is distributed according to P, and set 7' = 7(7") as above. We need
to verify that 77 is also distributed according to P, or equivalently that the trees 7y, 7”4, ...
satisfy the same properties as Tg,7_1,... above. The key point is to calculate the distribution



of (k:@(7;-’),j < 0). Fix an integer p > 1, and let ng, ny,...,n, € Z;. Also let k be the element
of Z_ determined as in the definition of 7/ = 7(T') at the end of subsection 2.2, The event

{k =0} N {ka(T5) = no, ka(T21) = na, .. ., k:g(T,/p) =n,}
holds if and only if we have
kz(To) = n1+ 1, ki1(To) = no, ko(T-1) = na, ..., ka(T-pt1) = np,
which occurs with probability
p(n + Dpa(no)u(nz +1,00)) - .. wlnp + 1, 00)).
Let ¢ € Z_\{0}. Similarly, the event
{k =0} 0 {ka(Tg) = no, ka(T 1) = na,...,ka(T.,) = np}
holds if and only if we have
ka(To) =0, ..., ka(Ter1) = 0, ka(Te) = ni+1, ki(Te) = no, ko (Te—1) = no, ..., ka(Ti—p+1) = np,
which occurs with probability
(0)a([1, 50)) " u([y + 2, 00))a(no)p([ne + 1,00)) . [y + 1, 00)).
Summarizing, we see that the event
{ka(T8) = no, ka(T/1) = ni, ... ko (T7,) = ny)
has probability
(no)p(na + Dp([n2 +1,00)) ... p([ny + 1, 00))

+ (o)) (3wl 00) =)l + 2, 00) )l + 1,00)) ... ul(my + 1,0))
(=—1

= p(no)u([n1 +1,00))u([n2 +1,00)) ... p([np + 1, 00))

as desired. An immediate generalization of the preceding argument shows that, if ty and t;;,
1 <75 <p, 1< < n; are given plane trees, the event

{ko(T21) =1, ko (T2,) = mp} N {Tg = to} N <]ﬁ (ﬁ{[T’j]i = tj,i})>
has probability
u(fm + 1,00))([n2 + 1,00)) .. ([ + 1,00)) x L, (ko) % 1_1 (ﬁmm).
This completes the proof. O



2.4 Random walk indexed by the infinite tree

Let 7 € T. The definition of random walk indexed by 7T requires some extra care because we
need to specify the orientation of edges: The (oriented) edges of T are all pairs (z,y) of elements
of T such that there exists 7 € Z_ such that

o either z = (j,u), y = (j,v), where u,v € T; and u is the parent of v;
e orx=7—1,9y=7.

See Fig.[2l We write £(T) for the collection of all oriented edges of 7. The random walk indexed
by T is a collection (Z7(u))yeT of random variables with values in Z?, such that Z7(0) = 0 and
the random variables (Z7(y) — Z7()) (4,y)ee(7) are independent and distributed according to 6.
Let Pi7) stand for the distribution of the collection (Z7(u))ue7-

Let T* be the set of all pairs (7, (2u)uer) Where 7 € T and z, € Z¢ for every u € T. We
define a probability measure P;ﬂ on T* by declaring that P;ﬁ is the law of the random pair
(7, (Z4)uecs) where 7 is distributed according to P, and conditionally on .7 = T, (Z4,)ucs
is distributed according to P7.

We next define a shift transformation 7* on T*. For (7, (zy)uer) € T*, we set 7°(T, (2u)ueT) =
(T, (2],)ueT’), where T’ = 7(T) and the spatial locations of vertices of 77 (which may be viewed
as a subset of T) are obtained by shifting all original locations z, so that the location of the root
of T" is again 0. More precisely, if k € Z_ is defined as above in the definition of 77 = 7(T),
there is a unique bijection ¢ from 77 onto T\{k + 1,k + 2,...,0} that maps 0 to (k,1) and
preserves both the lexicographical order and the genealogical order, and we set

/
Fu = Fo7(u) T Fér(0)
for every u € T".

Proposition 3. The probability measure P:’e 18 invariant under 1.

This is an easy consequence of Proposition [2| and the way the spatial positions are con-
structed. We leave the details to the reader.

° ul(T)
up(7T) =0 °<. us (T)
* u3(7;)'/0 u4(T)
) + . us(T)
_9 e
e
: * T us(T)

=

Figure 2: The orientation of edges of T, and the sequence uo(7T),u1(T),uz(T),...
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Let T* = (T, (zu)ueT) € T*. We define a sequence (u;(7));>0 of elements of T as follows.
First, uo(7) = 0 is the root of 7. Then u(7),u2(T),... are all elements of T\Z_ listed in
lexicographical order (see Fig.. We set, for every integer n > 1,

R (T7) := #{2uo(T)s 2ur(T) -+ Zun—a (T) -

We let S = (Sk)r>0 be a random walk in Z¢ with jump distribution 6, which starts from x
under the probability measure P,, for every a € Z%.
Recall the notation a, ¢ and h, ¢ introduced at the end of subsection

Theorem 4. We have R
mn *
— —c P’ ,-a.s.
n n—oo 1,0 1,0

where the limiting constant ¢, ¢ € [0,1] may be defined as

o

with

P,0(z) = i,u([k‘—i— 1,00) ( Z 0(y) hua( x—i—y))k,

k=0 yezZd

for every x € Z°.

Proof. Set 1 = ()" for every integer n > 1. We claim that, for every n,m > 1,

Ryim <R, +Rpor,

Indeed, R, (T") is the number of distinct elements among 2y (7, Zu, (T)> - - - s Zu,,_ (T), and simi-
larly Ry, (77) is the number of distinct elements among 2y, (7) 2u; (75 - - + s Zungm_1 (T)- ON the
other hand, from the construction of the shift transformation, it is fairly easy to verify that
Ry o 7,(T") is the number of distinct elements among 2, (1) Zu,.1(T)s - - + > Zupsm_1(7)- Lhe

bound of the preceding display follows immediately.

Since 1 < R,, < n, we can then apply Kingman’s subadditive ergodic theorem to the sequence
(Rn)n>1, and we get that R, /n converges almost surely. The fact that the limit is constant
is immediate from a simple zero-one law argument (we could also verify that 7 is ergodic).
Furthermore, the limiting constant c, ¢ is recovered by

Cup = lim E ol Rn).

n—oo n Nﬂ
However, with the preceding notation,
n—1
E;’G [Rn] = E;,@ Z l{zuj ;ézui,Vje[[i—l-l,n—lﬂ}
i=0

i
L

P;,Q(Zuj 7é Ruy Vj € [[Z + l,n — ]_]])

.
o

3
—

P (2, #0,Vj € [Lin—i—1])
0

7
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using the shift invariance in the last equality. It now follows that
T G ok .
Cu,0 = HII*)H;O EE,U,,G[RTL] - M,@(Zu]' 7& 07 \V/j = 1)7

and the right-hand side is easily computed in the form given in the theorem, using the definition
of PZ,@- O

Theorem |§| does not give much information when the limiting constant ¢, g is equal to 0. In
the next proposition, we give sufficient conditions that ensure c, 9 > 0. We let g, denote the
generating function of p,

gu(r) = Zu(k‘) rk , 0<r<i.
k=0

In the remaining part of this subsection, we assume that the random walk S is transient (it is
not hard to see that ¢, 9 = 0 if S is recurrent). We denote the Green function of S by Gy, that
is

Gg(.%') = Fy { Z 1{Sk:x}} , WS Zd.
k=0

Proposition 5. (i) The property c, ¢ > 0 holds if

ﬁ (1 —gu((1 - G0(Sj))+)) >0,

Py-a.s.
Go(S;) !

j=1

(ii) Suppose that the random walk S is centered and has finite moments of order (d — 1) V 2.
Then,

e if pu has finite variance, then c, 9 > 0 if d > 5.

e if p is in the domain of attraction of a stable distribution with index o € (1,2), then
Cup >0 if d > 2.

Proof. (i) We have already noticed that a,g > 0. We then observe that, for every r € [0, 1),
[ee) 1 _
S allk + 1,00)) = 12960 1)

= 1—r

Next we can get a lower bound on the function h,g(y) by saying that the probability for tree-
indexed random walk to visit the point —y is bounded above by the expected value of the number
of vertices at which the random walk sits at —y. Since u is critical, it follows that

huo(y) >1—Go(—y)

for every y € Z®. Hence, for every = € Z,

ST 0 huo(z+y) >1— > 0(y)Go(—z —y).

y€ezd yezd

However,

S 00)Ga(—2 - 9) = 3 00) Evy[ 3 Lisic)] = B[ Y- Lisucoy] < Gol—o)

yezd yezd k=0 k=1
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Consequently, using , we have, for all x such that Gy(—z) > 0,

1 —gu((1 = Gy(=x))+)
Go(—) '

q)u,e (l‘) >

The assertion in (i) follows, noting that Gy(S;) > 0 for every j > 0, Py-a.s.

(ii) If S is centered with finite moments of order (d — 1) V 2, then a standard bound for the
Green function (see e.g. [I5, Théoreme 3.5]) gives the existence of a constant Cy such that, for

every x € 74,
Go(x) < Cp |z~ (2)

(recall that we assume that S is transient, so that necessarily d > 3 here).
Suppose first that p has a finite variance ai. Then,

2

o
gu(l—s)=1-s+ ?“52 + o(s%)
as s — 0. Consequently,
1—g,(1— o2
gﬂés) —1_ ?ﬂs +o(s)

as s = 0. By taking s = Gy(S;), we see that the condition in (i) will be satisfied if
[e.e]
ZG@(S]-) < o0, Py-a.s.
j=1

However, using the local limit theorem and the preceding bound for Gy, it is an easy matter to
verify that the property

Eo[icg(sj)] < o0
j=1

holds if d > 5. This gives the desired result when p has a finite variance.
Suppose now that p is in the domain of attraction of a stable distribution with index o €
(1,2). Then the generating function of x must satisfy the property

gu(l—5)=1—5+5%L(s)

where L is slowly varying as s | 0 (see e.g. the discussion in [3, p.60]). By the same argument
as above, we see that the condition in (i) will be satisfied if

> Go(S;)* T L(Gy(S) <o, Ppas.
j=1

and this holds if
(a—1)(d-2)/2 > 1,

which completes the proof. ]
Remarks. 1. The moment assumption in (ii) can be weakened a little: According to [13], the

bound (2)) holds provided the random walk S (is centered and) has moments of order (d—2+-¢)V2
for some € > 0. However moments of order d — 2 would not be sufficient for this bound.

12



2. Suppose that the random walk S satisfies the conditions in part (ii) of the proposition. If
p has finite variance, it is not hard to verify that c,9 = 0 if d < 4. Let us briefly sketch the
argument. It is enough to consider the case d = 4. Under the probability measure H:‘w, write
N, for the number of vertices whose spatial location is equal to x. Then, if z # 0,

nolNz] = Go(z) > Cylz|~>

for some constant Cj > 0. On the other hand, standard arguments for Galton-Watson trees
show that there exists a constant K, such that

nol(No)?) S K Y- Gol2)Golz — 2)*.
2€74

Using and simple calculations, we obtain the existence of a constant K /;,9 such that, for every
r € Z* with |z| > 2,
2 -2
10l (Na)™] < K, g |27 log |-

Hence, for every x € Z* with |z| > 2,

(I} 4 [N—2)])? N2y gt

The property c, 9 = 0 now follows easily. In the next section, we will see (in a particular case)
that the proper normalization factor for R,, is (logn)/n when d = 4.

1= hyp(x) =T, (N > 1) > )~ 2|7 (log )"

3. The paper [20] considers certain random walks with drift on Z¢, for which the property
cup > 0 holds if d > 4 although the bound no longer holds.

4. It is an interesting question whether the condition d > % is also sharp when p is in the

domain of attraction of a stable distribution of index a. We will not discuss this problem here
as our main interest lies in the case when p has finite variance.

2.5 Conditioned trees

Our goal is now to obtain an analog of the convergence of Theorem [ for random walk indexed
by a single Galton-Watson tree conditioned to be large. Recall from subsection [2.1] the nota-
tion T} for the set of all spatial trees. If 7" = (T, (zu)ue) is a spatial tree with at least n
vertices, we keep the same notation R, (7*) for the number of distinct points in the sequence
Zugs Zuys - - - s Zun_1, Where ug,uq, ... ugg—1 are the vertices of 7 listed in lexicographical order.

Also recall from subsection the definition of the probability measure IT7, o on T%.
Proposition 6. Assume that i has finite variance Ui, or that u is in the domain of attraction

of a stable distribution with index o € (1,2). For everyn > 1, let ,7(*>n) be a random spatial tree
distributed according to the probability measure H;ﬁ(- | #T > n). Then, for every a € (0,1],

1 *
ﬁR\_anJ(fg(.>n)) —7 Cupa

n—oo

in probability.

13



Proof. We first consider the case when y has finite variance o2. Let 7% = (7, (2, )ue7) be a T*-
valued random variable distributed according to P* 1.0 under the probability measure P. Recall
the notation .7, for j € Z_, introduced in subsectlonn 2.2l By construction, the “subtrees”

0, [ 711, [(T-l2y -5 [ Talkw(7o0), [ P21, [T-2l2, - [ T2k (70), [ T-3]1,

then form an infinite sequence of independent random trees distributed according to IL,. To
simplify notation we denote this sequence by ), (1), 7(2),-... We then introduce the height
process (Hy)p>0 associated with this sequence of trees (see [16], Section 1]). This means that, for
every j > 0, we first enumerate the vertices of .7; in lexicographical order, then we concatenate
the finite sequences obtained in this way to get an infinite sequence (vi)r>0 of elements in U,
and we finally set Hy, := |vg| for every k > 0. Note that the infinite sequence of vertices (vg)r>0
thus obtained is essentially the same as the sequence (ug(7))r>0 introduced in subsection
Then (see e.g. [16, Theorem 1.8]), we have the convergence in distribution

(Jr Hotr) s e (o 184) 3)

where (f¢)i>0 denotes a standard linear Brownian motion. Next, for every integer n > 1, set
kp i=inf {k > 0: #J) > n}.

Clearly, the tree J, ) is distributed according to IL,(- | #7 > n). Also set

> #Ty).

0<j<kn

Using the convergence , it is not hard to prove (see e.g. the proof of Theorem 5.1 in [I7]) that

1 (d)
ﬁ dkn njo Dl ) (4)

where D denotes the initial time of the first excursion of 8 away from 0 with duration greater
than 1.
By Theorem [] and an obvious monotonicity argument, we have for every integer K > 0,

1 *
nh—>Holo Oiltlfl( ‘*RLntJ (T*) —cup t’ =0, a.s.

and it follows that

Jim gR(dkmLLanJ)/\Kn(t7 ) — Eden/\Kn(y ) — Cu,9<(7 +a)NK — " N K)‘ =0, a.s.
Since K can be chosen arbitrarily large, we deduce from the last convergence and that we
have

lim =Ry, +\an)(77) = Ray, (7%)) = cuga

n—oo n
in probability.
Let 7 zn) stand for the spatial tree obtained from ;) by keeping the spatial positions
induced by .7*. Then, by construction, we have

Rian)(T)) = Ry, +1an) (T7) = Ray, (T7).

14



Therefore, using the preceding convergence in probability, we obtain that, for every fixed € > 0,

P(Rian) (i) = (euoa—2n) —3 1 -
We claim that we have also
P(RLW(ZZ”)) < (Cu,ea + E)n) v 1. (6)

To see this, we argue by contradiction and suppose that for all n belonging to a sequence (n;);>1
converging to infinity, we have

P(Rtanj(g(zn)) > (cp 00+ 6)n) >§

for some § > 0 independent of n. We suppose that ¢, ¢ > 0 (the case when ¢, 9 = 0 is easier).
We observe that, for every fixed n, the tree 7, n) and the quantity R|qy| (9(* )) are independent
of the random variable di,. Notice that .77} | is not independent of di,, because the value of
dy,, clearly influences the distribution of the spatlal location of the root of 7, ). However, if we
simultaneously translate all spatial locations of an) so that the new location of the root is 0,
the new locations become independent of dy,,, and the translation does not affect R,y (9(’];”))
On the other hand, from the convergence in distribution , we can find ¢ > 0 such that, for
every sufficiently large n,

P(dkn <3 c

n) > 4.
Cu,0

Using the preceding independence property, we conclude that, for every sufficiently large n in
the sequence (n;);>1,

* 8 *
P(RL(M/QCN,GHMJ((? ) > (cMga—i—e)n) > P(dkn < 5 n) P(RLanJ(an)) > (cu,ga—l—a)n) > 5.

Cp,0
However Theorem [ implies that
1 e e
~R(enj2c, g)4an) (T7) =2 cupatg,  as

and so we arrive at a contradiction, which completes the proof of (@

By construction, the tree 7, is distributed according to I, (- | #7 > n), and if we shift
all spatial locations of .7} | so that the new location of the root is 0, we get a random spatial
tree dlstrlbuted accordlng to 1T, ( | #7 > n). The convergence of the proposition thus follows
from (j5) and @

The proof in the case when p is in the domain of attraction of a stable distribution with index

€ (1,2) is essentially the same, noting that Theorems 2.3.1 and 2.3.2 in [3] give an analog
of the convergence (3)), where the role of reflected Brownian motion is played by the so-called
height process associated with the stable Lévy process with index . We omit the details. [

We now would like to get a statement analogous to Proposition [6] for a tree conditioned to
have a fixed number of vertices. This will follow from Proposition [f] by an absolute continuity
argument. Before stating the result, we need to introduce some notation. Let G be the smallest
subgroup of Z that contains the support of u. Plainly, the cardinality of the vertex set of a tree
distributed according to II,, belongs to 1 + G. On the other hand, for every sufficiently large

15



integer p € 14 G, we have II,(#7 = p) > 0, so that the definition of IL,(- | #7 = p) makes
sense.
If T = (T, (2u)ueT) is a spatial tree, we write R(7*) for the number of distinct elements in
{zy ;u €T}
2

Theorem 7. Assume that p has finite variance o}, or that p is in the domain of attraction of a
stable distribution with index o € (1,2). For every sufficiently large integer n € G, let 9(:;) be a
random spatial tree distributed according to the probability measure wa(' | #T7 =n+1). Then,

1 *
ER( ) oo heg

in probability.

Proof. We assume in the proof that G = Z. Only minor modifications are needed to deal with
the general case.

We first consider the case when p has finite variance ai. The arguments needed to derive
Theorem [7| from Proposition |§| are then similar to the proof of Theorem 6.1 in [I7]. The basic
idea is as follows. For every a € (0,1), the law under II,(- | #7 = n+1) of the subtree obtained
by keeping only the first [an| vertices of T is absolutely continuous with respect to the law under
IL,(- | #T > n) of the same subtree, with a density that is bounded independently of n. A
similar property holds for spatial trees, and so we can use the convergence of Proposition [f] for a
tree distributed according to H:ve(- | #T > n), to get a similar convergence for a tree distributed
according to I}, o(- [ #7 =n + 1). Let us give some details for the sake of completeness.

As previously, we write uo(7),u1(T),...,ugr—1(T) for the vertices of a plane tree 7 listed
in lexicographical order. The Lukasiewisz path of T is then the finite sequence (X,(7),0 </ <
#7T), which is defined inductively by

Xo(T) =0, Xe1(T) = Xe(T) = by (T) =1, forevery 0 <€ <#T,

where we recall that, for every u € T, ky(7) is the number of children of u in 7. The tree T
is determined by its Lukasiewisz path. A key result (see e.g. [16, Section 1]) states that under
I1,(dT), the Lukasiewisz path is distributed as a random walk on Z with jump distribution v
determined by v(j) = u(j + 1) for every j > —1, which starts from 0 and is stopped at the first
time when it hits —1 (in particular, the law of #7 under II,,(d7") coincides with the law of the
latter hitting time). For notational convenience, we let (Y)r>0 be a random walk on Z with
jump distribution v, which starts from j under the probability measure P(;), and we set

T:=inf{k>0:Y, = —1}.

Next take n large enough so that II,(#7 =n+1) > 0. Fix a € (0,1), and consider a tree
T such that #7 > n. Then, the collection of vertices uo(7T),. .., u|qn (T) forms a subtree of T
(because in the lexicographical order the parent of a vertex comes before this vertex), and we
denote this subtree by p|4, (7). It is elementary to verify that p|,,(7) is determined by the
sequence (X¢(7),0 < ¢ < |an]). Let f be a bounded function on Zl*"J+1, Using the Markov
property at time |an] for the random walk with jump distribution v, one verifies that

I, {f((Xk:)OSkSLanJ) ’ #T =n+ 1}

_ Yn(X|an))
o P(O)(T =n-+ 1)

1#1/1 (XLanJ )

11, [f((Xk)nggtanJ) ‘ #T > ”1 (7)



where, for every integer j > 0,

Yn(j) = Pyy(T =n+1—lan]) , ¢y, (j) = PG)(T > n — |an)).

See [I7), pp.742-743] for details of the derivation of @ We now let n tend to infinity. Using
Kemperman’s formula (see e.g. Pitman [24, p.122]) and a standard local limit theorem, one
easily checks that, for every ¢ > 0,

) =0, (8)

Poy(T>n)  n(j) T ( J )
Poy(T=n+1) ¢,(j) ~ “Nouv/n

lim sup
n—00 i>evm

where for every x > 0,

2(2m(1 — a)3)~1/2 exp(—22/2(1 — a))

Pl = = s (2rs?) 12 exp(—a2/25)

See again [I7, pp.742-743] for details. Note that the function ', is bounded over R, . Further-
more, from the local limit theorem again, it is easy to verify that

lim lim sup I, (X | gn) < cv/n|#T =n+1) =0, limlimsup I, (X |4, < ev/n|#T >n) = 0.

cl0 n—oo cl0 n—oo
(9)

(We take this opportunity to point out that the analogous statement in [I7, p.743] is written
incorrectly.) By combining ([7)), and @D, we obtain that, for any uniformly bounded sequence
of functions (f,,)n>1 on Zlan]+1 " we have

lim ‘H [fn (Xk)o<k<|an)) ‘#T—n—i—l} u[fn((Xk)ngSLanJ)Pa<

(10)
This convergence applies in particular to the case when, for every n, fn((Xk)o<i<|an]) 15 @
function of the tree p|qp (T). If we now replace II,, by H;ﬂ, the same convergence still holds,
and we can even allow the function of the tree p| 4| (T) to depend also on the spatial locations of
the vertices of p|a,|(T) (the point is that the conditional distribution of these spatial locations
given the tree 7 only depends on the subtree p|q,|(7)). Consequently, if ¢ > 0 is fixed, we have

n—oo

lim |IT7 ,[1 T = n+1]-1T% y[1 o Xlang | g ~0
1 ’ ,u,@[ {IR|an) —cu,pan|>en} ’ #T =n+ }_ “,9[ {IR|an| —cp,0an|>en} a(du\/’ﬁ) ‘ #T > n} ’ = U
Recalling that the function I'y is bounded, and using Proposition [, we now obtain that

lim 105 6 (1B an) — cuoan| > en | #T =n+1) =0,

n—o0

Since 0 < R(T™) — Rign)(T*) < n+1— lan], IT} 4(- | #T = n + 1)-as., and a can be chosen
arbitrarily close to 1, the convergence in Theorem [7] follows.

Very similar arguments can be used in the case when p is in the domain of attraction of a
stable distribution with index a € (1,2). We now refer to the proof of Lemma 3.3 in [I1] for the
exact analogs of the properties - used in the finite variance case. We leave the details
to the reader. O

The case d > 5 of Theorem [I| follows from Theorem [7|and Proposition [5, noting that when

is the critical geometric distribution, a tree distributed according to II, (- | #7 = n) is uniformly
distributed over the set of all plane trees with n vertices (see e.g. [16, Section 1.5]).
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3 The critical dimension

In this section, we discuss the dimension d = 4, which is critical in the case of random walks that
are centered and have sufficiently high moments. We restrict our attention to the case when
the offspring distribution is geometric with parameter 1/2. Our main tool is the discrete snake,
which is a path-valued Markov chain that can be used to generate the spatial positions of the
tree-indexed random walk.

3.1 Limit theorems

We now let 6 be a symmetric probability distribution on Z*. We assume that # has small
exponential moments and is not supported on a strict subgroup of Z*. As previously, we write
S = (Sk)k>o for the random walk in Z* with jump distribution #, and we now assume that
S starts from 0 under the probability measure P. We will also assume for simplicity that the
covariance matrix My of 6 is of the form o2 Id, where Id is the four-dimensional identity matrix
and o > 0. This isotropy condition can be removed, and the reader will easily check that all
subsequent arguments remain valid for a non-isotropic random walk: the role of o2 is then played
by (det Mg)'/4.

We first introduce the free discrete snake associated with #. This is a Markov chain with
values in the space W that we now define. The space W is the set of all semi-infinite discrete
paths w = (w(k))ge]—co] With values in Z*. Here ¢ = ((w) € Z is called the lifetime of w. We
often write w = w({(w)) for the endpoint of w.

If w € W, we let W stand for the new path obtained by “erasing” the endpoint of w, namely
¢(w) = ¢(w) — 1 and w(k) = w(k) for every k €] — oo,((w) — 1]. If z € Z*, we let w @ =
be the path obtained from w by “adding” the point z to w, namely ((w ® z) = ((w) + 1,
(w® z)(k) = w(k) for every k €] — oo, ((w)] and (w @ z)({(w) + 1) = z.

The free discrete snake is the Markov chain (W,,),>0 in W whose transition kernel is defined
by 1 1

Q(w,dw’) = 5 Sz (dw') + B > 6(x) O (@) (dw").
z€Z4
We will write ¢, = ((W,,) to simplify notation. It will also be convenient to write W,* for the
path W, shifted so that its endpoint is 0: W (k) = Wy (k) — W, for every k €] — 00, Cu].-

It w e W, P, will denote the probability measure under which the discrete snake W' starts
from w. For every integer m € Z, we also write P, for a probability measure under which
Co = m a.s. and the initial value Wy of the discrete snake is distributed as (—Su—k)re]—oo,m]
(since S is symmetric we could omit the minus sign here). We write P for Py. As usual, the
expectation under Py, resp. under P, is denoted by E,,, resp. by E. Note that ((,)n>0 is a
simple random walk on Z started from m under P,,,. We will use the notation

Tp i=1inf{n > 0:(, = (o — p}

for every integer p > 0.

Furthermore, from the form of the transition kernel of the discrete snake, it is easy to verify
that for every n > 0, for every integer ¢ € Z such that P, (¢, = ¢) > 0, the conditional
distribution of W) under Py, (- | ¢, = ¢), coincides with the distribution of W under P,.

Proposition 8. We have

lim (logn) P(W, # 0,Vk € [1,n]) = 4n’c™.

n—o0
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time A

Cl =m-1]. . _. ) -5
time erasing /
Wo =0 with

Co=mp------ probab. \.
1/2 /o
space
_S, @ e
/ time A
Cl =m + 1 ) S/

.\SQ """ /
0
—S3 @ w \ s,

o
with /
space probab. —S2
- = 1/2 AN
/%
space
W() Wl
Figure 3: The discrete snake under P,,,. In this illustration, S} is an independent copy
of Sl.
Furthermore,

(log p) P(W), # 0,k € [1,7,]) = 2x20*.

lim

p—0o0

The proof of Proposition [§]is given in subsection below. Our first theorem is concerned
with the range of the free snake.

Theorem 9. Set R, := #{Wg, Wi,..., Wn} for every integer n > 0. We have

logn R, L2(P) Arn2oh
n—o0

Proof. We first observe that

n n

ElRa] = E[ZO L2 vietivan) = 2BV, Wi Vi€ li+1nD).

Then, by applying the Markov property of the free snake, we have

n

E[Rn) = > E[Pa, (W) # Wo Vi € [1,n—i])]

=0

= ZE{P(W:)(W]’ # Wo Vie[l,n— Z]])}
i=0

=S"P(W; #0,¥ € [1,n —i]),
=0
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where the second equality is easy by translation invariance, and the last one is a simple conse-
quence of the remark before the statement of Proposition [§ Using now the result of Proposi-
tion [§] we get

1
lim —2" E[R,] = 4r2c?. (11)
n—oo n

Let us turn to the second moment. We have similarly

21 _
E[(R.)? = E[ZO E% L el ol LWt el +1l))
1=0 j=

=2 > B(Wi# W, Vk € [i+1,n]; W, # W, ¥ € [j+1,n]) +E[R,]

0<i<j<n

-2 ¥ [ (Wi # Wo ,VE € [1,n — z]];m;éﬁ/j_,»,we[[j—¢+1,n—¢]})]
0<i<j<n
+E[R,]

=2 > P(We#0,Vke€[Ln—iliWe# Wi W [j—i+1,n—i]) +E[R],
0<i<j<n

where the last equality again follows from the observation preceding Proposition [8 Let us fix
a € (0,1/4) and define
op=inf{k>0:¢ < *n%_a}.

By standard estimates, we have

lim (logn)?P(o, < n'™>* or g, > n'"%) = 0.

n—o0

Thus, using also ,

lim sup (lOgn)QE[(Rn)Z] = liInsupQ(loﬂ)2 Z ]P’(Wk #0,Vk € [1,n —i];

n—00 n n—00 n 0<i<j<n

Wg;’éWj ielj—i+1l,n— ]]n1 3a < g < nl™ O‘)

Clearly, in order to study the limsup in the right-hand side, we may restrict the sum to indices
¢ and j such that j —¢ > nl—e, However, if 0 < i < j < n are fixed such that j —i > nlfa,

]P’(I//I\/k;éO,VkE[[l,n—i]];ﬁ\/g#l//[\/j,i,VEE[[j—i+1,n—i]];n1_3°‘§an§n1_°‘>
SP(WR#O,WCEﬂl,anﬂ;ﬁ\/g#ﬁ\/j_i,we[j—z'—l—l,n il; 13a<angn1*a)

= IP’(T//T\/k #£0,Vk € [[l,an]];nl_3°‘ <o, < nl_a> IP‘(I//T\Q #0,Vle[l,n —j]]).

To derive the last equality, we use the strong Markov property at time o, and then, after
conditioning on ¢, = m, the Markov property at time j — i — m for the free snake shifted at
time o, and the observation preceding Proposition 8] Now obviously,

P(Wk £0,Yk € [L,on];n' 3 < o, < nlfa) < P(Wk £0,Vk € [1, {nlf?ﬂﬂ]),
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and it follows that

. log n\ 2 9
hglj;p (T) E[(R,)?]
] 2 _ _

<tmsup2(<22)" 3 P(Wi#£0,Vk e [1, [0 ]) (W, 0, Ve € [1,n— j])

n—00 n 0<i<j<n

j—i>nl-o

_ 42542

1-— 3a( o)

by Proposition |8} Since a can be chosen arbitrarily small, we get

1 2
lim sup (—22) " E[(R,)?] < (4n%0%)2. (12)
n—00 n
Theorem [9] is an immediate consequence of (11]) and (12). O

We now aim to prove a result similar to Theorem [J] for the “excursion” of the discrete snake.
We set
T:=inf{k >0:(, = —1}.

For every integer n > 1, we let W = (Wén))ogkggn be a process defined under P, whose
distribution coincides with the conditional distribution of (Wj)o<g<2, knowing that 7' = 2n+ 1.
To simplify notation, we write C,gn) = (W,gn)). Note that (C,gn))ogkggn is the contour function,
also called depth-first walk, of a Galton-Watson tree with geometric offspring distribution of
parameter 1/2; conditioned to have n + 1 vertices (see e.g. [24, Chapter 6]). We have already
noticed that the latter tree is uniformly distributed over plane trees with n+1 vertices. From the
form of the transition mechanism of the discrete snake, it then follows that {I//T\/kn) ,0<k<2n}
is distributed as the set of all spatial locations of a random walk with jump distribution # indexed
by a uniform random plane tree with n 4+ 1 vertices.
We will need two simple estimates that we gather in the next lemma.

Lemma 10. (i) Let r > 1 be an integer. There exists a constant C(r) such that, for every
integers n > 1 and m > 0,
E[(#{k € [0,20] : (" = m})"| < C(r) (m+1)".
(ii) Let € > 0. Then, for every r > 0,
IP’( sup C,gn) > n%“) =0(n™")
0<k<2n
as n — oo.

Part (i) of the lemma can be deduced from Theorem 1.13 in Janson [7] using the connection
between ¢ and the critical geometric Galton-Watson tree (it is also possible to give a direct
argument), while Part (ii) is standard. Notice that Part (i) of Lemma [10| implies

E [k < 10,20] : ¢ < nd 337 = o((1)°)

as n — oQ.
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We will make a repeated use of Kemperman’s formula for simple random walk (see [24], p.122]
for a more general version): For every choice of the integers m, k such that &k > m > 0,
m-+1 m—+1

o PG =—1) = ——Po(Ge =m +1). (13)

Together with this formula, we will use the local limit theorem for simple random walk on Z,
which we state in the form found in Lawler and Limic [I4, Proposition 2.5.3, Corollary 2.5.4]:
As k — oo,

]P)m(T = k) =

m? m?
Po(¢r =m) = \/Zexp (— ﬁ) exp (O(% + ?» (14)

uniformly over integers m such that |m| < k and k + m is even.
We fix a € (0,1/4) and to simplify notation, we write p, = Lnéfaj for every integer n > 1.
Recall the notation 7, = inf{n > 0: ¢, = (o — p}.

Lemma 11. Ifn > 0 is sufficiently small, we have

lim ( sup ‘(10g n) Pm, (W] + Wo ,Vj € 1, 7,1
oo nl=<k<2n

r-i)- o) -

where in the supremum we consider only integers m and k such that k +m is odd.
Proof. We first explain how to choose 7. We set ¢, = {nl_%aj and note that

ey lic(a
Po(Cqp > 02 3) < Po(Cy, > i)

where c(a) = %= > 0. By a standard bound, the latter probability is bounded (for n large) by
exp(—n?), where the constant v = 7(«) > 0 only depends on o. We fix n > 0 such that 3n <y
and 7 € (0,a/8).

To simplify notation, we then set

Ay = {(m, k) : ni=% <m< n%+77, n' M <k <2nand k+m is odd}.

[0

Since pp ~ n~** /g, standard estimates give, for every § € 0,%),

lim n° Py(7p, > qn) = 0. (15)

n—oo

We claim that we have also, for every d € (0, §),

lim 7’  sup  Pu(1p, >qn | T =Fk) =0. (16)

n—oo (m,k)EA,

Let us postpone the proof of and derive the estimate of the lemma.
Let us consider (m, k) € A,,. We have

Py ({W) # Wo ,¥j € [1, 7,1} 0 {7, < g} N{T = k})

=En [1{Tpn§qn} 1{1@-#% ,Vje[[LTpn]}}Pm—pn (T'=k— EV:%}’ (17)

where we have used the strong Markov property at 7,,. We now would like to say that the
quantity Pp,—, (T' = k — ¢), evaluated at £ = 7,,, does not differ too much from P, (T = k)
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Figure 4: lllustration of the proof of Lemma

under our conditions on m, k and 7,, (see Fig.4 for an illustration). Let k¥’ be an integer such
that k — ¢, < k¥ <k and ¥’ + m — p,, is odd. By Kemperman’s formula,

m—pn+1

Priop, (T = k) = "D PG = m —po + 1) (18)
and by ,
[2 m — py + 1)2 1 m —pn + 1)4
Po(rr =m —pp +1) = Wexp ( - (2]{7,)) eXp(O(p + (k’?’))> (19)

Next observe that

‘(m—pn+1)2_(m+1)2’<(m—|—1)2(1_1)+(m+1)2—(m—pn+1)2
2k 2k - 2 Kk 2k
2
< Qn(m+ 1) + pn(m‘f‘ 1) ’
- k! k!

which tends to 0 as n — 0o, uniformly in m, k, k. Comparing the estimate for Pp,_,, (T' = k)
that follows from and with the similar estimate for P, (T" = k) that follows from

and , we get

) Py, (T =K ’

1 = _1|]=0
n3s (,,f‘,ﬁ P (T = k) :
where the supremum is over all choices of (m, k, k") such that (m, k) € A,, and ¥ satisfies the
preceding conditions. Using , we obtain that, for any fixed § > 0, we have for all sufficiently
large n, for every (m, k) € A,

(1= 8)Pra({7p, < au} N {W; # Wo V5 € [1,7,,]})
<P ({7, < @} 0 {W; # Wo ¥j € [, [} T = )
< (14 0) P ({75, < g} O {W; # Wo V) € L7, ]}).
The quantity P, ({7, < qn} N {W; # Wo ,Vj € [1,7,]}) does not depend on m € Z, and
(log n) Po(7p,, > gn) tends to 0 by (L5]). Using Proposition [8} we have thus
420t

(log ) Bo({rp, < an} N{W; # Wo ,¥j € [1,7,]}) = 1—-2a’

lim
n—oo

23



The estimate of the lemma follows from the preceding considerations and ([16]).
It remains to prove . If (m,k) € Ay, we have

Prn({7p, 2 g} N{T = k})

Pm(Tpn >qn | T =k)=

P, (T = k)
Recall formula for P, (T = k) and also note that by (14)),
_ ]2 (m+1)2 1 m
Po((r =m+1) = ﬁ—kexp(— T) exp(O(%—f—ﬁ)), (20)

when n — oo, uniformly in (m,k) € A,,. Notice that % + 7;—; — 0 as n — o0, uniformly in
(m, k) € Ay, and that TQ”—I: < n¥if (m, k) € A,. By our choice of 7, it follows that

=

1o Py (Cy, > m +n272) ko Po(¢y >n%_%) 1
Py, T=k)< - = . =0(~) (21
(Cgn >m 4 m272 | )< P, (T = k) m+1 Po(Gy =m+1) oG @Y

as n — oo, uniformly in m and k.
On the other hand, by applying the Markov property at time ¢,, we have

Pon({7p > an}N{Cq < mAn2~5}0{T =k}) =E (T = k—qa)].

m [1{% >} {Can <3 =3} L Gon

On the event {r,, > qn} N{¢, < m+n2- 2} we have m — p, < (. < m+n2"%, P, as. If
m—pp, <m <m-+ n3~% and m’' + k — ¢y is odd, using again Kemperman’s formula, we have

m' +1 m' +1
P (T=k—q,) = P, (Chy = —1) = i - 1).
Furthermore, from ([14)),
- , _ (m/ 4 )2 m/4
Po(Guogy =/ 1) = [ s exp (- =) qn)) exp(O(; + 7)) (22)

Now observe that

(m'+1)%  (m+1)? o _(m'+ 1)2 — (m+1)? (m' —m)(m' +m + 2)

2(k —qn) 2k 2k 2k

and the right-hand side tends to 0 as n — oo, uniformly in (m,k) € A, and m’ such that
m—p, <m < m+ na %, By comparing and , noting that m’ < 2m under our

assumptions, we get
. Py (T =k — Qn)
lim su su < 2.
n~>oop (m,k,Ir)n’ Pm(T = ]{7) B

It follows that, for all n sufficiently large, we have, for every (m, k) € A,

Pr({Tpr = @} N {Cpn <m 4028} N {T = k})
P (T = k)

Recalling (15]), we have thus proved that, for every 6 € (0, %),

< 3]P)m(7-17n > QH) = 3P0(7—pn > QTL)-

. 1_a
Jim n® sup Pr({7, 2 g} 0{G, Sm+ni i} T=k) =0,
(mvk)eA’ﬂ

and by combining this with , we get the desired estimate (|16]). O
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We set, for every n > 1,

R e (T T,

n
Proposition 12. We have

lim sup (loﬂ)QE[(R;y] < (87201)%

n—oo

Proof. We note that
2n

® = ~ ~
Ry, = Z . Ly 2w veelit1,20])
1=

and therefore )
E[(R})%] = D P(An(i,])), (23)
ij=1
where A, (i,7) is defined by

An(i,g) = W £ W™ vee fi+ 1,20} 0 (W™ # W™ v e [j+1,2n]}.

We fix a € (0,1/4), and define p,, and g, for every n > 1 as above. We also fix n > 0 so that
the conclusion of Lemma [I1] holds.

In view of proving the proposition, we will use formula . In this formula, we can restrict
our attention to values of ¢ and j such that j —i > n'~% and j < 2n—n'"" (or the same with 4
and j interchanged). Also, when bounding P(A,, (i, 7)), we may impose the additional constraint
that n3—% < Ci(n) < n3t" and nz—% < C](n) < nz+. Indeed, Lemma readily shows that the
event where either of these constraints is not satisfied will give a negligible contribution to the
sum in .

Let us fix i,7 € [1,2n] such that j —i > n'~% and j < 2n — n'~". By using the definition
of W™ as a conditioned process and applying the Markov property at time ¢, we have

)

P(An(i,) N {23 < ¢ <nitn{ndE < (W <nity)

E[l{n%—%gcign%w}l{bi} E¢, {1{,1%-%%_6”%%}1A;L(¢,j)1{T:2n+1—¢}}}

= 24
P(T =2n+1) ’ (24)
where
Al (iy§) = {We £ Wo Ve e [1,2n—i]} N {We £ W,_; Vee[j—i+1,2n—i]}.
Setting r = j — i, we are thus led to bound
Em {1{%7&17[/0 e k—1) V£, veelr1h-11) Lind =% <cocnd 1{T:k}} ; (25)

where n%_% <m< n%"'", r>nl"2 and r+nl"" < k < 2n (and moreover k 4+ m needs to be
odd). Recall the notation 7,,, and set

r;:) =inf{l>r:{ = —pat
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Thanks to , we can also introduce the constraint 7, < ¢, inside the expectation in , up
to an error that is bounded above by P,,(T = k) o(n?) for some § > 0 (here the term o(n~?) is
uniform in m, r, k satisfying the preceding conditions). Furthermore, we get an upper bound by

replacing the interval [1,k — 1], resp. [r+ 1,k — 1], by [1,7p,], resp. [r + 1,71,&;)]]. Next, using
the Markov property at time r, and noting that r > ¢,,, we have

B[ L0, wtetimpnl) Hrom <o} L, weepr1.001) Lb-3<ccnb L=
—E,, [1

Wity ee[Lirp 1} Moo <any >k L dog o by

x E(WT) [1{‘7‘\0&7’5@0 VLeE[L,7p, [} 1{T:k7T}H'

See Fig. 5 for an illustration.

“C

nztn -

T
0 1 1 — 1 1 \I 1 >
Tpn @ =1[n'""72] T Téz) nt=n k 2n
Figure 5: lllustration of the proof of Proposition
Then the key observation is the following. Let zg = m, 21,..., 2, be a simple random walk

trajectory over [0, 7] such that 0 < min{z,: 0 < ¢ <r} < m—p,. Then under P,,, conditionally
on the event {¢; = 21,...,( = 2}, the path (W,.(z.) — Wy (2 — €))e>0 is independent of the
event {W, # Wy VIl € 1,71}, and distributed as (S¢)¢>o. This property easily follows from
the construction of the discrete snake.

Thanks to the latter observation, we may rewrite the right-hand side of the last display, after
conditioning with respect to (1,..., (., in the form

Eon L0, sttt s Lm0 o) L5 < <oy B [Ltstty stetnny Ler-hn ]|
(26)
Recall that kl— r>nln, z%nd let € > 0. It follows from Lemma |11f that, for n large enough, on
the event {nﬁfg < ¢ < n2t} the quantity

]EC’” [1{‘%75‘7[\/0 Vee[L,mp, 1} 1{T=k7r}:|

is bounded above by

( Aot

-1 g
1_2a—|—8)(logn) Pe (T =k —r).
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Hence the quantity is also bounded by

dn’s! logn) 1 E Pe (T =k
(5250 )08 ™ En[ L5, wicpin, 1 Howsan) 1ron Laog o by BT =k =1)
Arlot 1
- (1 — 2« * 6) (logn)™" En [I{VAW#WO Vel mp, 1} 1{Tpn§’1n} l{n%_%écrgn%“’} 1{T:k}:|a

again by the Markov property at time r. Finally, another application of Lemma [11] shows that
the quantity in the last display is bounded above for n large by

( An?ot

(logn) 2P (T = k
oo ) (ogn) P Bu(T = k).

Summarizing, we see that the quantity is bounded above for n large by

((ff;fi + 6)2(10g n)~%+ o(n*‘s)) P, (T = k).

Finally, from , we have for n large

P(An(i,5) N {n37% < Ci(n) <nzt}n{n % < C]('”) < n%+’7})

irlot o , o E[Lprsi Pe (T =2n+1 1)
_ _ _
< (1255 +¢) Gogm) ™ +o(n™) P(T = 2n + 1)
4mlot 2 _9 _5
= (1—2a+6) (logn)™= +o(n™?),

where the term o(n~°) is uniform in 7 and j satisfying the preceding conditions. The statement
of the proposition follows by summing this bound over ¢ and j. ]

Lemma 13. We have

.. . logn
lim inf
n—00 n

E[Ry]| > 8rlot.
Proof. Let § > 0 and € € (0,3). To simplify notation we write n(e) = |2(1—2¢)n] in this proof.

We fix 0 < a < b such that, if (e;)p<¢<1 denotes a normalized Brownian excursion defined under
the probability measure P, we have

P(ec ¢ (a,b)) = P(e1_. ¢ (a,b)) < 4.

Since we know that the sequence of processes ((2n)~1/2¢ E;?Lt J)Ogtgl converges in distribution to
(et)o<t<1, it follows that, for every sufficiently large n,

P(C(one & [av2n,0v20] or ¢(3) o) ¢ [av/2n,bv2n]) < 6. (27)

e)+1

Let ué") denote the law of E;is I If F), is a nonnegative function on Z™ , the Markov property
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gives

(n)
E {1{a\/ﬁgg(”) <bv2n} l{amgc(m  <bv/3n} Fn((Cpnng)OskSn(S))]

[2ne] [2ne]+n(e)
= E[L iy, <ovmm B, [Lovaise, o sovmm P (osksna) | T = 20+ 1= [2ne]

Em[ (avE<Cn ey <ty Fr (Cko<ken(e)) 1{T:2n+17L2n5J}}

_ (n)

= pe™ (m)
amgn:@m ) Prn(T =20 +1 — |2ne])

_ 3 1™ (m) Em [1{am§cn<a>sw%}Fn((Ck)OSkSn(a)) Lirsn(e)y Pe, o, (T = ﬁ(s))}
Y Sy Pr(T = 2n 41 — [2ne])

where n(e) 1= 2n + 1 — [2ne] — n(e).
Let m,m' € [av/2n,bv2n] be such that m + [2ne] and m' + |2ne] + n(e) are even. By
Kemperman’s formula ,

Pry (T = 712(¢)) o+ 1—2ne) m' 41 Po(Gy=m/+1)
Po(T =2n+1— 2ne]) ni(e) m+ 1 Po(Conr1—jone] = m+ 1)

and using , we easily obtain that there exists a finite constant C'(g, a,b) such that, for every
sufficiently large n, and every m, m’ satisfying the above conditions,
P (T = i(2))
P (T =2n+1—|2ne])

< Cle,a,b).
We thus obtain that, for every large enough n,

(n)
E [l{a\/%q(”) <bv2n} 1{a@§cfgisj+7l(s)§b\/ﬁ} Fr ((CLQnstrk)OSkSn(ff))}

|2ne]

< Cf(g,a,b) > 1 (m) En {1{amggn<s>gb\/%}Fn((Ck)OSkgn(s)) 1{T>n(s)}}
a\/ﬁgmgb\/ﬁ

<Ceab) Y p(m) Em|Fu((GRoskene)-
amgmgb\/ﬁ

Let G, be a nonnegative measurable function on W™&*1  The preceding bound remains

valid if we replace Fn((gfgr)zsprk)oﬁkén(a)) by Gn((WL(znr)zstrk)OSkén(e)) in the left-hand side and
Fn((Ck)o<k<n(e)) BY Gn((Wk)o<k<n(e)) in the right-hand side (just use the fact that the condi-
tional distribution of W™ given ¢(™ is the same as the conditional distribution of W given ¢ ).

In particular, if we let G, (wo, w1, ..., wy()) be the indicator function of the set where
logn(e SN .
‘n(g())#{wg,wl, ceey wn(a)} — 471'20'4‘ > 9,

we obtain that

P( [2ne] € [a\ﬁ b\/i] CL2n€J+n [a\ﬁ b\/7] log n( ) R:l’a — 471'20'4’ > 5)

n(e)

< C(e,a,0)P(| 105(71()5) Ry — 4n%0%] > ), (28)
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where

R:ls . #{W(;ne L(;zaﬁl""’WL(;LH"(@}'

Here we used the (obvious) fact that the distribution of R, under P,, does not depend on m.
By Theorem |§|, the right-hand side of tends to 0 as n — oo. Using also , we obtain
that

lim sup IP’(’ log n(e)

Ry® —dn’o?| > §) <.
n—00 TL(E) " ma ’ ) B
Since Ry > R;* and since both § and ¢ can be chosen arbitrarily small, the statement of the

lemma follows. O

Theorem 14. We have
L?(P)

TL‘)OO

8o,

1
logn R 26
n

Proof. By combining Proposition [12] and Lemma, [T3], we get that

logn

limsup E {(
n— oo

R® — 8 2 4)2}

log n logn

< (lim supE|[(

n—o0

Rp)?) - 167r2a4(linn_1>iolng[ Ry]) + (87%0%)* <0,

which gives the desired result. O

Theorem [I4] and the remarks before Lemma [I0] give the case d = 4 of Theorem [I}

3.2 Proof of the main estimate

In this subsection, we prove Proposition [§] which was a key ingredient of the results of the
previous subsection. We first recall some basic facts. For every z € Z* and k > 0, we set

pr(x) = P(Sk = x)

and we now denote the Green function of the random walk .S by

D=3 @)
k=0

(G = Gy in the notation of Section 2). A standard estimate (see e.g. [I4, Chapter 4]) states that

lim |z|*G(z) = !

T—00 2m252°

(29)

Let p be the period of the random walk S. Since S is assumed to be symmetric, we have p = 1
or 2. Then from the local limit theorem (see e.g. [14, Chapter 2]), we have

p

1i 2 _ '
j—>oégl€pZ 77 p;(0) 47254 (30)
We state our first lemma.
Lemma 15. We have P(W, = 0) = 0 if k ¢ pZ, and
. = .
kagg}elepzkp(wk =0)= dm2gd”
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Proof. The first assertion is clear since (i is odd when k& is odd, P a.s. Then, for every integer
k>0, set

and
X =C(p — 2§k.

From the construction of the discrete snake, and the fact that S is symmetric, the conditional
distribution of W}, knowing that X = m is the law of S,,. Consequently,

o

P(Wy, = 0) = Y P(X), = m) pm(0). (31)
m=0

Asymptotics for P(Sp, = 0) = p,(0) are given by (30). We then need to evaluate P(X; = m).
Set Xj = 14 X}, for every k > 0. The discrete version of Pitman’s theorem (see [23, Lemma
3.1]) shows that, under the probability measure P, ()~( k)k>0 is a Markov chain on {1,2,...} with
transition kernel Q given by Q(1,2) = 1 and for every j > 2,

11

This Markov chain is also the discrete h-transform of simple random walk on Z (killed upon
hitting 0) corresponding to h(j) = j. Let (Y)r>o stand for a simple random walk on Z that
starts from ¢ under the probability measure Py, and let Hy = inf{n > 0:Y,, = 0}. It follows from
the preceding observations that, for every integer £ > 1 and every m > 1 such that 1 <m < k+1
and k + m is odd,

P(Xk = m) = mPl(Yk =m,Hy > k‘)
= m(Po(Yk =m — 1) — P()(Yk =m+ 1))

() ()

2

2m
Frmy1 odk=m=l)
Hence, for every m > 0,
2(m +1)2
P(X = Y. =m). 32
(X =m) = == DoV =m) (32)
From and , we get
_ k 2
PWp=0)=>Y ———— 1)2pin(0)) Po(Yy =
(Wi =0) = 3 5y (0m 0% (0) Y = m),
and the second assertion of the lemma follows using . O

__ In the next lemma, for every integer & > 0, we use the notation Wk for the time-shifted path
Wk = (Wk(j))jgo, where Wk(j) = Wk(Ck —i—j), for everyj <0.

Lemma 16. Let k > 1 such thatNIP’(T//[\/k = 0) > 0. Under the conditional probability measure
P(- | Wi, = 0), the two pairs (Wo, W) and (Wy, Wo) have the same distribution.
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Proof. Write 7y (i, ), 4,7 > 0 for the joint distribution under P of the pair

(— min (s, (x — min Q).

0<i<k 0<0<k

By an easy time-reversal argument, we have 7(i,j) = 7 (j,%) for every ¢,5 > 0. On the other
hand, under P, conditionally on

(— min (g, (x — min CZ) = (4,J)

0<t<k 0<t<k
we have Wo(—i — €) = Wy(—i — £) = Wy(—j — £) for every £ > 0, and the two random paths
(Wo(—i+4£) — WO(_i))Ogegi

and
(Wi =3+ 0) = Wi(=)) gpe; = Wi+ 0) = Wo(=)) oy

are independent and distributed as the random walk S stopped respectively at time ¢ and at
time j. Note that the event {I¥}, = 0} occurs if and only if the latter two paths have the same
endpoint. The statement of the lemma easily follows from the preceding observations and the

property (4, j) = 7k (], 7). O

Let us fix n € (0,1/4). Thanks to Lemma we may choose § > 0 small enough so that,

for every sufficiently large n,
n

S P(WL=0) <.
k=(1=6)n]

We then observe that

1= ZP(Wk = 0; W, £0,V/ € [[k:—i—l,n]])

£
Il
o

Il
M=

E[1{szo} Pow,) (Wg £0,Y0 € [1,n— k:]]ﬂ

£
I
o

I
NE

E[I{szo} P (Wg #0,Vl e [1,n— k:]])}

B
I
o

In the second equality, we applied the Markov property of the discrete snake at time k, and in
the third one we used Lemma
From the last equalities and our choice of 4, it follows that, for n large,

[(1=8)n]
El( ;;) 1%:0}) Py (We # 0,9 € [, WJ]])] >1-—1.
Next fix ¢ € (0,1/2) and write n(e) = Ln%“J to simplify notation. For every integer p > 1,

there exists a constant C) . such that, for every n > 1,

P(Tn(a) S n) S Cp75n_p.
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Hence, we also get, for every sufficiently large n,

Tn(e)~1 N
IE[( ’;0 1{VT/k=0})IP’(Wo)<We # 0,V € [1, Lénj]])l > 1 — 2.

By conditioning with respect to Wy, we see that the left-hand side of the preceding display is
equal to

’Tn(s)—l .
E[E(WO)[ > L) }P’(WO)(Wg;éO,WE[[1,L6nj]])].
k=0

We now note that, for every integer m > 1,
Tm—1 m—1
E(Wo)[ Z l{ﬁ/ko}‘| =2 G(_WO(_])) (33)

(we could write G(Wy(—j)) instead of G(—Wy(—7)) because S is symmetric, but the preceding
formula would hold also in the non-symmetric case). To derive formula , first consider the
case m = 1. By a standard property of simple random walk, we have for every integer ¢ > 0,

T1—1
Lo l > 1{<ki}] =2.
k=0

Then using the conditional distribution of W given the lifetime process (, we obtain

T1—1 e e] T1—1
E 1) [ ) 1{@:0}] =2 _Eqwy) [ > L= 1{@:0}1
k=0 i=0 k=0
00 T1—1
= Ewy) [ > 1{<k=z'}] pi(—Wo(0))
=0 k=0
= 2G(~Wp(0)).

(Of course here Wy(0) = 0, but the previous calculation holds independently of the value of
Wy(0).) The same argument shows that, for every j € [1,m — 1],

Ti+1—1
E(%)[ > 1{@:0}] =2G(=Wo(-j))
k=T;

and formula follows.
From and the preceding considerations, we get that, for all sufficiently large n,

n(e)—1
21@:[( > G(=Wol—1)))Pavyy (We # 0,9 € [1, [on]]) | > 1-21. (34)
j=0

Now recall that, under the probability measure P, (—Wy(—75));>0 has the same distribution as
(S5)j>0. At this point we need two other lemmas.

Lemma 17. For every integer p > 1, there exists a constant C(p) such that, for every n > 2,

B[(Y6(5))"] <€) ogny.
=0
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Proof. We first observe that

PI(20)] = FI(S 06 10s20)] +001)

as n — 00, because the event where sup{|S;|: 0 < j < n} > n has a probability which decreases
to 0 faster than any negative power of n. For every integer k > 1 and = € Z*, set

Using and the standard local limit theorem (see e.g. [14, Chapter 2]) one easily verifies
that, for every sufficiently large n, for all « € Z* such that || < n, the bound G,3(z) > 3G(z)
holds. Thanks to this observation, it is enough to bound

{(ZGnS ) Lsi<ny) |

However, if S’ stands for another random walk with the same distribution as S but independent
of S, we have

n n
Z Gns( [Z {SJ =Si} S}
j=0 =0
and by Lemma 1 in Marcus and Rosen [22], we know that there exists a constant C’(p) such
that, for every n > 2,

J':M:

[(inil{s]_g )] < ') togny.
§=0i=0

The desired bound follows since the conditional expectation is a contraction in LP. ]

Lemma 18. For every o > 0, there exists a constant C,, such that, for every integer m > 2,
we have

(‘ZG (Sk) — 2 4logm‘ >alogm) < C,(logm) /2.

We postpone the proof of Lemma[I§ and complete the proof of Proposition[§l An application
of Hélder’s inequality gives for p > 2,

E[(iG(Sg‘)) Lo 652 (4 +a)logm}]
iz
SE[(f:OG ) }W (f: (i ; ot a)logm)l/q

1/q

where ]lo + % =1 and we used Lemma Choosing p > 4 and using Lemma we obtain that

r%glle[(Z ) l{zj 0@ 4+a)10gm}] 0.

47\'0
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From and the fact that (—Wy(—j));j>0 has the same distribution as (Sj);>0, we then get,
for every sufficiently large n,

2 (W + a)(logn(e)) ]P’(Wg # 0,V € [1, Lénj]])
n(e)—1
=ik [( jzo G(_WO(_j))) 1{2;5371 G(=Wo(=)))2 (7557 +) logn(e)}

>1-3n.
Since logn(e) < (1 + ¢) logn, the preceding bound implies that

1-3p 1
(477204

o)L

lim inf(log n) (W # 0,¥¢ € [1, [6n]]) > - o

Now note that the ratio log|dn]/logn tends to 1 as n — oo, and that 1, € and « can be chosen
arbitrarily small. We conclude that

linniior.}f(log n) P(Wg # 0,V € [1, n]]) > 4ot

The proof of the analogous result for the limsup behavior is similar. In the same way as we
proceeded above, we arrive at the bound

<1

£ K;;) 1{v“vk=0}>P<wo> (We 7 0,vl e [[l,n]])

At this point, we would like to replace the sum from £ = 0 to n by a sum from k = 0 to 7)1,

where n/(e) = Ln%_aj for some fixed ¢ € (0,1/2). Simple arguments give the existence of a
constant C. such that, for every integer n > 1,

P(Tp(e) > n) < CL n~¢/2.

We can then write

Tn’(s)_l

. Tn’(a)_l
1> El( ;;) 1{Wk:0})P(WO)(Wg £ 0,V € ﬂl,nﬂ)] - Ell{fn,(a)m} ( ;;) 1{@:0})],

and by the Cauchy-Schwarz inequality, we have

Tn/(E)fl Tn/<5)71

1/2
2
Ell{fn,(g)zn}( g::o 1{v7/k=0}>1 S(Céns/2)1/2><E[( 3 1{%:0})] . (35)

To bound the expectation in the right-hand side, one can verify that, for every integer m > 1,

1Y B (- W(—g)

j=0

< 4<mz_ G(—%(—j)))

T —1 )
E[( kz:% Loy ‘WO =

where, for every x € Z*,

D(z) = > Gy)G(x—y)*

yezZ*
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The proof of the latter bound is smnlar to that of ( above, and we leave the details to the
reader. One then checks from that there exists a constant C such that

d(x) < C (|x| v 1)_ (1 +log(|z| V1)), forevery z € 72

It easily follows that
2

Tm—1
El( kz;; 1{‘%:0}) ] = O((logm)Q)

as m — 0o. Consequently the right-hand side of tends to 0 as n — oo and if n > 0 is fixed,
we have, for all n sufficiently large,

Tn/(e)—1
El( Z 1{V/[\/k:0}>IP(W0)<WZ #0,V0 e [[1,71]])‘| <1+n.
k=0

Just as we obtained , we deduce from the latter bound that

n/(e)—1
E[( Z G(—Wo(—j))>P(WO)<Wg 75 0,V¢ e ﬂl,n]])} <1l4n. (36)
7=0

Then fix a € (0, (47204)~1). Tt follows from that

1 , _
2 grzgr — logn'(e)) E [ 0O G- Wo(—))> (kg —0) logn/(c oy vy (We # 0,2 € [[1’“]])1

n/(e)—1
( Z G(—Wo(—]))> ]P)(Wo) (WK 7& OaVE € [[1,7”&]]>‘|
=0

<1l+mn.
On the other hand,

<2E

n'(e)-1
(logn’(e Z G(—Wou(=7)) < (%—a)logn’(a) — 0
dméo

n—oo
by Lemma [I8 By combining the last two displays, we get

1 —~
lim sup Q(W - a)(logn’(s))P(Wg # 0,V € ﬂl,n]]) <1+n.

n—oo

Since 1, € and « can be chosen arbitrarily small, we get

lim sup (logn) P(Wg # 0,V e [[1,n]]) < 4m?ot,
n—oo

which completes the proof of the first assertion of Proposition[§] The second assertion is an easy

consequence of the first one, noting that, for every e > 0, both P(7, > p?¢) and P(7, < p?~¢)

are o((logp)~1) as p — oo. O

Proof of Lemma [18§ The general strategy of the proof is to derive an analogous result for
Brownian motion in R*, and then to use a strong invariance principle to transfer this result to
the random walk S.

We let B = (B;)>0 be a four-dimensional Brownian motion started from 0 and set p; = | B
for every t > 0, so that (pt)¢>0 is a four-dimensional Bessel process started from 0. Here is the
Brownian motion version of Lemma [I8
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Lemma 19. Let € > 0. There exist two constants C(g) and () > 0 such that, for every
t>r>1,
tds 1 t t t
P — — Zlog(=)| > elog(=) ) < C(e) ()P,
(1[5~ 51080)| > cloaD)) <€) ()

Let us postpone the proof of Lemma [I9] We fix @ > 0 and consider an integer n > 1.
By an extension due to Zaitsev [26] of the celebrated Komlés-Major-Tusnady strong invariance
principle, we can construct on the same probability space the finite sequence (Si,...,S,) and
the Brownian motion (Bj)>0, in such a way that, for some constants ¢ > 0,¢ > 0 and K > 0
that do not depend on n, we have

E[exp (c max | Sk — O'Bk|)] < K exp(c'logn).

It readily follows that we can find constants C' > 0 and a > 0 (again independent of n) such
that
— < 7(1'
P(lrél%xnlsk oBy| > Clogn) < Kn

Let A > 2 be a constant. Then

AC’)

P( inf 4J|Bt| < AClogn) = P(%SEU‘Bt‘ < log 1

=0((1 -2
- ((logn)™=)

by an easy estimate. On the event

= — < i
E, {11%1]?%(” |Sk — o Bg| < Clogn} N {tz(glgn)40|Bt| > AC’logn}

we have, for every integer k such that (logn)* < k < n,

|Sk| > o|By| — Clogn > (1 —n)o| By
and

|Sk| < o|Bk| + Clogn < (14 n)o|By|

where n = 1/A. We now fix A so that n € (0,$) and 5n < 7%0la/2.
Recalling our estimate , we also see that (provided n is large enough) we have on the
event E,, for every integer k such that (logn)* < k < n,

1 1
1—3n)——— |Bi| 2 < < —— B2

Consequently, we have on the event F,,
1 n n 1 n
L=3n5=57 > IBl?< Y GO)<OU+3n55 > Bl

2 ~+4 2 ~4
2T50%  roam)™] k=[(1og n)*] 2m50%  roam)™]

The next step is to observe that
n

> B ?

k=[(logn)]
/n+1 dS
[(logn)*] | Bs|?
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up to a set of small probability. Indeed simple estimates show that, for any choice of k > 0, we
have

sup sup |Bs — Bg| < klogn
0<k<n k<s<k+1

outside of a set of probability O(n~!). By choosing  suitably, we then see that on the event

E, = Enﬂ{ sup sup |Bs — By gmlogn}
0<k<n k<s<k+1

we have

n+1 ds n B nth ds

(IOg TL)4.| |B ’ k= [(log n)4‘| ’— IOgn
and consequently
1 n+l ds i 1 n+l ds
(=55 | < G 4oy [ 5 ()
2m20% J(ogmy] |Bsf? kzmzog:n " 2m20% Ji(ogn)") | Bs|®

We also need to bound the quantity

[(logn)*]—1
> G(Sk).

k=0

However, from Lemma with p = 2, we immediately get that, for every integer m > 2 and
every h > 0,

P( i G(Sk) > h) < 0(2)(:?’")2. (38)
k=0
Finally,
(’ZG (Sk) — 10gn‘ >alogn)
[(logn)*]
Z G(S) > 5 logn) + P(| Z G(Sy) — logn' > S logn).
k=[(logn)*]

The first term in the right-hand side is O((logn)=3/2) by . On the other hand, by , the
second term is bounded by

c n+1 11 /1
‘/logn - | |2 5 Ogn‘ (0% ogn)

where o/ = (%7120404) A i is a constant independent of n, which satisfies

1 1 o 1 1 1 o
< — d (1-5n)(=—d > - —.
2m2g4 T An2ot + g o1 ( 77)(2 @ )277'20'4 Am2g4 2

(14 5m)(5 + )

(HeNre we use our choice of 1 such that 57 < m20%*a/2.) From preceding estimates, we have
P(ES) = O((logn)~2). On the other hand, Lemma [19] implies that

n+1 , b
lon>alon =0(n~
’/logn)ﬂ B2 2% ‘* : ) (n™)
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for some b > 0. This completes the proof of Lemma, [18]| O

Proof of Lemma [14 By a scaling argument, it is enough to consider the case r = 1, and we
consider only that case. For every integer k > 0, set

v = inf {t > 0: p, = eF}

Ye+1 ds
Yk Ps

A scaling argument shows that the variables Xj, k > 0 are identically distributed. Moreover,
the strong Markov property of the Bessel process implies that the variables Xz, & > 0 are
independent. Furthermore, the absolute continuity relations between Bessel processes can be
used to verify that these variables have small exponential moments. More precisely, using the
explicit form of the density of the law over the time interval [0,¢] of the four-dimensional Bessel
process started at 1 with respect to Wiener measure (see question 3 in Exercise XI.1.22 of Revuz
and Yor [25]), it is an easy exercise of martingale theory to verify that

and

v
E[63X0/8] = E[expz 1 ds} Ve < oo.
Set
= E[Xo] = E[X4]

for every k > 0. We can apply Cramér’s large deviation theorem to the sequence (X)g>o. It
follows that, for every § > 0, there exists a constant b(d) > 0 such that for every sufficiently
large n,

P(| 75 = eon] > om) < expibom). (39)

On the other hand, it is easy to verify that the variable

/70 ds
1 P2

has exponential moments. Just use the above-mentioned argument involving the density of the
law of the Bessel process to verify that

E[exp (Z/j0 f);;)} < 00

(deal separately with the cases 1 < 9 and 7y < 1). It then follows that, for every § > 0, and
for all sufficiently large n,

P(/jo (;2 > 5n> < exp(=b'(6)n)

with some constant b/(0) > 0. The same bound holds for the variable

/'Ym ds
BGR)
e2m p3

for any integer m > 0, since this variable has the same law as

/’YO ds
1 P
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by scaling.
By combining the latter facts with , we obtain that, for every § > 0, there exists a
constant b(d) > 0 such that, for every sufficiently large n,

eQn dS _
P / — —con| > dn) < exp(—b(d)n). (40)
() —an|>m)
At this stage, we can identify the constant ¢y, since the preceding arguments also show that

co = lim 1E[/162nds} =1

n—oo n

by a direct calculation of E[(ps)™2] = (2s)~!. Once we know that ¢y = 1, the statement of
Lemma, [19| follows from by elementary considerations: For every ¢t > 1, choose n such that
e2" < t < e2(v+1) and observe that

tds 1 2t g
— — =—logt >¢elogt; C / — —n>2n,,
whereas ,
td 1 e d
{/—j—flogt<—slogt}§{/ —j—n—l<—2€n}.
1 Ps 2 1 Ps
This completes the proof. O

4 The range of branching random walk

In this last section, we apply the preceding results to asymptotics for the range of branching
random walk in Z¢, d > 4. We assume that the offspring distribution p is critical and has finite
variance oi > 0, and that the jump distribution 6 is centered and has finite moments of order
d — 1 (and as usual that 6 is not supported on a strict subgroup of Z%).

Let M,(Z%) stand for the set of all finite point measures on Z%. Let Z = (Z,),>0 denote
the (discrete time) branching random walk with jump distribution 6 and offspring distribution
p1. This is the Markov chain with values in M, (Z?), whose transition kernel Q can be described
as follows. If

D
w=> 08, € My(Z"),

i=1
Q(w, -) is the distribution of
p &
Z Z O+ 5
i=1j=1
where {1, . . ., §, are independent and distributed according to p and, conditionally on (1, ... ,&p),

the random variables Y; ;, 1 <i <p, 1 < j <&, are independent and distributed according to 6.
More informally, each particle alive at time n is replaced at time n 4 1 by a number of offspring
distributed according to u, and the spatial position of each of these offspring is obtained by
adding a jump distributed according to € to the position of its parent.

The range of Z is then defined by

R(Z):=#{zeZ%:3n>0,2,(x)>1}.
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We also write N(Z) for the total progeny of Z,

o0

N(Z):= ) (Zn,1)

n=0

where (Z,,1) is the total mass of Z,. It is well known (and easy to prove using the Lukasiewisz
path introduced in the proof of Theorem (7)) that N(Z) has the distribution of the hitting time
of —(Zy,1) by a random walk on Z with jump distribution v(k) = pu(k+1), for k = —1,0,1,...,
started from 0.

Proposition 20. Suppose that d > 5. For every integer p > 1, let Z®) pe q branching random
walk with jump distribution 0 and offspring distribution u, such that (Z[()p), 1) =p. Then,

R(Z(P))

pll)rglo m =cup in probability,

where ¢, 9 > 0 is the constant in Theorem |Z| Consequently,

1 R(ZP) @), Cub 5

2 oo o2
P P ot

where the positive random variable J has density (2ms>)~1/? exp(le—s) on (0,00).

Proof. We may and will assume that there exists a sequence 71, 72, ... of independent random
trees distributed according to I, such that, for every p > 1, the genealogy of Z () is coded by
TY 72, ..., TP, meaning that 7 is the genealogical tree of the descendants of the i-th initial
particle of Z®), for every p > 1 and i € {1,...,p}. Notice that we have then

N(Z(p)) = H#T 4. 4 #TP.

For every i € {1,...,p}, we will write SZ-(p ) for the set of all spatial locations occupied by the
particles of Z() that are descendants of the i-th initial particle. Note that the location of the
i-th initial particle may depend on p. Clearly, we have

R(ZW) < #8P + -+ #8P. (41)

Let (Hg)r>o be the height process associated with the sequence 71, 72,... (see the proof
of Proposition |§[) Then, as an easy consequence of , we have the joint convergence in
distribution

1 1 (d)
((];HLPQtJ/\N(ZP))tZOv 2 N(Z(p))) —

p—0o0

2
(<U—M|ﬁwl/% D20 J1/c, ) (42)

where 3 is a standard linear Brownian motion, and for every s > 0, Js = inf{t > 0: LY(B) > s},
where (LY(3))¢>0 is the local time process of 3 at level 0. See [16], Section 1.4] for details of the

derivation of .

Fix ¢ > 0. For a € (0,1), let dp1,ip2,...,%pm, be all indices i € {1,...,p} such that
HT > ap?. It follows from that, if o has been chosen sufficiently small, the bound

N(Z(p)) _ (#Tip,l et #Tip,m,,) = Z #Ti < €p2 (43)

ie{l,...,p}\{ip’l,...,ip,mp}
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will hold with probability arbitrarily close to 1, uniformly for all sufficiently large p. On the
other hand, it also follows from ) that m,, converges in distribution as p — oo to a Poisson
distribution with parameter o, . 2/7ra (here the quantity /2/ma is the mass that the Ito
excursion measure assigns to excursmns of length greater than «). In particular, by choosing «
even smaller if necessary, we have P(m, > 1) > 1 — ¢ for all p large enough. We now fix o > 0
so that the preceding properties hold for all p large enough.

Next we observe that, conditionally on m,, the trees 71, ..., Tirme are independent and
distributed according to IL,(- | #7 > ap?). From Theorem [7| we now get that

#ST) + o+ #SD
P )#Tiil+m+#71pﬂfp ~cug| > |mp=1) — 0. (44)
Then, on the one hand, we have from ,
REV) < #8)) +#S), + X #T

ie{l,‘..,p}\{ipyl,...,ip,mp}

and on the other hand,

RZP) > #8P + -+ #8

v #SP s,

1<k<t<my

Taking into account the bound and the fact that p~2N(Z®)) converges in distribution to a
positive random variable, we see that the first assertion of the proposition will follow from the
last two bounds and , provided we can verify that

> #sP ns?) Do (45)

1
— 00
P” 1<k<t<m,

Recall that m, converges in distribution to a finite random variable. In order to establish
, it is enough to verify that, if S®1, respectively S®)2, is the set of points visited by a
random walk indexed by a tree distributed according to I, (- | #7 > ap?), with the spatial
location of the root equal to z1, resp. to x9, and if S®1 and S®)2 are independent, we have

1
- @)1 A )2
> E[#(sP ns®2)] — o.
However,
E[#(S(p)’l mg(p)ﬂ)] = Y PyesSP)PyesP?) < 3 P(yesPy,

y€eZa yeZa

using the Cauchy-Schwarz inequality and translation invariance, which also allows us to take
21 = 0. By a first moment argument, we have then

Go(y)
I, (#T > ap?) :

where the constant ¢(,) > 0 depends only on p. Here we used the classical bound

Py € 5P) < 1< (e} v/apGaly) A1

Hu(#T > k) > Cu) k71/2, k>1,
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which follows from the fact that the distribution of #7 under II,, coincides with the law of the
first hitting time of —1 by a random walk on Z with jump distribution v started from 0 (see the
proof of Theorem . Finally, we have

1 _ 1
> E[#(SP 08P < 3 (¢ 3aGo(y)?) A >

A

and the right-hand side tends to 0 as p — oo by dominated convergence, noting that

Y Goly)? <o

y€eZd

by . This completes the proof of the first assertion of the proposition.

The second assertion follows from the first one and the convergence in distribution of
p2N(Z2P) to J1/0,- Just note that Jy,,, has the same law as 0';2J1 by scaling, and that
Ji is distributed as the first hitting of 1 by a standard linear Brownian motion, whose density
is as stated in the proposition. O

We now state the result corresponding to Proposition [20]in the critical dimension d = 4. As
previously, we must restrict our attention to the geometric offspring distribution.

Proposition 21. Suppose that d = 4, and that p is the critical geometric offspring distribution.
Also assume that 0 is symmetric and has small exponential moments, and set 0% = (det My)'/*.
For every integer p > 1, let Z®) be a branching random walk with jump distribution 0 and

offspring distribution u, such that <Zép), 1) = p. Then,

(logp) R(2P))

pggo N(Z®) =8n%0* in probability.

Consequently,

1
ﬁf R(Z®) (D g2 o4 J,
p p—0o0

where J is as in Proposition [20,

The proof of Proposition 21] goes along the same lines as that of Proposition using now
Theorem [14] instead of Theorem [7] A few minor modifications are needed, but we will leave the
details to the reader.
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