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Boundary of the range of transient random walk
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Abstract We study the boundary of the range of simple random walk on Z¢ in the
transient case d > 3. We show that volumes of the range and its boundary differ mainly
by a martingale. As a consequence, we obtain an upper bound on the variance of order
nlogn in dimension three. We also establish a Central Limit Theorem in dimension
four and larger.

Mathematics Subject Classification 60F05 - 60G50

1 Introduction

Let (S, n > 0) be a simple random walk on 74 ts range R, = {So, ..., Sy} is
a familiar object of Probability Theory since Dvoretzky and Erd6s’ influential paper
[6]. The object of interest in this paper is the boundary of the range

0R, = {x € R, : thereexists y ~ x with y ¢ R,}, (1.1)

where x ~ y means that x and y are at (graph) distance one. Our interest was triggered
by a recent paper of Berestycki and Yadin [3] which proposes a model of hydrophobic
polymer in an aqueous solvent, consisting of tilting the law of a simple random walk
by exp(—pB|dR,|). One interprets the range as the space occupied by the polymer,
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and its complement as the space occupied by the solvent. Hydrophobic means that the
monomers dislike the solvent, and the polymer tries to minimize the boundary of the
range. The Gibbs’ weight tends to minimize contacts between the monomers and the
solvent, and the steric effect has been forgotten to make the model mathematically
tractable. Besides its physical appeal, the model gives a central role to the boundary
of the range, an object which remained mainly in the shadow until recently. To our
knowledge it first appeared in the study of the entropy of the range of a simple random
walk [2], with the conclusion that in dimension two or larger, the entropy of the range
scales like the size of the boundary of the range. Recently, Okada [13] has established
a law of large numbers for the boundary of the range for a transient random walk, and
has obtained bounds on its expectation in dimension two.

Theorem 1.1 (Okada) Consider a simple random walk in dimension d = 2. Then

2 E[|aR
T < gim WORall 52 (1.2)
2 T n—oopn/log (n)

where part of the result is that the limit exists. Moreover, when d > 3, almost surely

lim =P{z: 2~ 0} ¢ Roo URoo, Hy= 00), (1.3)
n—oo

|0Rn|
n

where R is the range of a random walk in an infinite time horizon, and Hy is the
hitting time of 0, whereas quantities with tilde correspond to those of an independent
copy of the random walk.

The range of a random walk has nice properties: (i) it is an increasing function of
time, (ii) the event that Sy belongs to R, for k < nis o(Sp, . .., Sy -measurable, (iii)
the volume of the range R, is the union of the collection of sub-ranges {Si, k € I}
as I runs over a partition of [0, n]. A little thought shows that the boundary of the
range shares none of these properties, making its study more difficult. The thrust of
our study is to show that for a transient random walk, range and boundary of the range
are nonetheless correlated objects. Indeed, we present two ways to appreciate their
similar nature. On one hand the sizes of the boundary of the range and some range-like
sets defined below (the R, v) differ mainly by a martingale. On the other hand, we
show that the boundary of the range, as the range itself, can be analyzed through a
dyadic decomposition of the path. To make the first statement precise, we need more
notation. Let Vp = {z : z ~ 0}, be the neighbors of the origin, and for any nonempty
subset V of Vp, let R, v be the set of sites of Z4 whose first visit occurs at some time
k < n, and such that (S + Vo) N R{_; = S + V. In particular, R, v behaves like
the range in the sense that properties (i)—(ii) listed above do hold, and as we will see
below, their variance can be bounded using the same kind of techniques as for the
range.

Note also that R, is the disjoint union of the R, v, with V subset of V. We are
now ready for our first observation.
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Proposition 1.2 Thereis amartingale (M,,, n € N), adapted to the standard filtration
such that for any positive integer n,

0RAl = D" pv [Ruc1vl+ My + &, (1.4)
VW

with pg = 0 and for any non-empty V in Vy

On) ifd =3
oy =P(V ¢ Reo) and E (53) =1 0o’ () ifd = 4 (1.5)
o) ifd > 5.

Remark 1.3 The decomposition (1.4) is simply Doob’s decomposition of the adapted

process |[0R,| — &, as we see more precisely in Sect. 3. The key observation however
is that the increasing process (in Doob’s decomposition) behaves like the range.

Jain and Pruitt [9] have established a Central Limit Theorem for the range in dimen-
sion three with a variance scaling like n log n. Proposition 1.2 makes us expect that
the boundary of the range has a similar behavior. Indeed, we establish the following
estimate on the mean square of the martingale. This estimate is delicate, uses precise
Green’s function asymptotics, and the symmetry of the walk. It is our main technical
contribution.

Proposition 1.4 There are positive constants {Cq, d > 3}, such that

Csnlogn ifd =3

Var (M) <
ar ( ")—{cdn ifd > 4.

Also, following the approach of Jain and Pruitt [9], we establish the following estimate
on the range-like object R, v .

Proposition 1.5 Assume that d = 3, and let V be a nonempty subset of V. There is
a positive constant C, such that

Var (|Rn,v|) < Cnlogn. (1.6)

Then, a useful corollary of Propositions 1.2, 1.4 and 1.5 is the corresponding bound
for the variance of the boundary of the range in dimension 3.

Theorem 1.6 Assume that d = 3. Then, there is a positive constant C, such that
Var (J10R,]) < Cnlogn. (L.7)

Remark 1.7 Using the approach of Jain and Pruitt [9], it is not clear how to obtain a
Central Limit Theorem for R, v (see Remark 5.5 of the Appendix).
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Now the boundary of the range has a decomposition similar to the classical Le Gall’s
decomposition [11] in terms of intersection of independent ranges. This decomposi-
tion, though simple, requires more notation to be presented. For integers n, m let
R(n,n + m) = {Sx — Sn}n<k<n+m, with the shorthand notation R,, = R(0, n), and
note that

RO, n+m) ="R(O,n)U(S, +R(n,n+m)).

Observe that <7€(0, n) := —S, + R(0, n) and R(n, n + m) are independent and that

by the symmetry of the walk (7%(0, n) (resp. R(n, n+m)) has the same law as R(0, n)
(resp. R(0, m)): it corresponds to the range of a walk seen backward from position
Sy . Finally, note the well known decomposition

IR0, n 4+ m)| =|RO,n)|+ |R(n,n +m)| — |<7€(0, n) NR(n,n+m)|. (L.8)

Equality (1.8) is the basis of Le Gall’s celebrated paper [11] on the range of recurrent
random walk. It is also a key ingredient in most work on self-intersection of random
walks (see the book of Chen [4], for many references).

To write a relation as useful as (1.8) for the boundary of the range, we introduce
more notation. For A C Z4, we denote AT = A + Vo, with Vo = Vo U {0}, and we
define its boundary as

OA={ze€ A : Ty € A° withy ~ z}.
Now, our simple observation is as follows.
Proposition 1.8 For any integers n, m
0> 0RO, n+m)| — (|0RO, n)| + [0R(n,n + m)|) > —Z(n, m), (1.9)
with
<« i =
Zn,m)=|RO,n)NR " (n,n+m)|+|R"0,n) N R(n,n+m)|. (1.10)

We focus now on consequences of this simple decomposition. For d > 3, we define
functions n +— ¥4 (n), with the following dimension depending growth

Y3(n) = /1, Ya(n) = logn, and for d > 4, Ya(n) = 1. (1.11)

An essential step for a Central Limit Theorem, is to establish a linear lower bound on
the variance. Our bounds hold in dimension three and larger.

Proposition 1.9 Assume that d > 3. There are positive constants {cq, d > 3}, such
that
Var (|0Rn|) = can. (1.12)
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The idea behind the linear lower bound (1.12) is to show that there is a clock process

whose fluctuations are normal (on a scale square root of the time elapsed), and which

is independent of the boundary of the range process. Thus, typical fluctuations of the

clock process, provoke a time change at constant boundary of the range. Note that in

dimension 3, this technique does not allow to obtain a lower bound of order n log n,

matching our upper bound (see also Remark 5.5 for some additional comment on this).
We now formulate our main Theorem.

Theorem 1.10 When dimension is larger than or equal to three, there are constants
{Cq, d > 3}, such that for any positive integer n

Capa(n) _ El0RN _ . ELNORll _

n - n k—00 k

(1.13)

Assume now that the dimension is four or larger. Then, the limit of Var(|0R,|)/n
exists, is positive, and for alln > 1,

Var(|oRx1) ! Var(|0Re|) | _ Cav/nira(n)
—— — lim < .
n k—00 k n

(1.14)

Moreover, a standard Central Limit Theorem holds for |0R,,|.

Remark 1.11 We have stated our results for the simple random walk, but they hold,
with similar proofs, for walks with symmetric and finitely supported increments.

Okada obtains also in [13] a large deviation principle for the upper tail (the probability
that the boundary be larger than its mean), and in [14] he studies the most frequently
visited sites of the boundary, and proves results analogous to what is known for the
range.

In a companion paper [1], we obtain large deviations for the lower tail, and provide
applications to phase transition for a properly normalized Berestycki-Yadin’s polymer
model.

The rest of the paper is organized as follows. In Sect. 2, we fix notation, recall
known results on the Green’s function, and prove a result about covering a finite
subset. In Sect. 3, we establish the Martingale decomposition of Proposition 1.2 and
prove Proposition 1.4. We prove Proposition 1.9 in Sect. 4. In Sect. 5, we present the
dyadic decomposition for the boundary of the range and deduce Theorem 1.10, using
Le Gall’s argument. Finally in the Appendix, we prove Proposition 1.5.

2 Notation and prerequisites
For any y, z € 74, we denote by ||z — y| the Euclidean norm between y and z, and
by (v, z) the corresponding scalar product. Then for any r > 0 we denote by B(z, r)

the ball of radius r centered at z:

B(z,r):={yeZ : |z—yll <r}.
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For x € 74, we let P, be the law of the random walk starting from x, and denote its
standard filtration by (Fi, kK > 0). For A a subset of 74 we define the hitting time of
A as

Hp :=inf{n>1 : S, € A},
that we abbreviate in H, when A is reduced to a single point x. Note that in this
definition we use the convention to consider only times larger than or equal to one. At
some point it will also be convenient to consider a shifted version, so we also define
fork >0,

HY =inf{n >k : S, € A} Q2.1

We will need bounds on the heat kernel, so let us recall a standard result:
1 2
P(S,=2)<C T exp(—cllz||“/n) forall zandn > 1, 2.2)
n

for some positive constants ¢ and C (see for instance [7]). Now we recall also the
definition and some basic properties of Green’s function. For u, v € Z¢, the Green’s
function is

Gu,v) =E, | D 1{S, =v} | =P,[H, < 0] - G(0,0),
n>0

and we use extensively the well-known bound (see [10, Theorem 4.3.1]):

1

We also consider Green’s function restricted to a set A C Z¢, which for u, v € A is
defined by

Hyc—1
Gaw,v)=FE, | > 1{S)=v}
n=0
We recall that G 4 is symmetric (see [10, Lemma 4.6.1]):

Ga(u,v) =Ga(v,u) forallu,v e A,

and that G is also invariant by translation of the coordinates: G (u, v) = G(0, v — u).
Also, forn > 0,

Gn(u,v) =E, [Z 1{S, = v}i| . (2.4)
k=0
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It is well known (use (2.3) and Theorem 3.6 of [11]) that for vr; defined in (1.11), we
have, for some positive constants {Cy, d > 3}

> G2(0.2) < Caa(m). 2.5)
ze74

We can now state the main result of this section.

Lemma 2.1 Let A be a fixed finite subset of 7%, and fix z € A. Then, there is a
constant c(A), such that for any two neighboring sites y ~ y',

=y, y—2) 1
Py(A C Roo) —Py(A CRo) =c(A @) . (2.6
(A Roo) =By (A € Roe) = )= (ny—znd) 20

Moreover,

1
c(h) = —— DD Ay Pu(Hy = 00) Py (A C Roo).
vd XEA vEA

where vy denote the volume of the unit ball in RY.

Proof First, since A is finite, and (2.6) is an asymptotic result, we can always assume
that y and y’ do not belong to A. Now by a first entry decomposition

Py(A C Roo) = D Py(Siy =x, Hp < 00)Pr(A C Ro). 2.7)

xeA

Next, fix x € A and transform the harmonic measure into the restricted Green’s
function (see for instance [10, Lemma 6.3.6]):

1 1
Py(Sa, =x, Hy < 00) = o > Gacly.v) = o > Gacv.y).

VEAC, v~ VEAS, v~x
Note also (see [10, Proposition 4.6.2]) that
Gac(v,y) =G(v, y) — Ey[I1{Hp < 00} G(SH,, Y]
Therefore,

Py(Spy, = x, Hy < 00) — Py (Sp, = x, Hy < 00)

1
= Z (G(v,y) — G, "))

2d vEAC, v~x
1 /
—57 2 Ell{Ha < 00l(G Sk, y) = GSuy y DI 28)
veAC, v~x
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Now, since A is finite, we have [10, Corollary 4.3.3] the expansion for any 7/ € A™
(recall that z is a given site in A),

/— —
Gy -G y) = =228 g (%) e
va lly —zI ly —zl

Combining (2.7), (2.8) and (2.9) we obtain the result (2.6). m]
3 Martingale decomposition

In this section, we establish Proposition 1.2, as well as Proposition 1.4 dealing with
the variance of the martingale.

3.1 Definition of the martingale and proof of Proposition 1.2
For V nonempty subset of Vj and k > 0, let
I,y = 1{Sk ¢ Ri—1 and (Sx + Vo) "R} = Sk + V3,
and
Jev =T{(Sk + V) £ {Sj, j = k}}.

Then for n > 1, define

Jenv = 1{(Sk + V) L Sk, ..., Sal),
and

ORuy = (St : Ievdiny =1, k <n. 3.1
Note that R, is the disjoint union of the 3R, v, for V non empty subset of V. Now

instead of looking at Zkin It v Jik.n,v (which is equal to |[0R,,, v ), we look at

n—1
Yoy = Zlk,VJk,V~
k=0

However, since Y, v is not adapted to F,,, we consider
Xn,V = E[Yn,v | ]:n],

and think of X, v as a good approximation for [0R, v|. So we define an error term
as

En,V = |8Rn,V| - Xn,V-
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Now the Doob decomposition of the adapted process X,y reads as X, v = M,y +

A, v, with M, v a martingale and A, v a predictable process. Since

n—1

Xy =D LvElUy | Ful,
k=0

we have

n—1

Anv = IvElry | Fil.
k=0

Moreover, the Markov property also gives
ElJkv | Fil = ElJk vl =P(V € Reo) = pv,

for any k > 0. Therefore,

[0Ru,v| =My y + pvIRp—1,v|+ &y forall vV C Vy,

where we defined for m > 0,

Ryv =Sk : I,y =1, k <m}.

Summing up M,, y over nonempty subsets of V we obtain another martingale M, =
ZVCVO M, v, and the error term &, = ZVCVO E,?,V, and since |0R,| is alsc? Fhe sum
over nonempty subsets of the [0R,, v|, we obtain the first part of Proposition 1.2,

namely Eq. (1.4).
Now we prove (1.5). First note that forany k <n — 1,

1

[Tk = ElJkv | Fal| < Ps, (Hs,pvy < 00) = O (

141180 — Sk”dz)’

using (2.3) for the last equality. Then by using invariance of the walk by time inversion,

we get

1
E[E2,]=0O E[ ]
v Z (14 IS 19=2) (1 + |1Sp1192)

k,k'<n
Moreover, by using the heat kernel bound (2.2), we arrive at

o1/k) ifd =3

1
E [—} =1 O((logh)/K?) ifd =4
1 d—2\2

The desired result follows by using Cauchy—Schwarz.

3.2)

(3.3)
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3.2 Variance of the martingale

We establish here Proposition 1.4. Let us notice that our proof works for M,, only, and
not for all the M, y’s. If we set for n > 0,

AM, = Mn+l - Mn’

then, Proposition 1.4 is a direct consequence of the following result.

O(logn) ifd =3
27
El(AM)T = { o) ifd > 4. (34)

The proof of (3.4) is divided in three steps. The first step brings us to a decomposition
of AM,, as a finite combination of simpler terms (3.6), plus a rest whose L>-norm we
show is negligible. In the second step, we observe that when we gather together some
terms (3.10), their L?-norm takes a particularly nice form (3.11). Finally in the third
step we use these formula and work on it to get the right bound.

Step 1 In this step, we just use the Markov property to write AM, in a nicer way,
up to some error term, which is bounded by a deterministic constant. Before that, we
introduce some more notation. For k < n, set

Iinv = 1{(Sk + Vo) N { Sk, - .., Sp}° = Sk + V.

The Markov property and the translation invariance of the walk show that forallk < n

Elhv | Fal= D" Lwavemleny Ps,—s,(V NV & Reo).
V'cVy

Note that Iy , v+ # Ix ,+1,v implies that S,41 and Sy are neighbors. However, the
number of indices k such that S,1 and Si are neighbors and I y = 1 is at most 2d,
since by definition of I; y we only count the first visits to neighbors of S, ;1. Therefore
the number of indices k satisfying Iy, v # 0 and Iy, v # Ixn+1,y, for some V', is
bounded by 2d. As a consequence, by using also that terms in the sum defining M,, v
are bounded in absolute value by 1, we get

n—1

AMyy = Zlk,V(E[Jk,V | a1l = ElJi,v | Fu) + L vE[n v | Fatil
k=0

n—1

= Z Z Livavien Ik vilins1, v Ps, -5, (VN V' € Ryo)
k=0V’'cVy

_Ik,n,V’]PSy,—Sk(V N V/ 7@ Roo)} + In,VE[Jn,V | fn+1]
n—1
=2 > hvlaviPs,. -5 VNV € Ry)

k=0 VNV'£p
_PSH—S/{(V nv' Q Roo)} + n,V,
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with |r, v| < 2d + 1. Summing up over V, we get

n—1
AM, :Z Z Ik,VIk,n,V’{]PSnH—Sk(an/ f(ZROO)_PSn—Sk(VmV/ f(ZROO)H_r"’
k=0VNV'£f
3.9
with |r,| < 29(2d + 1). Lemma 2.1 is designed to deal with the right hand side of
(3.5), with the result that

n! (Sus1 — Sps Su — Sk)
AM, ZZ z C(VOV/)Ik,VIk,n,V/ n;_,_ ”S"’_’; 4 : + OBy,
k=0 VAV n ok
(3.6)
with 1
B, = S — 3.7
=2 L+ |18, —z||4 67

z€0R,

Step 2 The term B,, of (3.7) can be bounded as follows. By using first the invariance
of the law of the walk by time inversion, we can replace the term S, — z by z. Then
we write

2
1
EB=E|[ > ——
S Tl
1
- P(z € 3Ry, 2 € IR,).  (3.8)
] % (L + 1zl (1 + [12/]19) " "

Then by assuming for instance that ||z|| < ||Z’|| (and z # z’), and by using (2.3) we
obtain

P(z € Ry, 7 € 9R,) < P(H; < 0o, Hy < 00)

1
/
<26(0.9G(. ) =0 (1 e Z”d_z) .
(3.9)
Therefore
E[B%] = O > !
! zIPA2 )12 )42 — 2|92
1<llzll<l12’l
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Next, we divide the last sum into two parts:

1
2 Iz124=212/I19]12" — z[|4~2

L=zl <llz"]l
1 1
= 2 + 2
2d=2 ||, |d || »" d-2 2d=2|,1d || »" d-2
Z Z 7 —Z Z Z 7 —2
1<zl <z I=2]zll Izl =71 I 1=2flzll<lIZ’l Izl I I
O ! —1 O(1
- Z ||Z||3d—2||z/ _ Z”d—z + Z ||Z||2d—2||z/||2d—2 = o).
L=<zl <llz"[I=2]zll 1=2]lzll<lI’ll

Now it remains to bound the main term in (3.6). For two nonempty subsets U and U’
of Vp, write U ~ U’, if there exists an isometry of 74 sending U onto U’. This of
course defines an equivalence relation on the subsets of V), and for any representative
U of an equivalence class, we define

hnv= D hyvlayv=1{VoN (R, —S) ~U)
vnv/~U

and

n

- (Sn-H — Sn, Su — Sk)

H, = 1] .
o =2 Tenw = e e

Note that since the function c¢(-) is invariant under isometry, we can rewrite the main
term in (3.6) as

> eU) Hyy. (3.10)

U
Then observe that for any U,

Sp — Sk

jL‘
ElH,y | 7l = 14118, — Selld

Moreover, since the law of the walk is invariant under time inversion, and since for

any path S, ..., S, and any k, the indicator Z( »,u 1s equal to 1 if and only if it is also
equal to 1 for the reversed path S, ..., So, we get
E[H; ;1= E[[Havl], (3.11)
where
Ve ~ ~
Hov = ——— ith OR, vy :=1{Sk : [ =1, k<n-1}.
nU Z RN nU = {8k  lknu n—1}
z€0 n,U
(3.12)
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Therefore, we only need to prove that for any U,

O(logn) ifd = 3

E[|Hy, 01171 = 3.13
Hn,ull”] [O(l) itd > 4. (3.13)

Step 3 First note that

(z,7) ~ .
E[| v 1?1 = Pz € dRnu, 27 € IRwv).
v . ZZ (4 1zl + [12719) v v

(3.14)

In dimension 4 or larger, (3.13) can be established as follows. First Cauchy—Schwarz
inequality gives for all z, z’

z, 2N < Nzl 1121,

Then, by using again the standard bound on Green’s functions, that is (3.9), we get
the desired bound

EllHavlP1=0( D IzP2 011 1z =174 ) = o).

I=llzll <[’

We consider now the case d = 3. Since it might be interesting to see what changes
in dimension 3, we keep the notation d in all formula as long as possible. Note that
if z € R, v, then |z|| < n and H; is finite. Therefore the restriction of the sum in
(3.14) to the set of z, 7’ satisfying ||z|| < ||Z’|| < 2|/z|| is bounded in absolute value
by

2l|z]?
1 H, < o0, Hy < 00). 3.15
ZZ (2=l =210 <20} (7 a3 P(H, z ) (3.15)

Moreover, as we have already recalled, for any z # 7/, with ||z|| < |12/l

1
P(H, < oo, H, < 00 §2GO,sz,z’=(9( )
( V4 Z ) ( ) ( ) ||Z||d_2||z_z/”d_2

Therefore, the sum in (3.15) is bounded above (up to some constant) by

4-3d 2—d 6—3d
22 Lpsp<iizaiaizen 121 ¥z =217 =0 | D0

z 7 I=|zll=n

= O(logn).
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It remains to bound the sum in (3.14) restricted to the z and z’ satisfying ||z/|| > 2||z|l.
To this end observe that the price of visiting z’ first is too high. Indeed,

|(z, 2}
1 / P(H, < H, < o0
ZZ:; U=2120=120=0) T 1200 (A + 12 19) (H; 2 )
=0 DD p<ap=peizn izl 1Pz = 11774
Z 7
=0 DD Mu<ae<pzpzm izl =17
Z 7
= O(logn),

where for the first equality we used in particular Cauchy—Schwarz inequality and
again the standard bound on Green’s function, and for the second one, we used that
when ||Z/|| > 2|1z|l, we have ||Z’|| < |lz — Z’||. Thus in (3.14) we consider the events
{H; < H_}. We now refine this argument in saying that after H, v, and after having
left the ball B(z, ||z||/2), it cost too much to return to z + Vj (and the same fact holds
for z’). Formally, for any z, define

T :=infk = Hoyyy 0 Sk € B(z, [12]1/2)},
and
o, :=inf{k > 7, : Sy € z+ Vo).
Then define the event
Eony = {z € 3Rnu} N {0, = 00}.

Observe next that if 1 < ||z|| < [|Z/]|/2,

~ ~ 1
P(z € 9Rnv, 2 € 3Rwus (Ecnu N Eynu)) =0 (W) .

Therefore, similar gomputations as above, show that in (3.14), we can replace the
event {z and z' € Ry} by E; n,u N E . y. So at this point it remains to bound the
(absolute value of the) sum

(z,7)
n /g RO E ! P < By, B, Beap)- - 310
=42

We now eliminate the time n-dependence in E; , y and E, , y by replacing these
events respectively by £, y and E,  defined as
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Boundary of the range of transient random walk

E.v:={H, <oo}N{VoN{So—z,...,S, —z}° ~U}N{o; = oc}.

Note that when 7, < n we have E; y = E; , y. This latter relation holds in particular
when z is visited before 7/, and 7’ is visited before time n. Therefore one has

E;nvNEy,unN{H, <Hy}=E,yNEy,yvN{H, < Hy}.

In other words in (3.16) one can replace the event E; , y by E; . We want now to
do the same for 7/, but the argument is a bit more delicate. First define the symmetric
difference of two sets A and B as AAB = (AN B°) U (A° N B). Recall that we
assume 1 < ||z|| < ||Z/|l/2. Let now k < n. By using (2.2) and (2.3), we get for some
positive constants ¢ and C (recall also the definition (2.1)),

k+1
Po(Exku AExu) < P (Ho <k < HIYY < o0)

1
<CE; |:]1{HZ/§1<}W:|

k
1
<C > P.(S=7)E —)
,; =9 (1+||Sk_i||d—2
kK p=cllZI?/i 1

=C ;
= Vi 1+Vk—i

where for the second and third lines we used the Strong Markov Property, and Cauchy—
Schwarz and (3.3) for the fourth one. The last sum above can be bounded by first
separating it into two sums, one with indices i smaller than k/2, and the other sum
over indices i > k/2. Then using a comparison with an integral for the first sum, one
can see that

1 :
P.(Ey .y A Eyy) < C—— ¢€IF17/C0),

'V

In particular

1
sup Po(Ex kv AEyy) =0 (T) .
k=1 12’1l

Then it follows by using again the Markov property and (2.3), that

P(E; v, Ey,nuAEyy, Ho < Hy) < ]P(Ez’,n,U AEyy, H, < Hy)
=> P(H,=n-k)P(Ey v AEsy)

k<n

< P(H; <n)sup P.(Ey v AEyuy)
k>1

1 1
—0 (— x —) |
212 " P
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In conclusion, one can indeed replace the event E./ , y by E ¢y in (3.16). Now in
the remaining sum, we gather together the pairs (z, z’) and (z, —z’), and we get, using
Cauchy—Schwarz again,

(z,2)
E P(E, v, E; y, H, < Hy)
d nd ,U> ,U» Z Z
1<l =l <n (T4 Nzl + N1z 1)

= Y =
- lzl9=1)|z/ (|41

1=2|zll<ll2’ | <n

P(E, v, Eyuy, H, < Hy)

—P(E,u, E—y v, H, < H_p)|. (3.17)
Then for any 1 < ||z|| < ||Z||/2, we have
P(E; v, Eyu, H, < Hy)
= Z P(E;,U’ H, < Hy, S¢, = y)Py(H 1y, = 00, Ex y),
y€dB(z,llzll/2)
(3.18)

where by 3 B(z, ||z]|/2) we denote the external boundary of B(z, ||z||/2), and where
Elg:={VWn{So—2z....8 —z}°~U}.

Now for any y € 9B(z, |z[|/2), and [|2']| > 2[|z]|. by using again (2.3) we get

1
Py(Heqyy = 00, Ey y) =Py(Eyy) — O (W) - (3.19)

Moreover, the same argument as in the proof of Lemma 2.1, shows that if y and y’ are
neighbors,

1
Py(E,yy) =Py(Eyy) + O (—) :
e e I

Therefore if 1 < ||z|| < ||z/||/2 and y € dB(z, ||z]|/2) we get

>l Izl
Py(Ey y) =Po(Eyy) + O (W) =Po(Ez,v) + O (||Z/||d1) .

(3.20)

On the other hand, by symmetry, for any U,
]PO(Ez’,U) = IEJJO(E—z’,U)~
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By combining this with (3.17), (3.18), (3.19) and (3.20), we obtain (3.13) and conclude
the proof of (3.4).

4 Lower bound on the variance

In this section, we prove Proposition 1.9. The proof is inspired by the proof of Theorem
4.11 in [12], where the authors use lazyness of the walk. Here, since the walk we
consider is not lazy, we use instead the notion of double backtracks. We say that the
simple random walk makes a double backtrack at time n, when S,+1 = S,—1 and
Sp+2 = S,. When this happens the range (and its boundary) remain constant during
steps {n + 1, n 4+ 2}. With this observation in mind, a lower bound on the variance is
obtained as we decompose the simple random walk into two independent processes:
a clock process counting the number of double-backtracks (at even times), and a
trajectory without double-backtrack (at even times).

4.1 Clock process

We construct by igduction a no-double backtrack walk (g,,, n € N). First, §0 =0,
and S1 and Sy — S; are chosen uniformly at random among the elements of Vj (the
set of neighbors of the origin). Next, assume that S has been defined for all k¥ < 2n,
for somen > 1. Let V> = {(x,y) : x ~0and y ~ x} and choose (X, Y) uniformly
at random in N>\ {(S2,—1 — Sau, 0)}. Then set

Sont1 =S+ X and Srui2 = So + Y. 4.1)

Thus, the walk § makes no double-backtrack at even times. Note that by sampling
uniformly in the whole of /\/~2 we would have generated a simple random walk (SRW).
Now, to build a SRW out of §, itis enough to add at each even time a geometric number
of double-backtracks. The geometric law is given by

P =k) = (1 — p)p* forallk > 0, (4.2)

with p = 1/(2d)?. Note that the mean of £ is equal to p/(1 — p). Now, consider a
sequence (&2, n > 1) of i.i.d. random variables distributed like £ and independent of

S. Then define
[k/2]

No=Ni =0 and Ny:= D & fork>2. 4.3)

i=1

A SRW can be built out from S and N as follows. First, S; = §,- fori =0, 1, 2. Then,
for any integer k > 1

Sri—1 = §2k—1 and S = §2k foralli € [k + NZ(k—l), k+ ﬁzk].
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This implies that if R is the range of S and 9R its boundary, then for any integer k

Rison, = Rk and  OR, 5 = IRk (4.4)

4.2 A law of large numbers and some consequences

Recall that Okada [13] proved a law of large numbers for [dR,|, see (1.3), and call vy
the limit of |0R,,|/n. Since N, /n also converges almost surely toward p/[2(1 — p)],
we deduce from (4.4) that

|aﬁiz| Vd
—
n 1—p

almost surely. 4.5)

Let us show now another useful property. We claim that for any o > 0,

lim P((RL)" NRF| > ar) =0, (4.6)
r—00

where R/, is the total range of another simple random walk independent of R. To see
this recall that the process (R;) is increasing, and therefore using (4.4) one deduce

P((Ro) " NRY| = ar) <P (1\7r = fpr) +P((Ro) T NRE,| = ar),

with C = 2p/(1 — p) + 1. The first term on the right-hand side goes to 0, in virtue of
the law of large numbers satisfied by N, and the second one also as can be seen using
Markov’s inequality and the estimate:

ENR)TAREN < D D G0, 24 0G0,z +y) = O(/rlogr),

x,yeVq z€Z4

which follows from (2.3) and [11, Theorem 3.6].
A consequence of (4.6) is the following. Define ¢ = v;/[2(1 — p)]. We have that
for k large enough, any r > 1, and r > vk

- 1 ~ 1
PRk 2 1) 2 5 = P(0Rkirl 2 1+cr) = 7 (4.7)

and also | |
P(|a7€k|§z)z§ — P(|a7€k7r|sr—cr)zz. (4.8)

To see this first note that the set-inequality (1.9) holds as well for R. Hence, with
evident notation

10Rksr] = [0R,| + [0R(r k +1)| — 2]RT (r. 7 + k) N RS, 4.9)

@ Springer



Boundary of the range of transient random walk

Now observe that the last intersection term is stochastically dominated by (RN
R;”|, with R a copy of R, independent of R;” Therefore, (4.5), (4.6) and (4.9)
immediately give (4.7) and (4.8).

4.3 Lower bound
First, by using (1.13), there is a positive constant Cy > 2d, such that
IE[|dR,|] — van| < Coa/n foralln > 1. (4.10)

Take k;, to be the integer part of (1 — p)n. We have either of the two possibilities

~ 1 ~ 1

1) P(oRk,| < van) = 5 or (i) P(oRk,| = van) = 7 (4.11)
Assume for instance that (i) holds, and note that (ii) would be treated symmetrically.
Define, i, = [(1 — p)(n — A/n)], with A = 3Co/(c(1 — p)), and note that using
4.8)

PR, | < van — 3Covm) = 7, (4.12)
for n large enough. Now set
B, = [—Zﬁi" _;E[ﬁi"] clA+1,A+2]}.
Note that there is a constant c4 > 0, such that for all n large enough
P(By) = ca. (4.13)
Moreover, by construction,
B, C l{in +2N;, € [n,n+3/nl}. (4.14)

Now using the independence of N and 9R, (4.4),(4.12),(4.13) and (4.14), we deduce
that

P@Em € {0,...,3Vn) ¢ |0Rnim| < van — 3Co/n) > %".

Then one can use the deterministic bound:

[0Ru| < |8Rn+m| + 2dm,

which holds for all n > 1 and m > 0. This gives

P(9R, | < van —2Cov/n) = -,
which implies that Var(|0R,|)/n > C(%CA/4 > 0, using (4.10).
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5 On Le Gall’s decomposition

In this section, we establish Proposition 1.8 and Theorem 1.10.

5.1 Mean and variance

Inequality (1.9) holds since

7€ AR, M\(S, + R(n,n +m))T U (S, + R(n,n +m))\RT(0, n)
= z € IR0, n 4+ m).

Define
X(@i, j) =19RG, )| and X, j) = X, j) —E[X, j)].

Observe that in (1.9) the deviation from linearity is written in terms of an intersection
of two independent range-like sets. This emphasizes the similarity between range and
boundary of the range. Now (1.9) implies the same inequalities for the expectation.

0>E[X(O0,n+m)]— E[XO,n]+E[Xn, n+m)]) >—-E[Z@n,m)]. (5.1)
Combining (1.9) and (5.1), we obtain our key (and simple) estimates
IX(0,n+m)— (X(O0,n) + X(n,n+m))| <max(Z(n, m),E[Z(n,m)]). (5.2)
If | X ||, = (E[XP])!/P, then using the triangle inequality, we obtain for any p > 0,
X, n+m)ll, = 11X O, n) + X, n+m)| | < [ Zn, m)llp+ 1 Z(n, m)|1. (5.3)

The deviation from linearity of the centered p-th moment will then depend on the p-th
moment of Z(n, m). We invoke now Hammersley’s Lemma [8], which extends the
classical subadditivity argument in a useful manner.

Lemma 5.1 (Hammersley) Let (ay), (by), and (b)) be sequences such that
an +am — by < Aman < ap + am + bpyy  forallm andn. (5.4)

Assume also that the sequences (b,) and (b)) are positive and non-decreasing, and

satisfy
b /
> bntby (5.5)
nn+1)

n>0
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Then, the limit of a, /n exists, and

b, 44 by, Sk +b,, 1 by (5.6)
- — E _— — — llm — — — E _— .
- k(k+1)
k>2n 2n

We obtain now the following moment estimate.

Lemma 5.2 For any integer k, there is a constant Cy such that for any n, m integers,
E[ZF(n,m)] < Cr(rg (v (m)'72. (5.7)

Recall that V4 is defined in (1.11).

Proof Observe that Z(n, m) is bounded as follows.

Z(n,m) <2 z 1{z e RT(0,n) N (Sy + R (n, n +m)))}
zeZ4
<23 1z e RO, m) "R (n,n +m)
zeZ4

<23 S S tlz4xe RO.n), z+y € Rn.n+m)).

xeVo yeVgzeZd

We now take the expectation of the k-th power, and use the independence of <7€(O, n)
and R(n, n + m). Then (recalling the definition (2.4) of G, and using (2.5) for the
last inequality)

k
VAN ESAND ST S E|:H]I{Zi+xie(7€(0,n)}

xt.y1€Vo  xgypeVo itk Li=l

X]I{Zi +yvi € R(n,n+m)}]

<2 Z Z z P(H, 4y, <n, Vi=1,...,k)

x1.1€Vo  Xg €V Ll

xP(Hy 4y, <m, Yi=1,...,k)

1/2
< 2’<|V0|2’<( Z P(H, <n, Vi = 1,...,k)2)
Z1y.-9Zk
12
x( Z P(H,, < m, Vi =1,...,k)2)
Z1s-esZk

<

1/2
2k|Vo|2kk!( > G,%(o,m)...G,%(zk_l,zk))
Z1seesZk
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1/2
x( > G,%I(O,Z1)...G,2n(zk1,zk))
21 Zk
< Cr(kmykmy'/2,

which concludes the proof. O

Henceforth, and for simplicity, we think of ¥4 of (1.11) rather as y3(n) = O(/n),
Ya(n) = O(log(n)) and for d > 5, ¥4(n) = O(1) (in other words, we aggregate in
¥4 innocuous constants). As an immediate consequence of (5.1) and Lemma 5.2, we
obtain for any n, m € N,

E[10Ra14+E[0Rm |1 —max(¥a(n), Ya(m)) < E[|0Rn4m|] < E[[0R[1+E[[0Rm].
The inequalities of (5.8) and Hammersley’s Lemma imply that the limit of E[| 8Rn(a /82
exists and it yields (1.13) of Theorem 1.10.
Variance of X (0, n). Let us write (5.3) for p =2
X0, n +m)ll — X0, n) + X(n,n+m)|2| <201Z(n,m)[2.  (5.9)
Now, the independence of X (0, n) and X (n, n 4 m) gives
IX(0. n) + X(n,n +m)[5 = IXO.n)[3 + X0, m)]3. (5.10)

By taking squares on both sides of (5.9) and using (5.10), we obtain

IX (0, n+m)lI3 < X0, n)[13 + 11X, m)|3
14X (0, n) + X (n, n +m)]2|| Z(n, m) |2 (5.11)
+41Zn, m)|I3,

and

I1X(0, m)[13 + 11X 0, m) |13 < [1X(0, n + m)||3 + 41X (0, n + m) 21| Z(n, m)]|2

+ 41 Z(n, m)|3.
(5.12)
Now define for £ > 1,
Agi= sup  [X(0,0)]3.
26 <j<2tH!

Next, using (5.10), (5.11) and Lemma 5.2 with k = 2, we deduce that for any £ > 1
and & > 0 (using also the inequality 2ab < ea? + b?/¢),

1
Agr < (1+)24, + (1 + ;) vg(29). (5.13)
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We iterate this inequality L times to obtain for some constant C independent of L

AL =C+e) 2L+c(1+ )Z(1+ o2y gt
2L 1
< CL~2" when we choose ¢ = I (5.14)

Then we use the rough bound of (5.14) as an a priori bound for the upper and lower
bounds respectively (5.11) and (5.12) for the sequence a,, = Var(X (0, n)), in order to
apply Hammersley’s Lemma with b, = b}, = /nlogn x ¥4 (n). In dimension four or
more we do fulfill the hypotheses of Hammersley’s Lemma, which in turn produces the
improved bound Var(|0R,|) < Cn, and then again we can use Hammersley’s Lemma
with a smaller b, = b, = /n{4(n) which eventually yields (1.14) of Theorem 1.10.
The fact that the limit of the normalized variance is positive follows from Proposition
1.9.

5.2 Central limit theorem
The principle of Le Gall’s decomposition is to repeat dividing each strand into smaller

and smaller pieces producing independent boundaries of shifted ranges. For two reals
s, t let [s], [¢] be their integer parts and define X (s,¢) = X([s], [¢]). For £ and k

integer, let X< ) — = X ((k — Dn/2%, kn/2%). Let also Z( ) , be the functional of the two
strands obtalned by dividing the k-th strand after ¢ — 1 lelSlOIlS In other words, as
in (1.10) (but without translating here) let

zZO =wunut+Wwtno|

with

U::IS[(k_l)z,,[],...,S[ 2«11]]’ and ﬁ::[s[

Thus, after L divisions, with 2L < n, we get

2[:—1],...,5[1(2,2]].

L 2@—] 2L
L (i L
IR I 2
=1 i=1 i=1
The key point is that {X l( ci=1,..., 2L} are independent, and have the same law

as X (0, n/ZL) or X (0, n/ZL + 1). Now, we define the (nonnegative) error term & (n)
as

X(0,n) = Z X\ — &),
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and (1.9) and (1.13) imply that

E[€(n)] < iz% (57)-

=1

Note that, in dimension d > 4, we can choose L growing to infinity with n, and
such that E[£(n)]/+/n goes to 0: for instance 2° = /n/log?(n). Therefore, for such

choice of L, it suffices to prove the Central Limit Theorem for the sum Zil X l(l;l)
Our strategy is to apply the Lindeberg—Feller triangular array Theorem, that we recall
for convenience (see for instance [5, Theorem 3.4.5] for a proof).

Theorem 5.3 (Lindeberg—Feller) For each integer N let (Xn,; : 1 <i < N) bea
collection of independent random variables with zero mean. Suppose that the following
two conditions are satisfied

@) Zf\;l E[X,z\,,i] — 0%2>0as N — oo and
Gi) SN E[(Xy.)21{XNi| > &}l > 0as N — oo forall & > 0.
Then, Sy = Xny1+ ...+ Xy Ny = oN(0,1)as N — oo.

We apply Lindeberg-Feller’s Theorem with N = 2 and X N = Yl-ljn /+/n. The
condition (i) was proved in the previous subsection. The condition (ii) is usually called
Lindeberg’s condition. To check (ii), we estimate the fourth moment of X (0, n), and
as was noticed by Le Gall [11, Remark (iii) p. 503], this is achieved using the previous
decomposition and a sub-additivity argument. More precisely, using (5.3) with p = 4,
we have

IXO.n+m)lla < ((BIX"(0,n)] + 6E[X" (0, m)]E[X" (0, m)] + E[X" (0, m)]))"/*

+ Va(m)ya(m).

Thus, if we define for £ > 1,

Ap:= sup  [1X(0, )4,

2£<i§2€+1
we obtain (using also that (a + b4 < al/* 4+ pl/* for any a, b),

Ay < QAP*+6AHY* 1y, (2Y

<244, + 644, + ya(2Y).

Define then AZ = SUPyt j <t IIY(O, i) ||4/2e/2, and recall that A, < C,;2¢, for some
constant C4 > 0, in dimension four and larger. Therefore if d > 4,

” 214 1 1/4
AE+ISWAZ+6 Cd+

Va2
20e+1)/2°
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This recursive inequality implies that (A}) is bounded, as well as n +— 11X (0, n) ||:‘; /n.
We then deduce that Lindeberg’s condition is satisfied, and the Central Limit Theorem
holds for X (0, n).
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Appendix: Estimates on ranges
In this section, we prove Proposition 1.5. We first introduce some other range-like sets

allowing us to use the approach of Jain and Pruitt [9]. Recall that the sets R, v are
disjoint, and for U C Vj, define

Ruv = |J Rov={S : Sk ¢ Re_rand §; ¢ (S +U), i<k —1, 1<k <n}.
VoU
(5.15)

Next for U C Vj, define
aU) = [Roul —E(Rpul)  and  BWU) = [Raul —E(Rav).

The definition (5.15) yields

aU) = > V),

VoU

and this relation is inverted as follows:

BV)= > (=DI"Wa).

Uov

As a consequence, for V C V),

Var(|Rp, v]) = E(B*(V)) < 20V 3" @ (U)).
UDVv

We will see below that each ﬁn,v has the same law as a range-like functional that
Jain and Pruitt analyze by using a last passage decomposition, after introducing some
new variables. But let us give more details now. So first, we fix some V C Vj, and for
neN,setZ! =1, and
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Zi =1({Si+x ¢ (Si +Z) Vk > 1}) Vi e N,
Z! =1({Siqk ¢ (Si+V) Vk=1,...,.n—i}) Vi<n
W=7 -7, Vi <n,
where
V =V ulio}.

A key point in this decomposition is that Z,, and Z' are independent. Now, define

Ryy=1{S: Si¢S+V.n>i>k 0<k<n}, and [R,,|= Zz"
(5.16)

Since the increments are symmetric and independent, |ﬁn,v| and |R,, | are equal in
law. Now, equality (5.16) reads as

n—1 n—1
R, vl =Zzi+ZWi”.
i=0 i=0

Now using that Var(|R,,v|) < E[(|Rn.v| — > ;-,_; E[Z;])?], and that (a + b)* <
2(a® 4 b*) we obtain

n—1j—1 n—1 j

Var(|R,, 1) < 2ZVar(z ) 4D D Cov(Zi Zj) +4 DD B(W!'W)).

i=1 j=1i=0 j=1i=0
(5.17)

Next fori < j < n, we have (recall the definition (2.1))
(i+1) G+
]E(Wl-" Wj") = (n < HS,l+V <o0,n< HSJ+V < oo)

=D P(Sj_i=x, Hy > j—)P:(n—j < Hy
x¢V

<

<00, n—j<H_ y<00)

ZIP’(S —i=x, Hy>j—)Py(n—j < Hy
x¢V

<oo,n—j<H

x4V < ©0),

where for the second equality we just used the Markov property and translation invari-
ance of the walk. The last inequality is written to cover as well the case i = j.
Therefore,
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J
ZE(Wl_nw;?) <> G0, x)Pu(Hy <00, n—j < H,y < o)
i=0 x¢V
< Z Z G;j(0,x)Py(Hy <00, n— j < Hyy; < 00).
y,zeV X¢V

Then Lemma 4 of [9] shows that

. o ( L ifd =3
Selmm)=lofa) wms
=0
O((n—H=2) ifd =5,
and thus
Om) ifd =3
n—1 j
S>E (W{‘W]’-’) — 1 O(ogn)?) ifd = 4 (5.18)
i=1i=0
= o) ifd > 5.

Now, fori < j < n, by using that Z;./ and Z; are independent, we get
Cov(Zi, Zj) = —Cov(W/, Z)).
On the other hand, assuming i < j <n,

E(W/Z;) = ]P’(j < HIM < oo, H;ij) - oo)

=D P(Sj_i=x, Hy > j—)P.(Hy < 00, H, y = 00).
x¢V
Since in addition,
E(Zj) =Px(H,  y =00) forallx,

and

EW/) =" P(Sj—i = x, Hy > j — i) Py(Hy < 00),
x¢V

we deduce that

Cov(Zi. Zj) = D P(Sj_i =x. Hy > j — i) by (x),
x¢V
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with

by (x) :=Py(Hy < 00) Py (H, ,yy = 00) — Py (Hy < 00, H 3 = 00).
(5.19)

Now we need the following equivalent of Lemma 5 of [9].
Lemma 5.4 ForanyV C Vy, and x ¢ v,

by(x) =Px(Hy < H, 3 < 00)Py(Hyy = 00) +E(x, V),
with

E, V)= > Pu(Su_y =2, Hy < Hy)(P.(Hy < 00) — Py (Hy < 00)).

X
zex+V

Moreover,

1

Assuming this lemma for a moment, we get

Jj—1 j—1
aj = Cov(Zi.Zj) =D > P(Sji=x Hy>j—)by(x)
i=0 i=0 x¢V
G;0,x) 1
=0 N =0 _
Z flxfd=1 1<§<’ [lx 243
X = =J

_ | Odogj) ifd =3
1o ifd > 4,

from which we deduce that

n-l O(nlogn) ifd =3
(5.20)

D aj= ‘
= O(n) ifd > 4.
Then Proposition 1.5 follows from (5.17), (5.18) and (5.20).

Proof of Lemma 5.4. Note first that

by (x) = Py (Hy < 00, H v < 00) — Py (Hy < oo)]P’x(HHV < 00)
= ]PX(HV < Hx+V < Q) +]P>X(Hx+v < HV < Q)
_PX(HV < OO)IPX(HX+V < OO)
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Moreover,

Py(H, v < Hy < 00) = Z Py(S, ., =2, Hy,y < Hy)P.(Hy < 00)

x
zex+V
= ]P)X(Hx+v < HV)PX(HV <o0)+Ex, V).

The first assertion of the lemma follows. The last assertion is then a direct consequence
of standard asymptotics on the gradient of the Green’s function (see for instance [10,
Corollary 4.3.3]). ]

Remark 5.5 By adapting the argument in [9] we could also prove that in dimension
3, Var(|Emv ) ~ o’n log n, for some constant o > 0, and then obtain a central limit
theorem for this modified range. However it is not clear how to deduce from it an
analogous result for | R, v |, which would be useful in view of a potential application
to the boundary of the range.
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