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THE RANGE OF TREE-INDEXED RANDOM WALK
IN LOW DIMENSIONS

By JEAN-FRANGOIS LE GALL AND SHEN LIN

Université Paris-Sud

Abstract We study the range R, of a random walk on the d-
dimensional lattice Z¢ indexed by a random tree with n vertices.
Under the assumption that the random walk is centered and has fi-
nite fourth moments, we prove in dimension d < 3 that n~ YR,
converges in distribution to the Lebesgue measure of the support of
the integrated super-Brownian excursion (ISE). An auxiliary result
shows that the suitably rescaled local times of the tree-indexed ran-
dom walk converge in distribution to the density process of ISE. We
obtain similar results for the range of critical branching random walk
in Z%, d < 3. As an intermediate estimate, we get exact asymptotics
for the probability that a critical branching random walk starting
with a single particle at the origin hits a distant point. The results
of the present article complement those derived in higher dimensions
in our earlier work.

1. Introduction. In the present paper, we continue our study of asymptotics for the num-
ber of distinct sites of the lattice visited by a 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 denoted by the symbol &. Given such a
tree T and a probability measure 6 on Z?, we can consider the random walk with jump distribu-
tion # 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
Y. distributed according to 6, and we let the spatial location Z7(u) of the vertex u be the sum
of the quantities Y. 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 Z7.

In our previous work [13], we stated the following result. Let 6 be a probability distribution
on Z%, which is symmetric with finite support and is not supported on a strict subgroup of Z?,
and for every integer n > 1, let 7,7 be a random tree uniformly distributed over all plane trees
with n vertices. Conditionally given 7, let Z7o be a random walk with jump distribution 6
indexed by 7, and let R, stand for the range of Z75. Then,

o ifd>5,
1
*Rn @) co ,
n n—o0

P
where ¢y > 0 is a constant depending on ¢, and Q> indicates convergence in probability;
o if d =4,

logn 2
& R, = 8n%0%,
n n—o00

where o2 = (det My)'/4, with M, denoting the covariance matrix of 6;
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—_ d
(1) Ry 1Dy M(supp(T)).

where ¢y = 294 (det My)'/? is a constant depending on 6, and \g(supp(Z)) stands for the
Lebesgue measure of the support of the random measure on R? known as Integrated Super-
Brownian Excursion or ISE (see subsection 2.3 below for a definition of ISE in terms of
the Brownian snake, and note that our normalization is slightly different from the one in
[1])-

Only the cases d > 5 and d = 4 were proved in [13], in fact in a greater generality than stated
above, especially when d > 5. In the present work, we concentrate on the case d < 3 and we prove
a general version of the convergence (1), where instead of considering a uniformly distributed
plane tree with n vertices we deal with a Galton-Watson tree with offspring distribution u
conditioned to have n vertices.

Let us specify the assumptions that will be in force throughout this article. We always assume
that d < 3 and

e 11 is a nondegenerate critical offspring distribution on Z,, such that, for some A > 0,
o
S M k) < oo,
k=0

and we set p := (var u)'/? > 0;
e 0 is a probability measure on Z¢, which is not supported on a strict subgroup of Z%; 6 is

such that
: 4 d. —
(2) rggloor O{z €Z: x| >r}) =0,
and 6 has zero mean; we set o = (det Mp)'/?* > 0, where M, denotes the covariance

matrix of 6.

Note that (2) holds if # has finite fourth moments.

For every m > 1 such that this makes sense, let 7, be a Galton-Watson tree with offspring
distribution p conditioned to have n vertices. Note that the case when 7, is uniformly distributed
over plane trees with n vertices is recovered when p is the geometric distribution with parameter
1/2 (see e.g. Section 2.2 in [14]). Let Z7, denote the random walk with jump distribution 6
indexed by 7,, and let R, be the range of Z7,. Theorem 5 below shows that the convergence
(1) holds, provided that cg is replaced by the constant 24/2¢%p=4/2,

An interesting auxiliary result is an invariance principle for “local times” of our tree-indexed
random walk. For every a € Z%, let

Lo(a) = Y Yz, (w)=a)

u€Tn

be the number of visits of a by the tree-indexed random walk Z7,. For = (z1,...,24) € RY,
set |z] :== (|x1],...,[z4]). Then Theorem 4 shows that the process

(n3! La([n'/*2)))

zeR4\{0}
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THE RANGE OF TREE-INDEXED RANDOM WALK 3

converges as n — 00, in the sense of weak convergence of finite-dimensional marginals, to the
density process of ISE (up to scaling constants and a linear transformation of the variable z).
Notice that the latter density process exists because d < 3, by results due to Sugitani [19]. In
dimension d = 1, this invariance principle has been obtained earlier in a stronger (functional)
form by Bousquet-Mélou and Janson [3, Theorem 3.6] in a particular case, and then by Devroye
and Janson [5, Theorem 1.1] in a more general setting. Such a strengthening might also be
possible when d = 2 or 3, but we have chosen not to investigate this question here as it is not
relevant to our main applications. In dimensions 2 and 3, Lalley and Zheng [7, Theorem 1] also
give a closely related result for local times of critical branching random walk in the case of a
Poisson offspring distribution and for a particular choice of 6.

Our tree-indexed random walk can be viewed as a branching random walk starting with a
single initial particle and conditioned to have a fixed total progeny. Therefore, it is not surprising
that our main results have analogs for branching random walks, as it was already the case in
dimension d > 4 (see Propositions 20 and 21 in [13]). For every integer p > 1, consider a (discrete
time) branching random walk starting initially with p particles located at the origin of Z¢, such
that the offspring number of each particle is distributed according to u, and each newly born
particle jumps from the location of its parent according to the jump distribution 6. Let VP!
stand for the set of all sites of Z¢ visited by this branching random walk. Then Theorem 8 shows
that, similarly as in (1), the asymptotic distribution of p~ 24Pl g the Lebesgue measure of
the range of a super-Brownian motion starting from Jy (note again that this Lebesgue measure
is positive because d < 3, see [4] or [19]). In a related direction, we mention the article of Lalley
and Zheng [8], which gives estimates for the number of occupied sites at a given time by a critical
nearest neighbor branching random walk in Z¢.

Our proof of Theorem 8 depends on an asymptotic estimate for the hitting probability of a
distant point by branching random walk, which seems to be new and of independent interest.
To be specific, consider the set VI of all sites visited by the branching random walk starting
with a single particle at the origin. Consider for simplicity the isotropic case where My = o2 1d,
where Id is the identity matrix. Then Theorem 7 shows that

2
lim |a|? P(a e V) = M.
|a]—o0 P
See subsection 5.1 for a discussion of similar estimates in higher dimensions.

Not surprisingly, our proofs depend on the known relations between tree-indexed random
walk (or branching random walk) and the Brownian snake (or super-Brownian motion). In
particular, we make extensive use of a result of Janson and Marckert [6] showing that the
“discrete snake” coding our tree-indexed random walk Z7, converges in distribution in a strong
(functional) sense to the Brownian snake driven by a normalized Brownian excursion. It follows
from this convergence that the set of all sites visited by the tree-indexed random walk converges
in distribution (modulo a suitable rescaling) to the support of ISE, in the sense of the Hausdorff
distance between compact sets. But, of course, this is not sufficient to derive asymptotics for the
number of visited sites.

Our assumptions on p and 6 are similar to those in [6]. We have not striven for the great-
est generality, and it is plausible that these assumptions can be relaxed. See in particular [6]
for a discussion of the necessity of the existence of exponential moments for the offspring dis-
tribution p. It might also be possible to replace our condition (2) on € by a second moment
assumption, but this would require different methods as the results of [6] show that the strong
convergence of discrete snakes to the Brownian snake no longer holds without (2).
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4 J.-F. LE GALL AND S. LIN

The paper is organized as follows. Section 2 presents our main notation and gives some
preliminary results about the Brownian snake. Section 3 is devoted to our main result about the
range of tree-indexed random walk in dimension d < 3. Section 4 discusses similar results for
branching random walk, and Section 5 presents a few complements and open questions.

2. Preliminaries on trees and the Brownian snake.

2.1. Finite trees. We use the standard formalism for plane trees. We set
oo
u:=J N,
n=0

where N = {1,2,...} and N = {@}. If u = (u1,...,u,) € U, we set |u| = n (in particular
|| = 0). We write < for the lexicographical order on U, so that @ < 1 < (1,1) < 2 for instance.
A plane tree (or rooted ordered tree) 7 is a finite subset of U such that:

(i) o €T;
(ii) Ifu=(ug,...,uy) € T\{@} then @ = (uy,...,up—1) € T;
(iii) For every u = (uy,...,un) € T, there exists an integer k,(7) > 0 such that, for every
JEeN, (ur,...,up,j) € T if and only if 1 < j < k(7).

The notions of a descendant or of an ancestor of a vertex of T are defined in an obvious way. If
u,v € T, we will write u Av € T for the most recent common ancestor of u and v. We denote
the set of all planes trees by T.

Let 7 be a tree with p = #7 vertices and let @ = vy < v < -+ < vp_1 be the vertices of T
listed in lexicographical order. We define the height function (H;)o<i<p of T by setting H; = |v;]|
for every 0 <i <p—1, and H, = 0 by convention.

Recall that we have fixed a probability measure p on Z, satisfying the assumptions given in
Section 1, and that p? = var . The law of the Galton-Watson tree with offspring distribution
is a probability measure on the space Ty, which is denoted by II,, (see e.g. [12, Section 1]).

We will need some information about the law of the total progeny #7 under 1I,. It is well
known (see e.g. [12, Corollary 1.6]) that this law is the same as the law of the first hitting time
of —1 by a random walk on Z with jump distribution v(k) = pu(k+1), k= —1,0,1, ... started
from 0. Combining this with Kemperman’s formula (see e.g. [17, p.122]) and using a standard
local limit theorem, one gets

2
pV2r
Suppose that g is not supported on a strict subgroup of Z, so that the random walk with jump
distribution v is aperiodic. The preceding asymptotics can then be strengthened in the form

1
pV2r

2.2. Tree-indexed random walk. A (d-dimensional) spatial tree is a pair (7, (zy)ye7) Where
T € Ty and z, € Z2 for every u € T. We let T% be the set of all spatial trees.

Recall that 6 is a probability measure on Z¢ satisfying the assumptions listed in the introduc-
tion. We write H;ﬁ for the probability distribution on ']I‘} under which 7 is distributed according
to II,, and, conditionally on 7, the “spatial locations” (z,),ec7 are distributed as random walk

(3) Jim KV (#T > k) =

(4) Jim K2 IL,(#T = k) =
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THE RANGE OF TREE-INDEXED RANDOM WALK 5

indexed by 7T, with jump distribution 6, and started from 0 at the root @: This means that,
under the probability measure H;’;’a, we have zy = 0 a.s. and, conditionally on 7, the quantities
(24 — za,u € T\{@}) are independent and distributed according to 6.

2.3. The Brownian snake. We refer to [11] for the basic facts about the Brownian snake
that we will use. The Brownian snake (W;)s>0 is a Markov process taking values in the space
W of all (d-dimensional) stopped paths: Here a stopped path w is just a continuous mapping
w : [0, ()] — R?, where the number Cw) = 0, which depends on w, is called the lifetime of
w. A stopped path w with zero lifetime will be identified with its starting point w(0) € R%. The
endpoint w(((,)) of a stopped path w is denoted by .

It will be convenient to argue on the canonical space C(R, W) of all continuous mappings
from R4 into W, and to let (W;)s>0 be the canonical process on this space. We write (s := ()
for the lifetime of W;. If 2 € R?, the law of the Brownian snake starting from z is the probability
measure P, on C'(Ry, W) that is characterized as follows:

(i) The distribution of ({s)s>o under P, is the law of a reflected linear Brownian motion on
R started from 0.

(ii) We have Wy = z, P, a.s. Furthermore, under P, and conditionally on ((s)s>0, the process
(Ws)s>0 is (time-inhomogeneous) Markov with transition kernels specified as follows. If
0<s<s,

o Wy (t) = Wi(t) for every 0 <t < me(s,s') :=min{¢: s <r <s'};

o (Wy(me(s,s')+1) = Wy (me(s,s))oct<c, —me(s,s') 1 a standard Brownian motion in
R? independent of Wi.

We will refer to the process (Ws)s>o under Py as the standard Brownian snake.

We will also be interested in (infinite) excursion measures of the Brownian snake, which we
denote by N, = € R?. For every x € R?, the distribution of the process (Ws)s>0 under N, is
characterized by properties analogous to (i) and (ii) above, with the only difference that in (i)
the law of reflected linear Brownian motion is replaced by the [t6 measure of positive excursions
of linear Brownian motion, normalized in such a way that N, (sup{¢s : s > 0} > ) = (2¢)~!, for
every € > 0.

We write v := sup{s > 0: {5 > 0}, which corresponds to the duration of the excursion under

N.. A special role will be played by the probability measures N(;) := Ng(- | v = r), which are

defined for every z € R% and every r > 0. Under Ng(f), the “lifetime process” ((s)o<s<r is a
Brownian excursion with duration r. From the analogous decomposition for the It6 measure of

Brownian excursions, we have

o dr (r)
5 N :/ — N, 7.
(5) " Jo 2vams °

The total occupation measure of the Brownian snake is the finite measure Z on R defined

under N, or under Ng(f), by the formula

z0= | " ds (W),

for any nonnegative measurable function ¢ on R%.
Under Ng), Z is a random probability measure, which in the case x = 0 is called ISE for
integrated super-Brownian excursion (the measure Z in (1) is thus distributed as Z under Nél)).
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6 J.-F. LE GALL AND S. LIN

Note that our normalization of ISE is slightly different from the one originally proposed by
Aldous [1].

The following result will be derived from known properties of super-Brownian motion via the
connection between the Brownian snake and superprocesses.

PropPoOSITION 1. Both N, a.e. and N(wl) a.s., the random measure Z has a continuous density
on Re, which will be denoted by (¢¥,y € RY).

REMARK. When d = 1, this result, under the measure N(()l), can be found in [3, Theorem 2.1].

PROOF. By translation invariance, it is enough to consider the case x = 0. We rely on
the Brownian snake construction of super-Brownian motion to deduce the statement of the
proposition from Sugitani’s results [19]. Let (W?*);cr be a Poisson point measure on C'(R4, W)
with intensity No. With every i € I, we associate the occupation measure Z¢ of W*. Then

Theorem IV.4 in [11] shows that there exists a super-Brownian motion (X;);>¢ with branching
mechanism 1 (u) = 2u? and initial value Xy = do, such that

/Ootht:Zzi.
0

il

As a consequence of [19, Theorems 2 and 3], the random measure [;° dt X; has a.s. a continuous
density on R%\{0}. On the other hand, let B(0,¢) denote the closed ball of radius ¢ centered at
0 in R¥. Then, for every € > 0, the event

A= {#{i € I: ZY(B(0,¢)°) > 0} = 1}

has positive probability (see e.g. [11, Proposition V.9]). On the event A., write iy for the unique
index in I such that Z%(B(0,¢)¢) > 0. Then, still on the event A., the measures [;° dt X; and Z%
coincide on B(0,€)¢. The conditional distribution of W% knowing A. is No(- | Z(B(0,¢)¢) > 0),
and we conclude that Z has a continuous density on B(0,¢)¢, No(-| Z(B(0,¢)¢) > 0) a.s. As this
holds for any € > 0, we obtain that, Ny a.e., the random measure Z has a continuous density
on R4\ {0}. Via a scaling argument, the same property holds N(()l) a.s. This argument does not
exclude the possibility that Z might have a singularity at 0, but we can use the re-rooting
invariance property (see [1, Section 3.2] or [15, Section 2.3]) to complete the proof. According to
this property, if under the measure Nél) we pick a random point distributed according to Z and
then shift Z so that this random point becomes the origin of R?, the resulting random measure
has the same distribution as Z. Consequently, we obtain that N(()l) a.s., Z(dx) a.e., the measure
Z has a continuous density on R%\{z}. It easily follows that Z has a continuous density on R%,

Ngl) a.s., and by scaling again the same property holds under Ng. ]

Let us introduce the random closed set
R = {Wszogsgy}.
Note that, by construction, Z is supported on R, and it follows that, for every y € R4\ {z},

(6) {# >0} c {yeR}, N,ae or NV as.
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THE RANGE OF TREE-INDEXED RANDOM WALK 7

PROPOSITION 2. For every y € R4\ {z},
(>0 ={yeR}, N, ae and NV a.s.

ProoF. Fix y € R, and consider the function u(z) := N (¢ > 0), for every z € R?\{y}. By
simple scaling and rotational invariance arguments (see the proof of Proposition V.9 (i) in [11]
for a similar argument), we have

u(a) = Calz —y| ™

with a certain constant Cj > 0 depending only on d. On the other hand, an easy application of
the special Markov property [10] shows that, for every r > 0, and every x € B(y,r)¢, we have

u(z) =Ny [1 — exp ( - /XB(y’r)c(dz) u(z))}

where XBW")° stands for the exit measure of the Brownian snake from the open set B(y,r)°.
Theorem V.4 in [11] now shows that the function w must solve the partial differential equation
Au = 4u? in R4\ {y}. Tt easily follows that Cy = 2 — d/2.

The preceding line of reasoning also applies to the function v(z) := Nz (y € R) (see [11, p.91]),
and shows that we have v(z) = (2 — d/2)|x — y|~2 = u(x) for every z € R¥\{y} - note that
this formula for v can also be derived from [4, Theorem 1.3] and the connection between the
Brownian snake and super-Brownian motion. Recalling (6), this is enough to conclude that

(7) (>0 ={yeR), N,ae

for every z € R4\ {y}.
We now want to obtain that the equality in (7) also holds Ng(cl) a.s. Note that, for every fixed

x, we could use a scaling argument to get that {¢¥ > 0} = {y € R}, NGV a.s., for \g a.e. y € R%,
where we recall that Ay stands for Lebesgue measure on R%. In order to get the more precise
assertion of the proposition, we use a different method.

By translation invariance, we may assume that 2 = 0 and we fix y € R?\{0}. We set T}, :=
inf{s > 0: W, = y}. Also, for every s > 0, we set

Y e s -1 [ R

Y= 1lgélf (Aa(B(y,¢))) /0 dr 1{|Wr—y|§a}’
Note that ZZJY = (Y, Ny a.e. and N((]l) a.e. We then claim that, for every s > 0,
(8) (T, <s}={>0}, Np a.e.

The inclusion {#¥ > 0} c {T, y < s} is obvious. In order to prove the reverse inclusion, we argue
by contradiction and assume that

NO(Ty <s, fg = 0) > 0.

Note that N (7}, = s) = 0 (because NO(WS = y) = 0), and so we have also No(T}, < s, v =0) > 0.
For every n > 0, let

T = inf {r > T,: & < (Cr, —m) "}
Notice that, by the properties of the Brownian snake, the path WT;SW) is just Wr, stopped at
time (¢, — 1)
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8 J.-F. LE GALL AND S. LIN

From the strong Markov property at time T, we easily get that Tén) 1T, asnl 0, Nya.e.

on {T, < oo}. Hence, on the event {7, < s}, we have also T;n) < s for n small enough, Ny a.e.

Therefore, we can find n > 0 such that
No(T, < s,E?yM =0)>0.

However, using the strong Markov property at time Té"), and Lemma V.5 and Proposition
V.9 (i) in [11], we immediately see that, conditionally on the past up to time Ty(n), the event
{W, 4y, Vr> Ty(n)} occurs with positive probability. Hence we get

No(Ty < 5,82 =0) > 0.

Since Eg = (¥, this contradicts (7), and this contradiction completes the proof of our claim (8).

Finally, we observe that, for every s € (0,1), the law of (W, )o<r<s under N(()l) is absolutely

continuous with respect to the law of the same process under Ny (this is a straightforward
consequence of the similar property for the Itd excursion measure and the law of the normalized
Brownian excursion, see e.g. [18, Chapter XII]). Hence (8) also gives, for every s € (0,1),

T, < s} = {¥>0}, N a.s.,
{ Y S 0
and the fact that the equality in (7) also holds N(()l) a.s. readily follows. O

3. Asymptotics for the range of tree-indexed random walk. Throughout this section,
we consider only integers n > 1 such that I, (#7 = n) > 0 (and when we let n — oo, we mean
along such values). For every such integer n, let (7, (Z"(u))ue7,) be distributed according to

o(|#T =mn). Then T, is a Galton-Watson tree with offspring distribution p conditioned to
have n vertices, and conditionally on 7,, (Z"(u))uc7, is a random walk with jump distribution
0 indexed by T,.

We set, for every ¢ > 0 and z € R?,

(@) ! exp (— T Mo
= xp ( —
b Qrt)42 Jdet My ¥ ’

where z - y stands for the usual scalar product in R¢.
For every a € Z%, we also set

Ln(a) = Z 1{Z”(u):a}'

u€Tn
LEMMA 3. For every € > 0, there exists a constant C. such that, for every n and every
b e 24 with |b| > enl/4,
B[(Ln(b)’] < Cen®72.
Furthermore, for every z,y € RN\{0}, and for every choice of the sequences (zy,) and (yy) in Z¢
such that n=*z, — = and n=Y4y,, — y as n — oo, we have

lim n%72 E[Ln(xn) Ln(yn)] = 90(1:7?/)7

n—00

where

90(1" y) = P4 /(]R )8 drq drgdrs (Tl +ro + Tg)epr(r1+r2+r3)2/2 ~/]Rd dzprl (Z)prz (l‘ - Z)pr:s (y - Z)'
+

The function ¢ is continuous on (R4\{0})2.
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THE RANGE OF TREE-INDEXED RANDOM WALK 9

REMARK. The function ¢ is in fact continuous on (R%)2. Since we will not need this result,
we leave the proof to the reader.

PROOF. We first establish the second assertion of the lemma. We let ug,u?, ..., u;_; be the
vertices of T, listed in lexicographical order. By definition,

n—1
Ln(xn) - Z 1{Z”(u?):xn}a
=0

so that
n—1ln—1
E[Lyp(zn)Ln(yn)] = E{ZO ZO Lizn(w)=an, 27 (u?)=yn} |-
1=V 7=
Let H" be the height function of the tree 7y, so that H* = |u}| for every ¢ € {0,1,...,n—1}. If
i,j € {0,1,...,n — 1}, we also use the notation H} = lul” A u?\ for the generation of the most

recent common ancestor to u;" and uj, and note that

9)

H; — min Hﬁ‘ <1.
J N <k<ivy

Write 7, = 6*F for the transition kernels of the random walk with jump distribution 6. By
conditioning with respect to the tree 7,, we get

n—1ln—1 :|

E[Ln(xn)Ln(yn)] =FE [ Z Z Z ﬂﬁﬁj (a) 77}[?71511??]_ (7, — a) WH]?L,ﬁ[ﬁj (Yn —a)

i=0 j=0 qe7d
(10) _ ”QEUOI /01 dsdt o7 (ansJ,antj,ﬁfnsj,w)},
where we have set, for every integers k, ¢, m > 0 such that k A £ > m,
Dy (b lym) = Z T (@) Tg—n (T, — @) Tp—m (Y — @).
aezs

In the remaining part of the proof, we assume that 6 is aperiodic (meaning that the subgroup
generated by {k > 0: m(0) > 0} is Z). Only minor modifications are needed to treat the general
case. We can then use the local limit theorem, in a form that can be obtained by combining
Theorems 2.3.9 and 2.3.10 in [9]. There exists a sequence J,, converging to 0 such that, for every
n>1,

@ d/2 _ 5

(11) sup ( (14 ——)n"%|mn(a) — pa(a)]) < on.
acZa n

Let (kn), (£n), (my) be three sequences of positive integers such that n='/2k, — u, n=Y2¢, — v

and n=/2m,, — w, where 0 < w < u A v. Write

nd/2®2nayn (kn7 gn’ mn) = n3d/4 Rd dZ Wmn(LG1/4J)7Tkn_m7z (xn - LG1/4J )ﬂ-gn_mn (yn - LG1/4J)’

and note that, for every fixed z € R,

Y 1, (20 ]) = pu(2),

Jim i, (e~ Lan'4]) = puu(x — 2)

Jim g, (g = L)) = poay = 2),

lim n
n—oo
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10 J.-F. LE GALL AND S. LIN

by (11). These convergences even hold uniformly in z. It then follows that

(12) lim nd/2(1>¥n’yn (k:n,fn, mn) = /]Rd dz pw(z)pufw($ - Z)pvfw(y - Z) =: \I’x,y(ua v, w)-

n—oo

Indeed, using (11) again, we have, for every K > 2(|z| V |y|) + 2 and every sufficiently large n,

w0 [ Ao, (e ) o L), (g — o)
{lzI=K+1}

1 3
<C dz (———= ) ,
{l2>K+1} ((IZI - 1)2>
with a constant C independent of n and K. The right-hand side of the last display tends to 0 as
K tends to infinity. Together with the previously mentioned uniform convergence, this suffices
to justify (12).
By [12, Theorem 1.15], we have

P _ 21n (d)
(Gn VEHE ocer i (@ogeer

where (et)o<t<1 is a normalized Brownian excursion, and we recall that p? is the variance of p.
The latter convergence holds in the sense of the weak convergence of laws on the Skorokhod space
D([0,1], Ry) of cadlag functions from [0, 1] into R.. Using the Skorokhod representation theorem,
we may and will assume that this convergence holds almost surely, uniformly in ¢ € [0,1].
Recalling (9), it follows that we have also

P _—1/2 tn :
-n H — min e, =: me(S,t
2 [nshlnt) ;52 0000, O =5 (s, 1),

uniformly in s,¢ € [0, 1], a.s.
As a consequence of (12) and the preceding observations, we have, for every s,t € (0,1) with

s #t,
. n n n rTrn 2 2 2
(13) Jljgond/mbxn,yn( s s H it LNSMNH) = \llmj(;es, ;et, ;me(s,t)), a.s.

We claim that we can deduce from (10) and (13) that

n—oo

Lol 2 2 2
(14) lim %2 E[Ln(20) Ln(yn)] = E[/ / ds dt \Ifx,y<es,et,me(s,t)>}
0 Jo p o Tp

Note that the right-hand side of (14) coincides with the function ¢(x,y) in the lemma. To see
this, we can use Theorem IIL.6 of [11] to verify that the joint density of the triple

(me(s,t), s — me(s,t), € — me(s,t))
when s and ¢ are chosen uniformly over [0, 1], independently and independently of e, is
16(r1 4 1o + r3) exp(—2(r1 + 2 + 73)?).

So the proof of the second assertion will be complete if we can justify (14). By Fatou’s lemma,
(10) and (13), we have first

Tl 2 2 2
lim inf n% 2 E[Ly(zy) Ln(yn)] > E [/ / dsdt W, (*esa —ey, —Me(s, t))} .
o Jo p p p

n—oo
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THE RANGE OF TREE-INDEXED RANDOM WALK 11

Furthermore, dominated convergence shows that, for every K > 0,

1 1
. d/2Fn n n rTn
hrn E|:/ / dsdt / (I)wnyn(HLnsJ’thtJ’HLnsJytntJ)/\K):|

n—oo

_E[//dsdt 2y es,time(s,t))/\K)].

Write Ty, (s, t) = n%/2®" (H\_nsj’ LntJ’ Lnsj n tJ) to simplify notation. In view of the preceding

Tn,Yn
comments, it will be enough to verify that
1,1
(15) Klgnoo <1i7ILn_>S£pE[/O /0 dsdt T, (s,t) 1{Fn(s,t)>K}}) =0.

To this end, we will make use of the bound

(16) supm(x) < M (|2~ A 1),
k>0

which holds for every € Z¢ with a constant M independent of z. This bound can be obtained
easily by combining (11) and Proposition 2.4.6 in [9]. Then let &, £,m > 0 be integers such that
k N £ > m, and recall that

UM n (k,¢,m) = Z T (@) Tg— (T, — @) Tp—m (Y — @).

acZd

Fix € > 0 such that |z| A |y| > 2e. Consider first the contribution to the sum in the right-hand
side coming from values of a such that |a| < en!/%. For such values of a (and assuming that n
is large enough), the estimate (16) allows us to bound both m;_,,(z, — a) and 7y_, (y, — a) by
Me=%n~4% On the other hand, if |a| > en'/*, we can bound 7,,(a) by Me~%n~%*, whereas
(11) shows that the sum
Z 7"-k—m(xn - CL) 7W—m(yn - CL)
|a|>ent/

—d/2

is bounded above by c¢;((k —m) A (£ —m)~%2 A1) for some constant ¢;. Summarizing, we

get the bound
(k,0,m) < M2e™2dp=42 4 o) Me= =4 ((k — m)~ Y2 A (0 = m)~¥2 A1)
<eren ¥4 on Y (k4 0—2m)" Y2 A1),

«Tny

where ¢, and cz . are constants that do not depend on n, k, ¢, m. Then observe that, for every
s,t € (0,1), 5

Hipay + Hipey = 2Hps |ty = o (W] uf));
where d,, denotes the usual graph distance on 7,,. From the preceding bound, we thus get

Ln(s,t) <cre+ 027€nd/4 (dn(u?nsj ’ u?ntp_dm N 1)'
It follows that, for every K > 0,

1 1
/O/dsdtl“n(s,t)l{r (s,it)>c1,e+ea K}

/ / dsdt(cre + caen® (du(ufp,ufy )~ A1) 1 {nt/ 4

=07 Y (ere+ cpen™ (dau,0) 7 A1)
u,WETn

[ns] U Lntj )_d/2>K}

{dn(uﬂ))<K72/d nl/z} :
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12 J.-F. LE GALL AND S. LIN

By an estimate found in Theorem 1.3 of [5], there exists a constant ¢y that only depends on g,
such that, for every integer k > 1,

(17) E[#{(u,v) € To X T : dn(u,v) = k}]| < cokn.

It then follows that

1,1
E{/O /0 dsdtTy(s,t) 1{Fn(s,t)>c1,5+02,51{}}

|K—2/dpnl/?]
< n’l(ch + cz7end/4) +eon! Z E(cie + CQ,and/‘lk’dﬂ).
k=1
It is now elementary to verify that the right-hand side of the preceding display has a limit g(K)
when n — oo, and that g(K) tends to 0 as K — oo (note that we use the fact that d < 3). This
completes the proof of (15) and of the second assertion of the lemma.
The proof of the first assertion is similar and easier. We first note that

E[Ln(b)?] —E[ S o, (ful o], u A o)
u,WETn

1/4

where the function ®, is defined as above. Then, assuming that |b| > 2en'/*, the same argu-

ments as in the first part of the proof give the bound
bo(lul, o], lu A vl) < eren™ + o on™ ¥ (dp(u, 0) "2 A1),

By summing over all choices of v and v, it follows that

E[Ln(b)Q] < cLsfnz_d/2 + 0275n_d/4 (n +F Z dn(u, v)_d/2] +n? x n_d/4>
u, €T, 1<dy (u,v)<y/n
Lvn]
< (e10 + 2c0)n* Y% 4 ¢y .~/ > k=2 E[#{(u,v) € Tn: dn(u,v) = k}],
k=1

and the bound stated in the first assertion easily follows from (17).
Let us finally establish the continuity of ¢. We fix ¢ > 0 and verify that ¢ is continuous on
the set {|x| > 2e, |y| > 2¢}. We split the integral in dz in two parts:

— The integral over |z| < e. Write ¢1 -(x, y) for the contribution of this integral. We observe
that, if |z| < e, the function x — p,,(z — z) is Lipschitz uniformly in z and in 75 on the set
{|z| > 2¢}, and a similar property holds for the function y — p,,(y — 2). It follows that
¢1 ¢ is a Lipschitz function of (z,y) on the set {|z| > 2¢,|y| > 2¢}.

— The integral over |z| > . Write g (z,y) for the contribution of this integral. Note that
if (n,vn)n>1 is a sequence in RY x R? such that |uy,| A |v,| > 2¢ for every n, and (up, vy,)
converges to (z,y) as n — oo, we have, for every fixed 71,792,735 > 0,

00 Hlzl>e}

/{| > }deT‘l (Z)prz (Un — Z)pm (Un — Z) — dzprl (Z)pr2 (3;‘ — z)st (y _ Z)
z|>e

We can then use dominated convergence, since there exist constants ¢, and ¢ that depend
only on g, such that

/{ > }dzpm (Z)prz (Un — Z)prs (’Un — Z) < CePro+rs (un — Un) < 55(T2 4 Ts)—d/27
z|>e
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THE RANGE OF TREE-INDEXED RANDOM WALK 13

and the right-hand side is integrable for the measure (71 +T‘2+7‘3)€_p2 (ri+r2+73)?/ 2drydrodrs.
It follows that 9. is also continuous on the set {|z| > 2¢, |y| > 2¢}.

The preceding considerations complete the proof. O

In what follows, we use the notation W) = (Ws(l))ogsgl for a process distributed according

to N(()l). We recall a result of Janson and Marckert [6] that will play an important role below. As
in the proof of Lemma 3, we let u,u?,...,u]'_; be the vertices of 7, listed in lexicographical
order. For every j € {0,1,...,n — 1} write VAR Z”(u?) for the spatial location of 7, and
Z]' = 0 by convention. Recalling our assumption (2), we get from [6, Theorem 2| that

P _1/4 on (d) 1/2 137(1)
(18) (\/;" " Zocisr i Ms” W )ogyers

where as usual M91 /% is the unique positive definite symmetric matrix such that My = (M(,1 / 2)2,
and the convergence holds in distribution in the Skorokhod space D(]0, 1], R¢). Note that there
are two minor differences between [6] and the present setting. First, [6] considers one-dimensional
labels, whereas our spatial locations take values in Z¢. However, we can simply project Zn(u)
on the coordinate axes to get tightness in the convergence (18) from the results of [6], and
convergence of finite-dimensional marginals is easy just as in [6, Proof of Theorem 1]. Secondly,
the “discrete snake” of [6] lists the labels encountered when exploring the tree 7, in depth first
traversal (or contour order), whereas we are here enumerating the vertices in lexicographical
order. Nevertheless, the very same arguments that are used to relate the contour process and
the height function of a random tree (see [16] or [12, Section 1.6]) show that asymptotics for the
discrete snakes of [6] imply similar asymptotics for the labels listed in lexicographical order of
vertices.

In the next theorem, the notation (I%,x € R?) stands for the collection of local times of
W which are defined as the continuous density of the occupation measure of W) as in
Proposition 1. We define a constant ¢ > 0 by setting

L /p

19 =,/
(19) ci=2y/5,

where o2 = (det My)'/¢ as previously. We also use the notation Me_l/2 = (M;/Q)*l.

THEOREM 4. Let 2',..., 2P € RN{0}, and let (z}),...,(2P) be sequences in Z¢ such that
\/gn_l/4 M;l/Qx% — 27 asn — oo, for every 1 < j < p. Then,

d_q 1 d_q P (d) dyz! djzP
(3™ Ly(zy),...,na" Ly(zh)) — (1%, ..., ™),

where the constant c is given by (19).

REMARKS. (i) As mentioned in the introduction, this result should be compared with Theo-

rem 1 in [7], which deals with local times of branching random walk in Z¢ for d = 2 or 3. See
also [3, Theorem 3.6] and [5, Theorem 1.1] for stronger versions of the convergence in Theorem 4
when d = 1.
(ii) It is likely that the result of Lemma 3 still holds when z = 0 or y = 0, and then the condition
x' # 0 in the preceding theorem could be removed, using also the remark after Lemma 3.
Proving this reinforcement of Lemma 3 would however require additional technicalities. Since
this extension is not needed in the proof of our main results, we will not address this problem
here.
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14 J.-F. LE GALL AND S. LIN

Proor. To simplify the presentation, we give the details of the proof only in the isotropic
case where My = o21d (the non-isotropic case is treated in exactly the same manner at the
cost of a somewhat heavier notation). Our condition on the sequences (x7,) then just says that
en Vil — 29 as n — oo.

By the Skorokhod representation theorem, we may and will assume that the convergence (18)
holds a.s. To obtain the result of the theorem, it is then enough to verify that, if z € R%\{0}

and (z,,) is a sequence in Z% such that ¢n="/*z, — = as n — oo, we have
d P
(20) nd 1L () Eh e,
n—o0

To this end, fix z and the sequence (z,), and for every e € (0, |z|), let g. be a nonnegative
continuous function on R%, with compact support contained in the open ball of radius ¢ centered
at x, and such that

ge(y)dy = 1.
Rd

It follows from (18) (which we assume to hold a.s.) that, for every fixed ¢ € (0, |z|),

! —1/4 a.s, ! (1)
/Ogs(cn [ne)) dt = : g=(W, /) dt.

n—oo
Furthermore,
1
(1) _ y a.s. jx
| e Wyar= [ gweay 22 e,

by the continuity of local times. Let § > 0. By combining the last two convergences, we can
find e; € (0, |z|) such that, for every € € (0,e1), there exists an integer nj(¢) so that for every
n > ni(e),

1
(21) P((/ ge(en ™A 20, ) dt — 17| > 5) <4
0
However, we have
1
/0 ge(en™ V120, ) dt Z ge(en™'/*a) Ly(a)
aGZd

= nZ_l /d gs(Cn_1/4 Ln1/4yJ) Ln(Ln1/4yJ) dy'
R

Set
male) = [ gelen™ [t y)) ay

and note that
—d
n—oo ’

() — ge(ey)dy = ¢
Rd

By the Cauchy-Schwarz inequality,
1 p 2
E{(/o gelen 1 Z0) At — () s~ Lo () ) ]
2
— B[ (471 [ gulen™ 1114y (a1 y)) = Lu(on)) dy) |

< male) x 2 [ dygulen™ A0t/ y)) BI(Lu( (0" *y)) = Lu(a)?).
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THE RANGE OF TREE-INDEXED RANDOM WALK 15

Using the first assertion of Lemma 3, one easily gets that, for every fixed ¢ € (0, |x|),

nd =2 [ dylge(en™ 0t/ y)) = guley) EI(Lul (0" 'y)) = Lu(e))?] =2, 0.

n—oo

On the other hand, by the second assertion of the lemma,

w82 [ dygeen) BILnlIny) = Lalw)?) =2, [ dvgelen) (e(0.0) =20, 0)+0(5, D).

If . stands for the limit in the last display, the continuity of ¢ ensures that v, tends to 0 as
e —0.
From the preceding considerations, we have

1 2
limsupE[</0 gg(cn_l/‘lZ’fntJ)dt - nn(g)n%_an(an } < ¢,

n—oo

Hence we can find 2 € (0, |z|) small enough so that, for every e € (0,e2), there exists an integer
na(e) such that, for every n > na(e),

! 4
(22) P(‘/o gg(cn_l/‘lZ[lntJ) dt — np(e)n4 an(xn)‘ > 5) < 0.
By combining (21) and (22), we see that, for every € € (0,1 Ae2) and n > ni(e) V na(e),

P (\nn(e)n%‘an(xn) — 1| > 25) < 26.

d

Our claim (20) easily follows, since 7, (&) tends to ¢=% as n — oo. O

Set R, = #{Z"(u): u € T, }. Recall the constant ¢ from (19), and also recall that A\; denotes
Lebesgue measure on R%.

THEOREM 5. We have
n R, 1D ey y(s)

where S stands for the support of ISE.

PROOF. Again, for the sake of simplicity, we give details only in the isotropic case My = o2 Id.
From the definition of ISE, we may take S = {Wt(l): 0 <t <1}. We then set, for every € > 0,

S. = {z e R%: dist(z,S) < ¢}.

As in the preceding proof, we may and will assume that the convergence (18) holds almost surely.
It then follows that, for every € > 0,

PHen ™A 2w): uwe T} C S.) — L

Fix K > 0, and let B(0, K) stand for the closed ball of radius K centered at 0 in R?. Also set
SH) .= s.n B(0, K + ¢). It follows that we have also

P (({Z”(u) u € Tp} N B(0, ciln1/4K)) c e lpl/a SéK)) 1

n—oo
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16 J.-F. LE GALL AND S. LIN
Applying the latter convergence with e replaced by /2, we get

P (#({2"(w): w € T} N BO,¢” ' 1K) < eIt xy(8U)) — 1.

n—o0

Write RS := #({Z"(w): u € T, } N B(0,c"'n/4K)). Since \g(SY)) | As(SNB(0, K)) as ¢ | 0,
we obtain that, for every § > 0,

P (=R < Ny (S 0 BO.K)) +58) — 1,

and therefore, since the variables n~% 4R£LK) are uniformly bounded,
: —d/Ap(K) _ —d L
(23) Jim B| (n~ 1R — = y(S N B(0,K))) | =0.

On the other hand, we claim that we have also

(24) liminf B [n~%*RI| > E[\(S 0 B(0, K))].

n—oo
To see this, observe that
ERM = Y P(Lu(a)>0)
a€Z4NB(0,c~1nt/4K)

dz P(Ln([z]) > 0) + O(n*~ /")

/B(O,cln1/4K)
—nt [y P(La(( ) > 0) + O
B(0,c—1K)

as n — 0o. By Theorem 4, for every y # 0,
liminf P(Ln([n'/y]) > 0) > P > 0) = P(cy € 5),

where the equality is derived from Proposition 2. Fatou’s lemma then gives

n—00 -

liminf n~ ¥4 E[RU)] > / Py € 8) = ¢ B[S N B(0.K)),
B(0,c1K)

which completes the proof of (24).
Using the trivial identity |z| = 22" — z for every real x, we deduce from (23) and (24) that

lim B|[n~ "R — c=A\(S N B0, K))|] = 0.

n—o0

However, we see from (18) that, for every 6 > 0, we can choose K sufficiently large so that we

have both P(S € B(0,K)) > 1—6 and P( ) = R;) > 1—6 for every integer n. It then follows
from the previous convergence that n~%* R,, converges in probability to "N\ (S) as n — oo,
and this completes the proof of Theorem 5. O
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THE RANGE OF TREE-INDEXED RANDOM WALK 17

4. Branching random walk. We will now discuss similar results for branching random
walk in Z¢. We consider a system of particles in Z¢ that evolves in discrete time in the following
way. At time n = 0, there are p particles all located at the origin of Z? (we will comment on more
general initial configurations in subsection 5.3). A particle located at the site a € Z¢ at time n
gives rise at time n + 1 to a random number of offspring distributed according to u, and their
locations are obtained by adding to a (independently for each offspring) a spatial displacement
distributed according to 6.

In a more formal way, we consider p independent random spatial trees

(T (2D W) yerm) s - (TP (ZP (W) yerin)

distributed according to II*
measure

1,07 and, for every integer n > 0, we consider the random point

P

X}f’] = Z ( Z 5Z(j)(u))a

J=1 Y ueT @ |ul=n

which corresponds to the sum of the Dirac point masses at the positions of all particles alive at
time n.

The set VP of all sites visited by the particles is the union over all n > 0 of the supports
of Xy[Lp ], or equivalently

il = la€Za= Z9)(u) for some j € {1,...,p} and u € T(j)}.

In a way similar to Theorem 5, we are interested in limit theorems for #VPl when p — 0o. To
this end, we will first state an analog of the convergence (18). For every j € {1,...,p}, let

g = u(()) < ugj) <= u;{%.(j)_l
be the vertices of 7U) listed in lexicographical order, and set H ]uu | and Z; U) = 76 )(ugj )),
for 0 < i < #70U) —1. Define the height function (H,[f]7 k > 0) of T, ..., T® by concatenating
the discrete functions (Hi(]), 0 <i<#7W—1), and setting H,[f] =0fork > #TW 4. .. 4T®),

Similarly, define the function (Z,Lp }, k > 0) by concatenating the discrete functions (Zi(j ), 0<:<

#70U) —1), and setting Z,Ep] =0for k> #TW ...+ #7® Finally, we use linear interpolation
to define Ht[p l and Zt[p} for every real ¢ > 0. We can now state our analog of (18).

PROPOSITION 6. We have

P11l [P 1 b -2 1 ), 1/255

((2 Hp 250 \/gp 2 Zp25>820’p (#T( ) -+ #T(p )) ((Cs/\‘r) MG WS/\T)S>0a )7
where (Ws)s>0 is a standard Brownian snake, T denotes the first hitting time of 2/p by the local
time at 0 of the lifetime process ((s)s>0, and the convergence of processes holds in the sense of
the topology of uniform convergence on compact sets.

The joint convergence of the processes £ p -1 Hz[f?]s and of the random variables p~ (#7'(1)
-+ #T®) is a consequence of [12, Theorem 1.8], see in particular (7) and (9) in [12] (note that
the local times of the process ((s)s>0 are chosen to be right-continuous in the space variable, so

that our local time at 0 is twice the local time that appears in the display (7) in [12]). Given
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18 J.-F. LE GALL AND S. LIN

the latter joint convergence, the desired statement can be obtained by following the arguments
of the proof of Theorem 2 in [6]. The fact that we are dealing with unconditioned trees makes
things easier than in [6] and we omit the details.

We now state an intermediate result, which is of independent interest. Under the probability
measure II7 5, we let R := {zu: u € T} be the set of all points visited by the tree-indexed
random walk.

THEOREM 7. We have

. -1/2 2 B 2(4 - d)
Proor. We start by proving the upper bound
_ 2(4—d
lim sup | M, 1/2(1]2 nola € R) < %
la]—o0 ’ 1Y

By an easy compactness argument, it is enough to prove that, if (az) is a sequence in Z? such
that |ag| — oo and ay/|ag| — z, with € R? and |z| = 1, then

2(4—d
(25) lim sup |ak|2HZG(ak €eR) < (712)
ko ! p?| M, 22
Set p = |ax|? € Z4 to simplify notation. We note that
p
(26) Pla e V) =1— (1-105(ar € R))

On the other hand, it follows from our definitions that

1
P(ay € VM) < P(35 > 0: = ZPr) = @—z')

We can then use Proposition 6 to get

limsup P(ay, € V[p"‘]) < IP’O(HS e [0,7]: M;/QWS = Bw)

k—o0 2
=1—exp ( — ENO(\/gM(;Iﬂx € R))
(4-d)

=l—-exp| —————x—).
p( p2|M91/2$|2>
The second line follows from excursion theory for the Brownian snake, and the third one uses
the formula for No(y € R), which has been recalled already in the proof of Proposition 2. By
combining the bound of the last display with (26), we get our claim (25), and this completes
the proof of the upper bound.
Let us turn to the proof of the lower bound. As in the proof of the upper bound, it is enough
to consider a sequence (ay,) in Z¢ such that |ax| — co and ay/|ax| — z, with z € R? and |z| = 1,

and then to verify that

2(4 —

(27) lim inf \ak\QH;(,(ak €cR)> (fl/(j)
k—o0 ’ p2‘M9 x‘Q
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THE RANGE OF TREE-INDEXED RANDOM WALK 19

As previously, we set pp = |ag|?. We fix 0 < ¢ < M, and we introduce the function g, defined
on Z4 by g,(j) = IL,(#T = j). Then,

M
P TWplar € R) > pl [ drTT plar € Ry #T = lpfr))
&€

_ .3 M 2
pk/e dr g, (Lpkr]) P(Lp2, (ak) > 0),

where we use the same notation as in Lemma 3: L, (b) denotes the number of visits of site b by
a random walk indexed by a tree distributed according to II,(-|#7 = n). Note that Theorem 4
gives, for every r € [, M],

. —1/4,
hkrggng(LLp%TJ (ag) > 0) > P(l > 0),

where we write z = \/g M, 124 to simplify notation. To complete the argument, we consider

for simplicity the aperiodic case where p is not supported on a strict subgroup of Z (the reader
will easily be able to extend our method to the general case, using (3) instead of (4)). By (4),
we have for every r € [e, M],

1
lim p} g 2r]) = —.
Jim v gu(93r) =~
Using this together with the preceding display, and applying Fatou’s lemma, we obtain

dr
pV 2mr3

M
(28) lim inf |a|* I o (a1, € R) > / p""= > 0).
—00 e

A scaling argument shows that

—1/4

P s 0) =N (" > 0) = NY (7 > 0).

Using this remark and formula (5), we see that the right-hand side of (28) can be rewritten as
% NO(1{5<7<M} 1{4z>0}). By choosing € small enough and M large enough, the latter quantity
can be made arbitrarily close to

2 . 2 d., ,_ 2(4 —d)
~No(£f > 0)=—(2- )| QZW-
p p P} My x|
This completes the proof of the lower bound and of Theorem 7. O

Recall our notation V! for the set of all sites visited by the branching random walk starting
with p initial particles located at the origin.

THEOREM 8. We have

_ d 2
p 2 gyl 9, (”)dAd(Usuprt),

p—0o0 p >0

where (X¢)1>0 is a d-dimensional super-Brownian motion with branching mechanism v (u) = 2u?

started from &g, and supp X; denotes the topological support of X;.
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PRrROOF. Via the Skorokhod representation theorem, we may and will assume that the con-
vergence in Proposition 6 holds a.s., and we will then prove that the convergence of the theorem
holds in probability. If € > 0 is fixed, the (a.s.) convergence in Proposition 6 implies that, a.s. for
all large enough p, we have

\/gp_l/QV[p] C Z/IE({M;/2WS: 0<s<r7}),

where, for any compact subset K of R, 1. (K) denotes the set of all points whose distance from K
is strictly less than €. It follows that we have a.s.

2 .y
lim sup p~ 2V < (2) 2\ (oo ({1 *TW,: 0 < 5 < 7).
pP—r00 1%
Since € was arbitrary, we also get a.s.
2 —
(29) limsup p~ 24V < (f)d/2 )\d({Mel/QWs: 0<s< T})
p—00 p

To get an estimate in the reverse direction, we argue in a way very similar to the proof of
Theorem 5. We fix K > 0, and note that a minor modification of the preceding arguments also
gives a.s.

limsup p~ /24 (VI 1 B(0,p2K)) < (2)%? Aa({M,*W,: 0 < s <7} B(0,K")),
0

p—+00

where K/ = \/gK. Since the variables p~%2 # (VP 0 B(0, p!/2K)) are uniformly bounded, it
follows that
(30)

i E[(pd/2 #(V N B(0,p!/2K) - (,2))0”2 M({MYPW,: 0 < s < 7} 1 B(O, K')))T = 0.

p—0o0

On the other hand,

p~ P E[#0VP N B(0,p"?K))] = p~/? > P(a € V)
a€Z4nB(0,p/2K)

=p Y (1-(-acR)P)
a€ZNB(0,p1/2K)

2(4 —d) ))’

— dr(l—exp( — ————7—
( ( pQ\Mo_l/gxP

p—o0 JB(0,K)

where the last line is an easy consequence of Theorem 7. Furthermore,

B[C)"* 20} "W, 0 < s < 7} 0 BO.K)|
2) d/2/ 2 -1/2
_(z du (1 = — = Np(M, eER
G Lo (1 - el p oMo Ty )
2 d/2/ 4—d
_ (2 dy (1 - -
(p) B(0.K") y( exp( leel/2y|2))

2(4 — d)
= oo 2= (= (- 07 5))
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From the last two displays, we get
(31) plggoE[p—d/Q #OVP 0 B(0,p'2K))| = E[(i)d/2 ({0, W20 < 5 <730 B(0, K1)
From (30) and (31), we have
pli_)rgoEUpdﬂ £V 0 B(0, p'/2K)) — (z)d/2 Na({My*W,: 0 < s <70 B(0, K7)) H =0.

Since, by choosing K large enough, P(VP! ¢ B(0,p'/2K)) can be made arbitrarily close to 1,
uniformly in p, we have proved that

2
—d/2 vl Bl 2\d/2 1/255 _ 207 4)2 =
(32) ppnl () Aa({M; W 0<s <7}) = ( ) Aa({We:0<s <7}).

The relations between the Brownian snake and super-Brownian motion [11, Theorem IV.4] show
that the quantity )\d({WS : 0 < s < 7}) is the Lebesgue measure of the range of a super-Brownian
motion (with branching mechanism 2u?) started from (2/p)dg. Finally, simple scaling arguments
show that the limit can be expressed in the form given in the theorem. O

5. Open problems and questions.

5.1. The probability of visiting a distant point. Theorem 7 gives the asymptotic behavior of
the probability that a branching random walk starting with a single particle at the origin visits a
distant point a € Z%. It would be of interest to have a similar result in dimension d > 4, assuming
that 6 is centered and has sufficiently high moments. When d > 5, a simple calculation of the
first and second moments of the number of visits of a (see e.g. the remarks following Proposition
5 in [13]) gives the bounds

Clla\z_d <II) pla € R) < Cy |a]2_d

with positive constants C; and Cy depending on d, u and 6. When d = 4, one expects that

C

*

placeR) ~ ———.
. |a|*log |al
Calculations of moments give I} 4(a € R) > c1(la|?1log |a])~!, but proving the reverse bound
I y(a€R) < c2(|a|?log |a])~! with some constant cg seems a nontrivial problem. This problem,
in the particular case of the geometric offspring distribution, and some related questions are
discussed in Section 3.2 of [2].

5.2. The range in dimension four. With our previous notation R, for the range of a random
walk indexed by a random tree distributed according to IL,(- | #7 = n), Theorem 14 in [13]

states that in dimension d = 4,

logn 2
& R, L, 871'204,
n n—00

provided pu is the geometric distribution with parameter 1/2, and 6 is symmetric and has expo-
nential moments. It would be of interest to extend this result to more general offspring distribu-
tions. It seems difficult to adapt the methods of [13] to a more general case, so new arguments
would be needed. In particular, finding the exact asymptotics of H;e(a € R) (see the previous
subsection) in dimension d = 4 would certainly be helpful.
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5.3. Branching random walk with a general initial configuration. One may ask whether a
result such as Theorem 8 remains valid for more general initial configurations of the branching
particle system: Compare with Propositions 20 and 21 in [13], which deal with the case d > 4 and
require no assumption on the initial configurations. In the present setting, Theorem 8 remains
valid for instance if we assume that the initial positions of the particles stay within a bounded
set independently of p. On the other hand, one might consider the case where we only assume
that the image of p*1X0[p ) under the mapping a — p~/2a converges weakly to a finite measure
¢ on RY%. This condition ensures the convergence of the (rescaled) measure-valued processes X P!
to a super-Brownian motion Y with initial value Yy = £, and it is natural to expect that we
have, with a suitable constant C,

(33) p= 2wyl pﬂ C’)\d< | supp Yt>

— 00
t>0

For trivial reasons, (33) will not hold in dimension d = 1. Indeed, for % < «a < 1, we may
let the initial configuration consist of p — [p®] particles uniformly spread over {1,2,...,,/p}
and [p®] other particles located at distinct points outside {1,2,...,,/p}. Then the preceding
assumptions hold (¢ is the Lebesgue measure on [0,1]), but (33) obviously fails since #VP >
|p®]. In dimension 2, (33) fails again, for more subtle reasons: One can construct examples
where the descendants of certain initial particles that play no role in the convergence of the
initial configurations contribute to the asymptotics of 4l in a significant manner. Still, it
seems likely that some version of (33) holds under more stringent conditions on the initial
configurations (in dimension 3 at least, the union in the right-hand side of (33) should exclude

t =0, as can be seen from simple examples).
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