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Abstract

A few years ago, Grimmett, Kesten and Zhang proved that for supercritical
bond percolation on Z3, simple random walk on the infinite cluster is a.s. transient.
We generalize this result to a class of wedges in Z3 including, for any € € (0,1),
the wedge W. = {(x,y,2) € Z3 : > 0, |2] < 2°} which can be thought of
as representing a (2 + ¢)-dimensional lattice. Our proof builds on recent work of
Benjamini, Pemantle and Peres, and involves the construction of finite-energy flows
using nearest-neighbor walks on Z with low predictability profile. Along the way,
we obtain some new results on attainable decay rates for predictability profiles of
nearest-neighbor walks.

1 Introduction

It is a classical theorem of Polya [14] that simple random walk on the cubic lattice
Z% is recurrent for d = 1,2 and transient for d > 3. By inspecting quantities such
as the Green’s function, one is immediately led to think that the critical dimension
should be 2 rather than some other number between 2 and 3. A natural candidate for
a (2 + ¢)-dimensional lattice, € € (0,1), is the wedge

W, ={(z,y,2) € Z°: >0, |2| < 2%}

since the number of points in W, within distance n from the origin grows like n?*e.
Lyons [13] showed that, indeed, simple random walk on W; is transient for each £ > 0.
(See [16] and [2] for a different interpretation of random walks in noninteger dimensions. )
Grimmett, Kesten and Zhang (GKZ) showed in [8] that the transience for d = 3
is highly robust, in the following sense. Suppose that every edge in the Z?2 lattice is
removed independently with probability (1 — p), thus being retained with probability
p. Then, for each p € (p.,1], where p. is the critical value for independent bond
percolation on Z3 (see [7] for basic notation and results on percolation), there is a.s.
an infinite cluster among the retained edges on which simple random walk is transient.
Obviously, this result cannot be pushed further as far as the value of p is concerned,
since by definition there is a.s. no infinite cluster of retained edges when p < p., and (as
everyone believes, although a rigorous proof is still lacking) not at p = p. either.
Corollary 1.2 below provides an extension of the GKZ theorem to the wedges W,
for all ¢ > 0. This answers a question of Benjamini, Pemantle and Peres [3]. In fact,



the result also covers somewhat thinner wedges, such as
{(2,9,2) € Z*: 2 >0, |2] < (log(x +1))**7}

for any € > 0.

Percolation on wedges has been studied previously e.g. by Chayes and Chayes [5].
Most of the wedges we study have the same critical value for bond percolation as Z3,
as will be evident from the final part of the proof of Theorem 1.1. For this reason, p.
will always denote the critical probability for bond percolation on Z3. Our main result
is the following.

Theorem 1.1: Suppose that hi(x) and hy(z) are increasing positive functions such
that for i = 1,2 we have

Z hz(]) < 00, (1)

]2

J=1

and consider independent bond percolation on the wedge
Wiy = {(2,9,2) €Z°: >0, [y| < hi(2), |2| < ha(2)}
with retention probability p € (pe, 1]. If

> 1
2 ) <> .

then the set of retained edges will a.s. contain an infinite cluster on which simple random
walk is transient. Conversely, if the sum in (2) diverges, then the set of retained edges
will a.s. not contain an infinite cluster on which simple random walk is transient.

For instance, the set of retained edges will contain an infinite cluster on which simple
random walk is transient if we take hy(z) = ho(z) = /z(log(z + 1)) with € > 0, but
not if we take hi(z) = hao(z) = /xlog(z + 1). (The cutoff for having an infinite cluster
at all is much lower; see [5].)

Once we have proved Theorem 1.1, the next result follows with very little extra
effort.

Corollary 1.2: Suppose that h(zx) is an increasing positive function for which
io: 1
j=1 j V h(])

Independent bond percolation with retention probability p € (p¢, 1] on the wedge

< 0. (3)

Wi ={(2,y,2) € Z>: 220, |2| < h()},

will then a.s. yield an infinite cluster on which simple random walk is transient.

An interesting aspect of Theorem 1.1 is that condition (2) coincides with Lyons’ [13]
criterion for transience of simple random walk on Wy, ,. In other words, we get tran-
sience of simple random walk on the infinite cluster if and only if simple random walk
on Wy, n, is transient. Corollary 1.2, however, does not share this feature and may
leave room for improvement; see the discussion in Section 6.



The way we prove Theorem 1.1 is to sharpen the techniques of Benjamini, Pemantle
and Peres [3], who gave a new proof (and some generalizations) of the GKZ theorem.
Geoffrey Grimmett has kindly informed us that the original approach in [8] can be used
to prove Theorem 1.1 and Corollary 1.2 under slightly stronger assumptions on h, hi
and hz.

The main part of the game is to prove transience for some p < 1; once this is
done the modern renormalization technology developed by Grimmett and Marstrand
[9], Antal and Pisztora [1] and others can be invoked to bring the result all the way
down to the critical point p.. The approach of Benjamini, Pemantle and Peres is to
construct finite-energy flows on the set of retained edges using nearest-neighbor walks
on Z whose so-called predictability profile is sufficiently small. By a nearest-neighbor
walk, we mean a random process {5, }°2 taking values in Z such that [S,+1 — Sp| =1
for each n.

Definition 1.3: For a random process S = {S,}7° taking values in the finite or
countably infinite set V, the predictability profile {PREg(k)}3°, of S is defined as

PREgs(k) = supP[Spik = 2| S0, ..., Sh]

where the supremum is taken over alln > 0, all x € V' and all histories Sy, ..., Sy.

PREg(k) should be thought of as the maximal chance of guessing S correctly k steps
into the future, given the process up to the present. In some sense, simple random
walk is of course the least predictable of all nearest-neighbor walks on Z, but in the
sense of asymptotics of the predictability profile as k — oo, it is not! Whereas by the
Local Central Limit Theorem, simple random walk has predictability profile of the order
k~1/2, Benjamini, Pemantle and Peres [3] constructed, for any o < 1, nearest-neighbor
walks with predictability profile O(k~%). The following theorem is an improvement of
the result in [3].

Theorem 1.4: For any decreasing positive sequence { f(k)}3, such that

Zf(] (4)

=1 J

there exists a constant C' < oo and a nearest-neighbor walk S = {S,}°%, on Z such

that o
PREg (k) < W (5)

for all k > 1.

For instance, taking f(k) = 1/(log(k + 1))!*¢ for ¢ > 0 gives a nearest-neighbor walk
whose predictability profile is O(w). Theorem 1.4 is sharp, as Hoffman [10]
very recently has shown: if f is decreasing and the sum in (4) diverges, then the
predictability profile in (5) is impossible to achieve.

Theorem 1.4 is a key igredient in the proof of Theorem 1.1. Levin and Peres [11]
have recently found another application of Theorem 1.4 in percolation theory.

We shall present two alternative constructions leading to a proof of Theorem 1.4.
These are somewhat different, and were obtained independently by the two authors of
this paper. The first construction is based on the Ising model on a tree, and the second



is a kind of random walk in random environment. For both constructions, it will be
convenient to note that the condition (4) is equivalent to having

if(bj) < 00 (6)
j=1

for some (hence any) b > 1.

While proving Theorem 1.4 via the Ising construction we derive in Corollary 2.3 a
result of independent interest, concerning the spin-sum on the boundary of the Ising
model with fixed interaction strength.

One more result about attainable decay rates of predictability profiles will be needed
in our proof of Theorem 1.1:

Proposition 1.5: Suppose that {f(j)}72, is an increasing positive sequence for which
[o'e) .
Z 1) < 00. (7)

:2
=1 7

Then there exists a nearest-neighbor walk S* = {S}}°2, on Z such that |S}| < f(n)+1
for all n and whose predictability profile satisfies

PRESI) < Fm)

for some C < oo.

If f(k)/f(k/2) is bounded, then the predictability profile is O(1/ f(k)), which is of course
optimal up to determination of the constant C'. The use of f(n)+ 1 rather than f(n) is
only to make sure that the walk can get started, and is irrelevant for the asymptotics.

The rest of this paper is organized as follows. In Sections 2 and 3 we give the
two alternative constructions which prove Theorem 1.4, and in Section 4 we prove
Proposition 1.5. Section 5 contains proofs of Theorem 1.1 and Corollary 1.2, and the
final section contains a short concluding discussion.

2 Unpredictable walks: first construction

In this section we give the first proof of Theorem 1.4. The main part of the proof is
Lemma 2.1 concerning the distribution of the spin sum over the boundary for the Ising
model on a regular tree. The tree-indexed Ising model has been studied before by many
authors, see e.g. [12] and [4]. One difference between our setup and previous ones is that
here we allow the interaction strength to vary in the tree. Our analysis uses Fourier
transforms, and resembles a process constructed in [3].

Let b > 2 be an integer. We build a tree T}, also known as the “hierarchical lattice”
which has Z as the boundary set. The levels of the tree L; will be defined inductively,
starting at the boundary. The boundary Lg is simply Z. To define L;;1, denote the
vertices of L; from left to right by {v;};° . Set Li41 to be {w;};2_ (left to right)
where w; is the parent of vy; - - - vpap_1. A vertex in L; will be called a vertex of level 4.
Thus a vertex of level ¢ has distance ¢ from the boundary of T5.

Let % > €1 > € > -+ > 0 be a sequence and consider the following labeling {o(v)}
of the vertices of T, by £1 valued random variables called spins. For each vertex v in



level ¢ > 1 and for each of its children w, assign o(w) to be o(v) with probability 1 — ¢;,
and —o(w) with probability ¢;, independently for all children w. Using Kolmogorov’s
Consistency Theorem, we obtain a labeling of T3, in which Plo(v) = 1] = Plo(v) =
—1] = % for all v € T;. For each level N we denote by Y the spin sum on the boundary
of the subtree which has a root w at level N, given o(w) = 1. It is clear that the
distribution of Yy does not depend on the choice of w.

Lemma 2.1: Yy satisfies the inequality

C
PYy =2z <
=S N T 0 2

for all N > 1, all x, where C' depends only on b.
The following result is an immediate consequence.

Corollary 2.2: If Y 72 €, < oo, then Yy satisfies the inequality

c
=zl <
P[YN .CU] ~ bNEN

for all N > 1, all x, where C' depends only on b and on [[32; (1 — 2¢g).

The case of homogeneous interaction strength is of independent interest, so we state
this as a separate corollary.

Corollary 2.3: When the interaction-strength is constant, i.e. €, = € for all k, we have

c
PlYy =z] < W

for all N > 1 and all x. Here C depends only on b.

Proof of Lemma 2.1: By decomposing the sum in the definition of Y41 into b parts
according to level N of the subtree having root at level N + 1 (that is, by decomposing
the sum according to the children of the root of that tree) we get

b

YN = ZU(%‘)YM ,
j=1

where {a(vj)}?-:l are b i.i.d. spins, having distribution (1 —€ny1,€n+1), and {Y]E,j)}?:l
are i.i.d. variables with the distribution of Yy, that are independent of these spins.
Consequently, the characteristic functions

~

Yy(\) = E(e?M)

satisfy the recursion

Yver(d) = (1 —ens)Vn(N) + enp1 ¥ (=A)
= (RYNO) +i(1 = 2en4+1)SVN (V) (8)

where R denotes real part, and & imaginary part. Define

GN()\) = arg ?N()\),



s
= <A< — —0...1 —
Jo={0SAS T 00 < g k=0-n—1}
and
L={0<A<Z: 0\ <= k=0-n—1,0,()) > —1.
" -T2 20’ ’ =2

We will evaluate the L' norm of Yy by looking at the decomposition 0,5] =
U]kvz_ol I JJy, and bounding Yy on each of these intervals, and the length of those
intervals. |I| will denote the length of the interval I. We can rewrite (8) as

Troi1 (V) = [T Tcos(On (V) + (1 — 2eqs1) sin(On (V)] (9)
and get, for 0 < On () < 5, that
On+1(A) = barctan((1 — 2en41) tan(fn(N))).
Since arctan is decreasing and concave in [0, 00), we obtain for 0 < Oy (\) < Z,
> bON(A) = Ont1(A) 2 b(1 — 2en41)0n (A). (10)
By (10) for A € I,,, § > 6,(A\) > 3, and using (9) we get

7))5 < (1 2€n+1 sin (27;)))3 < €_p5n+1b

where p denotes sin®(3;). Inductive usage of (9) for A € I,, and N > n now gives

[V (N)] < empeneb™", (11)
By (10) we have
T
L] < |Jn] < : 12
and by (11),
1 2 (5 o 2 N e b
o [ 1A == [T an < (X e ).
k=0
Inserting (12) yields
i/ v\ dA < = Z bkempersab¥F 4 o) (13)
2m I (1 2¢) .

In order to evaluate the sum in the right hand side of (13), we take the last n such that
pens1bY ™" > 1, and get

N-1 N 0
R N A DY A ) P (14)
k=n k=n k=0

Since {€} is decreasing we get

n—1 Nk n—1 e 00 i
Yo bFemrant T <N TR < p Ny T pke (15)
k=0 k=0 k=0



Furthermore, since pe,2b" "~ < 1, we have that

1 1
b "< < . 16
= pbN=lep o T pbNTlen (16)

Now combining (13), (14), (15) and (16) we see that

1 (™ s C
— YA dA <
27 /_7r| NVdr < Wen TINH (1 — 2¢)

where .
o DR SR e )
sin? ( 2%)

Using the inversion formula we finally achieve the bound

1 /7 . 1 [
PlYy = o] = _/ P (A)e 2 d < —/ P (V)] dA <

2 J_x 2

C
bNen Hi\f:—ll (1-— 2€k).

a

Proof of Theorem 1.4: We can assume that for all k, 0 < f(k) < 1. Take any b > 2,
and set e, = f(b¥). By (6) we have that Y32, ex < co. We look at the tree T} with
the spin assignment induced by {e;}. Fix vy € Lo, let v1,v2... be the elements of the
boundary of T} to the right of vg, and set

Sn = i O'(Uk).
k=1

We claim that S, has the desired predictability profile. To see this, fix n > 0, k > 0
and note that S,y p = S, + Z?if 110(v;). If we now take the unique h satisfying
20" < k < 2b"*L) there will exist a vertex w at level h (i.e. at distance h from the
boundary) for which all of the descendants at level 0 are in the set {vyn41,..., U4k}
Form this it follows (by conditioning on the spins of all v; which are not descendants of

w, and on the spin of w) that

sup P[S,+r = x|S0, ..., Sn] <supP[Y} = z]. (17)
z€Z z€Z

Now using Corollary 2.2 and (17) we get

C 2bC 2bC

PRESO) = B = k0P = k7

(18)

and the proof is complete. O

Remark: The above construction can be modified in such a way that S gets stationary
increments. Indeed, by considering the entire bi-infinite boundary of 7, we get a bi-
infinite process. If in the construction of all levels j of Ty we take s to be uniform shift
in {0---b— 1} and set each w; in L; to be the parent of vpi4s - - Upitp—145, then we get
a process with stationary increments and the desired predictability profile.



3 Unpredictable walks: second construction

The processes we construct in this section are a kind of random walk in random envi-
ronment. For the usual random walk in random environment [17] [15], the environment
is fixed in time and varies in space. In contrast, the environment in our setup varies in
time but not in space, so that our processes are closer related to the birth and death
chains in random environment studied by Torrez [18]. Whereas transform methods were
needed to obtain the desired predictability profile in the previous section, the methods
in the present section are purely probabilistic.

Let S,, be the sum 7 ; 0; of {—1,1}-valued random variables {o;}°; which are
independent conditioned on the random environment {p;}?°,. At each time ¢, o; takes
value +1 with probability p; and —1 with probability 1 — p;. Fix an integer b > 1, and
furthermore let {a;}32, be a positive sequence such that

> 1
Zaj < —.
Jj=1 2

The random environment is obtained as

1

where {pg1 X1 {pl >, ... are independent processes defined by

(i) For each ¢ and j, the distribution of pl(j )

(ii) The value p(j)

is uniform on [—ay;, aj].

;. is constant in ¢ fori =1,..., b/. At time ¥ + 1 it switches to a new
independent value uniform on [—aj, a;] which is kept until time 257, and so on.

This defines the distribution of {o;}:2,. Concretely, the process can be reahzed by

letting {U;}7°, be a sequence of i.i.d. random variables, independent also of the {pZ 21

processes, uniformly distributed on [0, 1], and letting

o — +1 i U; < p;
"] —1 otherwise.

Theorem 1.4 is an immediate consequence of the following result and the observation
(6). We write |x| for the integer part of .

Proposition 3.1: Given b and {a;} there exists a C' < oo such that

o0
j:17
C

PREg(k) < —————.
k ajiog, (k/2))

for all k.
Proof: We may safely assume that k > 2b. Let

my, = [logy(k/2)].

Suppose that we know Sy, ..., S,, and want to predict S, x. The time interval Igi{“ =

{n+1,...,n+ k} will certainly contain some subinterval I = {I,...,l + b™ — 1} on



(m

which the pgm’“) process stays constant; fix such an I, and write p;
(my) (my) (mi)

value of p; "', i € I. Clearly, p; "’ is independent of the p; process outside of this

interval, and thus also of {o;}i¢r. The cardinality b™* of I satisfies

®) for the common

pmi  pllogs(k/2)] < plogy(k/2)=1 _ Eb
= 2

Write ﬁimk) for p; — "™, and note that {pgmk)}ﬁ is independent of {p(mk . For
i € I, define the random variables

X U ~(mk)

and
1 if XZ < —am
;=40 if X; € [—am,, am,]
-1 if X; > Qmy, -

The Y;’s are not independent, but each of them independently takes value 0 with prob-

ability 2ay,,. Therefore, #{i € I : Y; = 0} has a binomial (b""*, 2a,,, ) distribution.
Next, suppose that in addition to Sy, ..., S,, we are also informed of the values of

{Ji}ielﬁﬁ\l and {Y;}icr. Given this extra information, we know that S, ;4 has to be

in the interval

L=qSut D oitd Yi=) Lyvmopseess Sat D oit D Yit ) Lyvieg)

ierm i icl icl iV icl icl
Now comes the key step of the proof, which is to note that the conditional distribution
(given the extra information) of S, is in fact uniform on the set

Leven =qlel: - Sn + Z o; + ZY; — Z 1{}/1,:0} is even p . (19)

Zelnif\j i€l i€l

This follows from the fact that

ie]ﬁif\] el el

(

and the observation that the random variables p Im’“) and {X;}ier. v;—0 are conditionally
iid. and uniformly distributed on [—am, , Gm,]. Since Leyen has cardinality #{i € I :
Y; =0} + 1, we get for any x that

i [#{iel:Y;,=0}=]

= 8] <
P(Suer =50, S 1

1

bk Gy,

IN

P#{icl:Y;=0} <b™ap,]+



The first term in the last expression tends to 0 exponentially fast in b"**a,,, , and is thus
asymptotically negligible (as b™*a,,, — o0o) compared to the second term. Hence, we
can find a C’ such that

/ 2 !
PIS, k= S0, Sn] < —C be

= bMkay, - kam,
Setting C' = 2bC" gives the desired result. a

Remark: Just as in Section 2, we can modify the above construction in order to obtain
a process which has further desirable properties without losing anything essential in the
upper bound for the predictability profile. If the {pgj ) 2, processes are extended to
negative times in the obvious way, and each of the processes independently is shifted by
a random time lag equidistributed on {0, ...,5/ — 1}, then the {0}, process becomes
stationary, so that {S;}°; gets stationary increments. If furthermore for each j the

()

time intervals that pl-j stays constant are turned into an aperiodic renewal process (for

instance by letting each time interval that pl(j ) stays fixed independently have length
b or b + 1 with probability 1/2 each), then the {o;}3°; process becomes ergodic and

Bernoulli, i.e. isomorphic (in the sense of ergodic theory) to an i.i.d. process.

Remark: There is some similarity between the two processes we have constructed, in
that the dependence structure is hierarchical in both processes. An obvious question is
whether in fact the two processes coincide. The answer is no: they are different. One
way to see this is as follows. In the Ising model construction, the absolute value of

Yoiro—1 — Yoio1 = (Vi) + 0(vpig1) + - + 0(Vpivs—1)

is independent of all other increments (because it is independent of the spin of the
parent of vy, ..., Upirp—1). The random environment construction is easily seen not to
have such an independence property.

Remark: When an unpredictable walk has a predictability profile which is asymptoti-
cally of the order k=%, it is natural to ask whether it converges to a fractional Brownian
motion with index a under appropriate space-time scaling. We suspect that neither of
our processes exhibit such behavior. It would be interesting to see a construction of a
process which combines the desired predictability and scaling properties.

4 Proof of Proposition 1.5

The purpose of this section is to give examples which prove Proposition 1.5. Fix a
sequence {f(n)}>2, satisfying the assumptions of the proposition, and define another
sequence {B(n)}52, (B as in Boundary) by letting

0 if f(n) <1

— 9] ;— .
B(n) =2 where j= { max{i € {1,2,...}: 2° < f(n)} otherwise.

Since {f(n)}>2, is increasing, the {B(n)}72, sequence is also increasing. The process
S* = {8k}, which we will use to prove Proposition 1.5 will be obtained by taking
another nearest-neighbor walk S = {5,}72, and reflecting the path of S each time it
attempts to cross the boundaries £B(n). In order for S* to have the required pre-
dictability profile we need that the distance of S;, from the lattices B(k)Z is smooth for

k < n. A precise version of this statement is given in the following key lemma.

10



Lemma 4.1: With {f(n)}2, and {B(n)}°2 as above, there exists a nearest-neighbor
walk S = {S,}22 such that for alln > k

max  P[S,r mod B(k) =z|So,...,5] < ¢

2,(S0,-.-,5n) f(k/4) (20)

Once we have Lemma 4.1 the proof of Proposition 1.5 is as follows.

Proof of Proposition 1.5: We first describe how S* is obtained from .S, where S
is chosen as in Lemma 4.1. For this we shall use an auxiliary {—1, 1}-valued random
sequence {Z,}5°, which indicates whether S* currently is moving in the same or in
the opposite direction as S. Initially we have Sop = 0, and set S§ = 0, Zp = 1. We
then obtain S* and Z inductively as follows. Suppose that S} _; and Z,_; have been
determined. We then set

Sy =8¢ _1+ Zn-1(Sn — Sn—-1)
Zn = 4n-—1

unless S’ _ | + Z,—1(Sy, — Sn—1) happens to fall outside of the range {—B(n),...,B(n)},
in which case we instead let

S:L = ;;—1 - Zn—l(sn - Sn—l)
Zn = —4n-1-

This guarantees that {S}}>° is a nearest-neighbor walk which for each n sits in the
interval {—B(n),...,B(n)}.
Now, we show that S* has the right predictability profile. Fix n and k, and assume
for the moment that
n > k. (21)
We then have for each 7 > n that
B(i) > B(k) > 5 > 2%k (22)
where ay denotes [logy(f(k)/2)]. We claim that there exists a constant d such that for

all i >n
{(Si—Si)modB(k):d if 7, =1 (23)

(Si+Sf)mod B(k)=d if Z;=-1
This follows by induction. Indeed, if we take
d = (S, — Z,S;) mod B(k),

then the statement surely holds for ¢ = n. If Z; = Z;4; the induction step follows
directly from the definition of S*. Otherwise, by (22) S mod B(k) = 0, and again
the induction step follows from the definition of S*. By (23) we have that for ¢ > n
for every given location of S; there are only two possible locations of S; mod B(k).
This, in combination with (20) and the fact that (Sg,...,S})) is reconstructible from
(So,--.,Sp), implies that

PS} . = x|Sh..., 5 < P[S*, . = x|S0, S
o G0y Pl = 7155 b= e, Pl =15 |
< 2 (Smax )P[SnJrkmodB(k)::L‘\SO,...,Sn]
Z,(905--+39n
2C
24
= T/ 2y



Now Proposition 1.5 is almost proved; we only need to remove the assumption (21). To
do this, we just note that

max P[S;. . =x|S;,...,5] < max P[S; . =x]|S;,...,S7
2(ShnSE) [Snik | So ol 2(Sg St ) [Sn+k | .S [n+k/2]]
and that the right hand side is less than #C/Vg) by (24). O

We now go on to prove Lemma 4.1. Note first that if we restrict to the case f(k) =
o(vk), then by the Local Central Limit Theorem with well-known error estimates it
suffices to let S be simple random walk. For the more general case considered in the
lemma, a more complicated construction is clearly necessary.

Proof of Lemma 4.1: Take S to be the unpredictable nearest-neighbor walk of Section
3 with parameters b and {a;}72, chosen as follows. First let b = 2. Then write g(z) for
f(z)/z, and note that

g(x) <2¢(y) for ye{z,..., 2z}

so that

IN
(]2
AN
N
S
‘S
1
W
[~]¢
=N
=
I
o
8
=
=

We can therefore find a constant C'; > 0 small enough so that

Ch Z f(;]
j=1

) 1
i <9

and let ,
0 — Ci1f(2)

J 9

for each j. This defines S. We now go on to estimate the left hand side of (20) for
n > k. Let the notation of Section 3 be in force, and suppose that we condition S on
the same extra information Z as in the proof of Proposition 3.1. Write |Leyen| for the
cardinality of the set Leyen defined in (19). We have from the proof of Proposition 3.1

that |Leyen| is a binomial random variable with mean

oMk . 2q,, = 20, f(2e2%/2]y e 20 f(k/4), 201 f (k/2)].

Letting E be the event that |Leyen| € [C1f(k/4),4C1f(k/2)], we have by standard large
deviations theory that

P[_‘E ’ So, ey Sn] < CQe_C3f(k/4)

for some constants Cy, C3 € (0,00) not depending on k. Furthermore, on the event E,
we have for all k, that the map mod B(k) maps at most
2-4C1f(k/2 2-4C1f(k/2
L(6/2) 2 AC /D) _ o
B(k) 3/ (k/2)
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different elements of Leye, on the same z € Z, so that (still on the event E),
mxaxP[SnJrk mod B(k) = x| (So,...,5),Z] < 16C; mZaXP[SnJ,_k = (So,...,5),Z]
16
< .
— f(k/4)

Hence, we have for large k that

max  P[S,r mod B(k) = z|So,...,S]

z,(S0,...,9n

16 —caf(k/4)
Flkjay) T = F(k/3)

for some C' < oo, and Lemma 4.1 is proved. a

<

We have also tried to find an alternative proof of Lemma 4.1 using the Ising model
construction in Section 2, but we are only able to do this under stronger conditions on
f. Since the tree-indexed Ising model is of independent interest, we end this section by
showing how that is done.

We will assume that g(j) = f(j)/j is a decreasing function of j which is bounded
above by 1/4, and that f satisfies

i \/ f(2F)/2F < . (25)
k=1

These conditions hold for every function of the type f(n) = n®, for a < 1, but are
stronger than (7). Actually, condition (25) can be replaced by the weaker condition

i «

Z (f(2k)/2k) < oo for some o < 1

k=1
but this requires more delicate estimates than those given below, so for brevity and
simplicity we restrict to the case where (25) holds.

Take S to be the unpredictable process of Section 2, with b = 2. Choose €, =

Vv f(27)/2n. If we do the same conditioning as in the first proof of Theorem 1.4, It is
easy to see that in order to prove (20), it is enough to show that for 2% < f(2/V), and
for all z € {0,...,25 — 1},

P[Y,, mod 25 = 2] < 027K,
Therefore, it suffices to show that for all = € {0,...,25 — 1},
[P[Y, mod 25 = 2] — P[Y, mod 2% = 0]| < C27X. (26)

By the inversion formula, the left hand side in the last inequality equals

1 (PN . 2N~ K . T/2
- / Py(A)(1— e Pe) 37 emiN2 gy < o2 / TvOAdN. (27)
2 J_« P 0

In order to estimate the last integral, we use the same interval decomposition that
we used in Section 2. Note that since 3 72, ¢; < oo we get |[j| < 127! using (12).

Furthermore, by (11), we have for A € I,, that [Yx(\)] < e P12V Tt follows that

/2 N-1 B
/ Yy (N)[|A] dX < 012 <Z g lp—per12V n 4N> _ (28)
0 1=0

13



For | < (N + K)/2 we get

2N7l€l+1 2 2N716N — 2N*l /f(QN)/QN 2 2N*l /2K/2N — 2(N+K)/27l7

so the sum in (28) is bounded by

(N+K)/2 1 (N+K-21)/2 N 1 N—-K
Cil > ate + ) AT <2 NR (29)
1=0 I=(N+K)/2+1

Inserting (29) into (27), we get (26) and thus the desired predictability profile.

5 Transience in wedges

In this section, we will prove Theorem 1.1 and Corollary 1.3. For the proof of Theorem
1.1, we shall make use of Proposition 1.5, and also of the following two results from [3].

Lemma 5.1 (Benjamini, Pemantle and Peres): Let S = {S,}>2, be a random
process taking values in the countable set V. If the predictability profile for S satisfies
> ie1 PREg(k) < oo, then there exist C' < oo and 6 € (0,1) such that for any sequence
{vn}52, and all l > 1 we have

P#{n>0:S,=uv,}>1]<Co.

For an infinite graph G with a distinguished vertex vy, we write T = Y(G,vp) for the
set of paths in G which start from vy and visit any vertex at most finitely many times.
A probability measure p on Y(G,vg) is said to have exponential intersection tails with
parameter 6 € (0,1) (abbreviated as EIT(6)) if there exists a C' such that

px pf(e, ) = le Ny =n} < CO" (30)

for all n, where | N | is the number of edges contained both in ¢ and in . It is
shown in [3] how such a measure can be used to construct, with positive probability, a
finite-energy flow from vy to “infinity” in the graph obtained from G by independent
edge-thinning with retention probability p > 6. This implies the following lemma.

Lemma 5.2 (Benjamini, Pemantle and Peres): Consider independent bond per-
colation with retention probability p on an infinite graph G, and suppose that there
exists a vertex vg in G and a measure p on Y(G,vo) with the EIT(0) property. If p > 0,
then the set of retained edges a.s. contains an infinite cluster on which simple random
walk is transient.

Proof of Theorem 1.1: We begin with the second half of the theorem (divergence
of the sum in (2) implies nonexistence of transience of infinite clusters), which is easy.
Lyons [13] showed that if the sum in (2) is infinite, then simple random walk on Wy, p,
is recurrent. The second half of the theorem is thus an immediate consequence of
Rayleigh’s monotonicity principle, which states that by removing edges from a graph
one can only make simple random walk on the graph “more recurrent” (see Doyle and
Snell [6] for a more precise formulation and a proof).

For the first half of the theorem, suppose that the sum in (2) is finite. In order to
show that the wedge W}, j, contains transient clusters for p close to 1, we will construct

14



a measure p on Y (Wp, vg) which has the EIT(0) property for some 6 < 1. Here we take
vo = (0,0,0). Let us assume that h1(0) and h2(0) are both at least 1. This is no loss of
generality because if min(h1(0), h2(0)) < 1 we can instead consider the wedge

{(w,y,2) €Z°: 220, |y| < ha(z + k) [2] < ho(z + )}

where k is chosen large enough so that min(h1(0), he(0)) > 1. This new wedge satisfies
the assumptions of the theorem, including (2). Furthermore, the new wedge is a subset
of a translate of Wy, p,, so Rayleigh’s monotonicity principle then completes the result
for Wi, hs-

Let St = {S}1% ; and S? = {S2}°°, be two independent nearest-neighbor walks
on Z starting at 0 chosen in such a way that for i = 1,2 we have

(i) S < hy(n) for all n, and
(ii) PREg: (k) < #i/s) for some C; < oo.

Such processes exist by Proposition 1.5 (this is where the assumption (1) is needed).
Now construct a Wy, p,-valued process S = {S,};2 as follows. Let

—~
—
[E—

—
— —
W3 wI3 wII
[,

1 2 _
SL%J’ SL%J) forn=0,3,6,...

S, = 1, St.,, S2,) forn=1,4,7,...
n L3] L3]
L,

_I_
1 2 _
+ SL%JH’ SL% ) forn=258,...

—~

and note that at each time step, S, changes exactly one of its three coordinates, and
does this by £1. Hence, S,, can be viewed as a random path in W, p,, or more
precisely a random element of Y (W}, ,,v0). Let p be the induced probability measure
on Y (Wi, b, v0)-

Since S! and S? are independent, we get for k = 3,6,9, ... that

PREs(k) < PREg: (k/3)PREg2 (k/3) < hl(k/iﬁz(k/?ﬁl)

and similarly for k = 1,4,7,... and k = 2,5,8,.... By the assumed convergence (2), we
get that

> PREg(k) < cc.
k=1

By Lemma 5.1, we thus have for some C' < 0o and € (0,1) that
P#{n>0:S5,=v,}>1<Cf (31)

for any sequence {v,}72 taking values in Wy, p,.

Now pick two paths S and S" in Wy, p, according to p x p. By considering the
z-coordinate, we see that we can have S; = S} only if |i — j| < 2. By conditioning on S’
and applying (31) five times, with {v, }5°, being the S’ sequence delayed by 0, +1, +2
time units, we get that the probability of having at least n vertices in the intersection of
S and S’ is less than C#" where we can take C' = 5C and 6 = §'/°. Hence, (30) holds,
so that p has the EIT(#) property. By Lemma 5.2, we can thus find a p < 1 such if
we do bond percolation on W, 5, with retention probability p, then the set of retained
edges contains a transient infinite cluster.
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It remains to extend the result to all p € (p¢, 1). First note that what we have done
so far easily extends from bond percolation to site percolation (see the remark after
Proposition 1.2 in [3]).

Next, we claim that we can find a p < 1 with the property that site percolation with
retention probability p yields transient infinite clusters on the shrunk wedge Wh, /N n,/n

for any N < co. To see this, pick two functions ki (x) and ho(z) such that

e 1
L i <

and having the additional properties that limg .o hi(z)/hi(x) = 0 for i = 1,2 (such
functions are easily constructed) and pick p < 1 such that Wi, i, gets transient clusters.
The claim now follows from Rayleigh’s monotonicity principle and the observation that
for any IV there exists a translate of W;M’;LQ which is contained in Wy, /N, /N-
For N a multiple of 8, let
5N 5N?

Wﬁm = {v €NZ?: v+we Wy, p, forall we {—?,...,?} },
ie. Wﬁ h, consists of those points of the stretched lattice N Z3 which sit at the center
of a cube of side-length 5N/4 contained entirely in Wy, p,. For v € Wﬁhz, write Qn (v)
for the cube of side-length 5N/4 centered at v. For bond percolation on W, 5, with
retention probability p, let A,(IN) be the random set of vertices v € Wﬁ7h2 with the
property that the set of retained edges in @ 5 (v) contains a connected component which
connects all six faces of @y (v) but contains no other connected component of diameter
greater than N/10. It follows from Proposition 2.1 in Antal and Pisztora [1] that for any
p > pe, the set A,(N) stochastically dominates site percolation with parameter p*(N)
on Wﬁ7h2, with limy_,o p*(N) = 1. Picking N so large that p*(N) > p, the proof can
now be finished as the proof of Corollary 2.1 in [3]. O

Proof of Corollary 1.2: We may without loss of generality assume that h(z) does
not grow too rapidly: let us for concreteness assume that

lim —= = 0. (32)

N—oo €T
Indeed, if h(z) fails (32), then we can instead prove the result for the wedge W, with
g(x) = min{h(z), z"/"}

and use Rayleigh’s monotonicity principle to carry over to the case of Wp; it is easy to
see that g(x) satisfies (32) as well as the assumptions of the corollary.

If 5,

T
% is decereasing in x, (33)
x

then we can set hy(z) = x/y/h(x) and ha(z) = h(z), and apply Theorem 1.1 to get that
the wedge Wy, 5, contains a transient infinite cluster for all p > p.. Since W, n, C Wh,
we can use Rayleigh’s monotonicity principle to obtain the same conclusion for Wj,.

If (33) happens to fail, then the result does not follow directly from Theorem 1.1,
but rather from its proof. The only modification of the proof which is needed is in
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the choice of nearest-neighbor walks S! and S2. If S' is chosen in such a way that
PREg: (k) < Cy1y/h(z)/x (this is possible by Theorem 1.4) and S? is chosen as before
with ho(x) = h(x), then the rest of the proof of Theorem 1.1 goes through for proving
the corollary. |

6 Discussion

Lyons [13] has an exact condition on & for simple random walk on W}, to be transient,
namely that

=1

2 5y <>

An obvious question given the results of the present paper is whether transience survives
under independent thinning of the edge set for all such wedges. Corollary 1.2 does not
quite cover all such cases. For instance, taking h(x) = (log(1 + z))'*¢ for ¢ € (0,1]
yields a wedge for which Lyons’ condition yields transience but for which Corollary 1.2
does not apply to give transience after thinning. The result of Hoffman mentioned in
the introduction indicates that the approach in Section 5 may be difficult to adapt in
order to strengthen Corollary 1.2 in this direction.

It is worth noting that the GKZ theorem cannot be extended to general transient
graphs. For instance, there exists a graph G such that (i) simple random walk on G is
transient, (ii) the critical value for percolation on G is strictly less than 1, whereas (iii)
for any p < 1, percolation on G with parameter p yields a.s. no infinite cluster on which
simple random walk is transient. A somewhat artificial example (which we attribute to
mathematical folklore) of such a graph is to take the square lattice Z? and attatch to
the origin a tree T whose growth rate is chosen in such a way that the critical value for
percolation on T is 1 while at the same time simple random walk on 7" is transient.

A couple of open problems have already been mentioned. A more extensive list of
open problems in this area can be found in [3].

Acknowledgement. Both authors are grateful to Yuval Peres for suggesting the prob-
lems, for encouragement and for many helpful discussions. They have also benefited
from discussions with Geoffrey Grimmett and Harry Kesten. The research of O.H. was
supported by a grant from the Swedish Natural Science Research Council.

References

[1] Antal, P. and Pisztora, A. (1996) On the chemical distance in supercritical Bernoulli per-
colation, Ann. Probab. 24, 1036-1048.

[2] Benjamini, I., Pemantle, R. and Peres, Y. (1996) Random walks in varying dimensions, J.
Theor. Probab. 9, 221-244.

[3] Benjamini, I., Pemantle, R. and Peres, Y. (1997) Unpredictable paths and percolation,
Ann. Probab., to appear.

[4] Bleher, P.M..; Ruiz, J. and Zagrebnov, V.A. (1995) On the purity of the limiting Gibbs
state for the Ising model on the Bethe lattice, J. Stat. Phys. 79, 473-482.

[5] Chayes, J.T. and Chayes, L. (1986) Critical points and intermediate phases on wedges of
Z?, J. Phys. A 19, 3033-3048.

17



Doyle, P. and Snell, J.L. (1984) Random Walks and Electric Networks, Mathematical
Monograph 22, Mathematical Association of America.

Grimmett, G. (1989) Percolation, Springer, New York.

Grimmett, G., Kesten, H. and Zhang, Y. (1993) Random walk on the infinite cluster of
the percolation model, Probab. Th. Rel. Fields 96, 33-44.

Grimmett, G. and Marstrand, J.M. (1990) The supercritical phase of percolation is well
behaved, Proc. Royal Soc. London Ser. A 430, 439-457.

Hoffman, C. (1997) Unpredictable nearest neighbor processes, preprint.
Levin, D. and Peres, Y. (1998) Energy and cutsets in infinite percolation clusters, preprint.

Lyons, R. (1989) The Ising model and percolation on trees and tree-like graphs, Commun.
Math. Phys. 125, 337-353.

Lyons, T. (1983) A simple criterion for transience of a reversible Markov chain, Ann.
Probab. 11, 393-402.

Polya, G. (1921) Uber eine Aufgabe der Wahrscheinlichkeitsrechnung betreffend die Irrfahrt
im Strassennetz, Math. Ann. 84, 149-160.

Révész, P. (1990) Random Walk in Random and Non-random Environments, World Sci-
entific, Singapore.

Scott, D. (1990) A non-integral-dimensional random walk, J. Theor. Probab. 3, 1-7.
Solomon, F. (1975) Random walks in a random environment, Ann. Probab. 3, 1-31.

Torrez, W.C. (1978) The birth and death chain in a random environment: instability and
extinction theorems, Ann. Probab. 6, 1026-1043.

18



