SHORTEST SPANNING TREES AND A
COUNTEREXAMPLE FOR RANDOM WALKS IN RANDOM
ENVIRONMENTS

By MAURY BRAMSON'!, OFER ZEITOUNI?, MARTIN P.W. ZERNER?

ABSTRACT. We construct forests spanning Z¢, d > 2, that are stationary and directed,
and whose trees are infinite but are as short as possible. For d > 3, two independent copies
of such forests, pointing into opposite directions, can be pruned so as to become disjoint.
From this, we construct in d > 3 a stationary, polynomially mixing and uniformly elliptic
environment of nearest-neighbor transition probabilities on Z¢, for which the correspond-
ing random walk (RWRE) disobeys a certain zero-one law for directional transience.

1. INTRODUCTION

Let d > 2 and a : Z% — Z% be a random function for which z and
a(x) are always nearest neighbors. If a(a(z)) # z for all z and the set
F, = {{z,a(x)} | # € Z%} of edges defines a forest in Z? (that is, the graph
(Z%, F,) does not have cycles), we call such a random function a an ancestral
function. In particular, if a is an ancestral function, then each connected
component of F, is infinite, and we can interpret a(z) as the parent or
immediate ancestor of . The n-th generation ancestor of x, n > 1, is denoted
by a"(x) = a(a"1(x)), where a°(x) = z. Then, Ray(z) = {a"(x) | n > 0} is
the set of ancestors of z, including x itself, whereas Tree(z) = {y € Z¢ | x =
a"(y) for some n > 1} is the set of progeny of x. The length of the longest
branch in Tree(x) is defined as

(1) h(z) =sup {n >0 |z = a"(y) for some y € Z4}, x € Z".

In this paper, we study the tail behavior of h(0) for such forests F, that
are also stationary with respect to the translations of the lattice Z?. The
proof of the following theorem is easy.
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FIGURE 1. (a) Left figure: Example 1. (b) Right figure: part
of the forest constructed for d = 2 in the proof of Theorem 2.
Note the long straight branches in the latter case.

Theorem 1. There is a constant ¢; > 0 depending only on d > 2, such that
for all stationary ancestral functions (a(x)),ez4,
(2) liminf n?~" P[h(0) > n] > ;.

n—0o0

Here and throughout the paper, P will denote the probability measure of
the underlying probability space. The corresponding expectation operator
will be denoted by [E.

An ancestral function (a(x)),eza is directed if for some z € {£1}¢, a(x) —
v € {zie; | i=1,...,d} for all z € Z% P-a.s., where ey, ..., eq denote the
standard basis vectors of R%. We then refer to z as the direction of a (or
of the corresponding forest). Perhaps the simplest example of a stationary
directed forest spanning Z? is given in the following example.

Example 1. Define a(z) = x + i(z), where i(z), x € Z%, are independent
random variables with P[i(x) = e;] = 1/d for j = 1,...,d. This defines a
directed forest that spans Z<. Part of such a forest is shown in Figure 1(a),
in d = 2. (It is not difficult to show that, in d = 2, the forest consists of a
single tree, P-a.s.; see [ZMO1].) It follows from the discussion in [ZMO01, Pg.
1730], that Tree(0) is enclosed by two directed simple symmetric random
walk paths on the dual lattice, that are independent of each other until they
meet. So, P[h(0) > n] > cyn~/2 for some ¢, > 0 and all n > 1. (Neither
this last fact nor Example 1 is used in the sequel, except as motivation.)

Example 1 might suggest that trees in stationary spanning forests need to
be longer than suggested in Theorem 1, i.e., that the rate of decay given in
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Theorem 1 is not optimal. However, this is not the case, as is shown by the
following result.

Theorem 2. For each d > 2, there is a stationary and directed ancestral
function (a(x))geze that is polynomially mizing of order 1, and for which
(3) lim sup n®~' P[h(0) > n] < oco.

n—oo

Here, we are using the following notion of mixing.

Definition 1. Let b = (b(y)),cze be a family of random variables on some
common probability space. For G C Z¢ define the collections of real valued
random variables

(4) MY ={f:|f| <1, f is measurable with respect to o(b(y),y € G)}.

For a given v > 0, b is polynomially mizing (of order ~) if for all finite
G c 74,

sup  sup  |s|"|cov (f,g)] < oo.

s€Ld feMb,, geM,

Our motivation for studying the above growth properties of random forests
in Z? was our desire to investigate possible extensions of a conjectured 0 —
1 law for random walk in random environment (RWRE). We proceed to
introduce the RWRE model.

For d > 1, let S denote the set of 2d-dimensional probability vectors, and
set Q0 = S%°. We consider all w € Q, written as w = ((w(z, = + €))le|=1)zezd
as an environment for the random walk that we define next. The random
walk in the environment w, started at z € Z¢, is the Markov chain (X,,),>0
with state space Z¢, such that X, = z, and whose transition probabilities
PZ satisty

(5) P Xppi=x+e|X,=2)=w(x,z+e), forecZ®with|e|=1.

An environment w is called elliptic if w(z,z + ) > 0 for all z,e € Z? with
le] = 1. A random environment w is called uniformly elliptic if there exists
a so-called ellipticity constant k > 0, such that Plw(z,z +e¢) > k] = 1 for all
x,e € 74 with |e] = 1. (See [Zt04] for an introduction to the RWRE model
and its properties.)

One of the major open questions in the study of the RWRE concerns the
so-called 0 — 1 law. Fix a vector £ € R%, ¢ # 0, and define the events A (¢)
and A_(¢) by

AL(0) = {JHEOX" 4 = +oo}.

It has been known since the work of Kalikow [Ka81], that if the random
vectors w(x,-), v € Z%, are i.i.d. and w is uniformly elliptic, then

E [PS[A+(0) UA_(0)]] €{0,1}.
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This was extended in [ZMO01, Proposition 3] to the elliptic i.i.d. case.
The 0 — 1 law conjecture® for RWRE states that if w(z,-), 2 € Z4, are
i.i.d. and w is uniformly elliptic, then, in fact,

(6) E [PYlAL(0)]] € {01}

Recently, it has been shown that the law of large numbers for the RWRE
follows from (6) for i.i.d. environments ([Zr02]), and for a class of stationary
mixing environments ([RA04]).

When d = 2 and the environment is elliptic and i.i.d., (6) was proved in
[ZMO01], using techniques that do not extend to higher dimensions. The same
paper provides an example, based on a construction of a forest spanning 72,
of an elliptic, ergodic environment, where (6) fails. However, this environ-
ment is neither uniformly elliptic nor mixing, and not even totally ergodic
(see [Sh96, Pg. 21] for the definition of total ergodicity), and thus the results
in [ZMO1] do not contradict the validity of (6) for uniformly elliptic, mixing
environments.

Our attempts to address the validity of (6) in this last setting led to the
tree tail estimates discussed in Theorem 2. Employing these bounds, we
construct a counter-example to (6), in d > 3, with a stationary, uniformly
elliptic, and polynomially mixing environment.

Theorem 3. Ford > 3, there is a probability space (with probability measure
P) supporting a stationary, uniformly elliptic and polynomially mizing family
w = (w(x))zezd, such that for some constant ¢ > 0 and P-a.a. realizations of
w?

X, - (1)

lim inf ¥
n—00 n

X, -1
lim inf =" >c] >0 and P?

(1) P

n—00 n

>c] > 0.

Here, f:el+...+ed.

We outline how we use the spanning forest constructed in Theorem 2 to
obtain Theorem 3. The counterexample in [ZMO01] was based on constructing
two disjoint directed trees in Z2? with opposite directions z = 1 and z =
—1, and adjusting the transition probabilities of the RWRE on each edge
belonging to one of the trees, so that the drift at « toward the ancestor a(z)
increases as a function of h(z). By appropriately choosing the rate at which

4The origin of this conjecture is a bit murky. For d = 1, it is a consequence of the law
of large numbers in [So75]. Kalikow [Ka81] presented it as a question in d = 2; that case
was settled only recently in the affirmative in [ZMO01]. The conjecture has since become
folklore, and is mentioned, e.g., in [Zt02]. Although the question has arisen whether (6)
holds for elliptic i.i.d. environments or for uniformly elliptic ergodic environments, we state
the conjecture here in the weaker form, that is for uniformly elliptic i.i.d. environments.
For d > 3, this is still an open problem.
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the drift increases, one can ensure that the RWRE, when started on one of
the trees, remains on it forever with positive probability, while progressing up
its ancestral line. Because of this, the uniform ellipticity of the environment
cannot be maintained.

When trying to restore uniform ellipticity to the environment, a natural
idea is to add “insulation” around each of the directed trees. The insula-
tion should allow one to specify a uniformly elliptic environment that, with
positive probability, forever traps the walker near the tree. Of course, this
implies that the insulation must grow as one progresses up the ancestral line.
In order to leave room for two directed trees pointing in opposite directions
to have non-overlapping insulation, one needs for the trees not to be “too
large”. When quantifying the notion of “large” needed, one is naturally led
to study the random variable h(z) in (1).

The rest of the paper is organized as follows. Theorems 1 and 2 are proven
in Section 2. In Section 3, we prune the forest obtained in Theorem 2 to make
room for an independent copy of it with the direction z reversed, and then
add insulation to be able to obtain uniform ellipticity of the environment of
the RWRE later on. Geometric properties of insulated rays are investigated
in Section 4. In Section 5, we equip each such insulated ray with an environ-
ment w that traps the RWRE with positive probability. These environments
are patched together in Section 6 to complete the proof of Theorem 3. After
a short discussion of open problems in Section 7, we prove in the appendix
the mixing properties stated in Theorems 2 and 3.

We conclude the introduction with some conventions and notation. The
p-norm, p € [1,00] (on either R? or Z%) will be denoted by | - |,. Most of the
time, we will use the 1-norm, in which case we will drop the index 1 from
| - |1. The metric d(-,-) will always refer to | - |, and B(z,r) (respectively,
By (z,7)) denotes the closed |- |-ball (respectively, | -|«-ball) of center x and
radius 7 in Z¢. The collection of strictly positive integers will be denoted by
N. Throughout the paper, ¢;, © = 1,2, 3, ..., will denote strictly positive and
finite constants that only depend on d and 3, where (3 is introduced in (23).

2. SPANNING Z¢ WITH SHORT TREES

In this section, we provide the proofs of Theorems 1 and 2. We begin with
the easy proof of Theorem 1.

Proof of Theorem 1. Choose ¢; > 0 such that for all n > 1,
a#{r € 2% | |z| =n} <n®t.
Since (a(x)),eza is stationary, so is (h(x)),ez¢, and therefore

(8) n“'PA(0) > n] > 1 Y P[h(z) = n], forn>1.

|z|=n
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If = is an ancestor of 0, then h(z) > |x|. Consequently, the right side of (8)
is at least

1 Z Plx € Ray(0)] = ¢, E [#{z € Ray(0) | |z| = n}] > ¢,
|z|=n
where the inequality holds since Ray(0) contains at least one x with |z| = n.
The bound (2) follows. O

The remainder of this section is devoted to demonstrating Theorem 2. We
begin with the construction of the ancestral function a referred to there. Fix
~vq > 0 such that for all n > 1,

(9) #{z e N[ [z| = n} > yan™".
Also, let ng € N and 6, be finite constants such that
dd
(10) nd >0, > —.
Vd

Let L(z) > 1, z € Z%, be i.i.d. random variables whose distribution is atom-
less and satisfies

(11) P[L(0) > t] = 04t~ for all t > ny.
We define, for each t > 1, the umbrella

d
U, = UUM, where

i=1
Uir = {z 0, 2; =0, and x; > 0 for j#i}, i=1,...,d,

are the sides of the umbrella. Note that the umbrella U; contains exactly
those points in Z¢ through which one can enter the box [1, t]*NZ? by moving
one step in one of the directions eq,...,eq4.

The idea of the construction of the ancestral function a is the following.
Imagine the ancestral line as being given by rainwater that always follows a
directed nearest neighbor flow on Z?. Rain is leaving each lattice point in all
of the positive coordinate directions and is being deflected by the umbrellas
y+Ury),y € 7. The umbrellas will protect most of the points in the cubes
y+ [1, L(y)]¢ from the rain, as follows. Water that has reached a vertex x is
blocked from flowing to x+e; by any umbrella whose side y +Uj () contains
x. However, for every direction ey, ..., e4, there is an umbrella whose side
y + Ui r(y) 2 @ blocks that direction. This “battle” is lost by the direction e;
for which the largest umbrella in x blocking that direction is smallest among
all directions, and the water will flow in this direction (See Figure 2 for an
illustration in d = 2.)
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L=8

FIGURE 2. Water will follow the thick line if there are no
umbrellas around larger than the ones shown.

More precisely, we define, for all i = 1,...,d and all z € Z<,
(12) Ai(x) = sup L(y),

y€Z :xey+U; 1(y)

which is the length of the largest umbrella whose i-side passes through .
Since L(0) > 1 a.s., we have v € o — ¢ + UjL(w—e,) a.s., for each j # .
Consequently, the set on the right side of (12) is non-empty, and \;(z) is
greater than 1. The following lemma implies that \;(z) is also a.s. finite.

Lemma 4. There is a constant c3, such that for all i € {1,...,d} and all
t > nyg,

(13) P[\(0) >t < st
Proof. 1t suffices to show that (13) holds for ¢ large. Let t; > ny be chosen
large enough so that (1 — 6,4~%)"/% > 1/3 for t > t;. Set

Dl ={y € Z| |y|oo = n,y; = 0,y; < 0 for all j #}.

By the definition of \;(z) and the independence of L(y),y € Z%, one obtains
for t > t1, that

P (0) <t] = P[L(y) <tforallye —U,, HIP’[L(y) <nforally € D]
n>t
(11) - _
> (1 . Hdt_d) Le)at H(l . edn—d)&;nd 2
n>t

Z 3—9d/t—zn>t05n72 2 3—06t71 Z ]._Cgt_l,
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for appropriate constants cs, ..., cg. 0

Since the distributions of A\;(z) and L(x) are atomless, there is an a.s.
unique I(z) € {1,...,d}, for which

Ai@)(r) = min{\;(x) | i =1,...,d}.

This is the direction with the smallest “protecting” umbrellas. Any umbrella
passing through x which is perpendicular to that direction will be penetrated
at that site, in the sense that water will flow from x in that direction. We
now set, for x € Z% a(z) = x + ;). Note that since a is directed with

2 =1, a is an ancestral function; this is the ancestral function we will use to
demonstrate Theorem 2. The edges {z,a(z)},z € Z%, that are “wetted by
the rain”, define a random forest of infinite trees that spans Z¢ (as in Figure
1(b), for d = 2).

We still need to demonstrate the tail estimates and mixing properties in
the statement of Theorem 2. As a first step, the next lemma bounds the
probability that an umbrella, with sidelength at least ¢, has been penetrated
at any given site.

Lemma 5. For some constant c; and alli € {1,...,d}, t > ng, and z € Uy 4,
(14) P[I(z) =i, L(0) > t] < cpt 24,

Proof. Denote by A;(z) the o-field generated by the random variables L(u),
with u; = 2 and u; # z; for all j # i. Note that A;(2), i = 1,...,d, are
independent. Moreover, \;(z) is measurable with respect to A;(z), and L(0)
is measurable with respect to A;(z) if z € U;,. Therefore, for i = 1,....d
and z € U, ,

P[I(2) = i, L(0) > {]
:E[P[A()<mm>\ ‘A] L(0) > t

E|[TP A (2) | Au2)]; (0)>t]-

JF#i

By (13) (for the first inequality), and by (11) and the independence of (L(z)),
(for the second inequality), this is

<E |:(Cg)\i(z)—1)d—1 : L(O) > t] < C7t_(d_1)_d .
because L(0) > t implies \;(z) > t. -

We can now demonstrate Theorem 2.
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Proof of Theorem 2. It remains to show that the ancestral function (a(z)),
constructed above is polynomially mixing of order 1 and satisfies the bound
in (3). Here, we demonstrate (3); the demonstration of polynomial mixing
is deferred to Lemma 15 in the appendix. (The lemma in fact deals with a
slightly stronger notion of mixing.)

We begin the proof of (3) by introducing some notation. Denote by

St ={reZ'lm<z-1<n}, mneclZ,

the slab bounded by the hyperplanes perpendicular to I and passing through
ml and nl. (This slab is empty if m > n.) Also, set

St :S%ﬂNd, S~ :S%ﬂ—Nd.
We define the random variables
(15) M, =sup{m € {no,...,n} |3z € ST~ with L(z) >m}, n>1,

where we set M,, = ng — 1 if the set in (15) is empty.
We will show that

(16) P[R(0) > m, M, =m] <csn™®, m=mng—1,...,n.

This implies
Ph(0) >n] < Y P[h(0) > m, M, = m] < con™*,
m=ngo—1

from which (3) follows. The proof of (16) is divided into the degenerate case,
m = ng— 1, and the general case, m = ny, ..., m, which involves considerably
more work.

We first consider the case m = ng—1. Then, there is no umbrella y+ Uy,
with ng < |y| < n, that protects the origin. Therefore,

P[A(0) > m, M, = ng — 1] < P[M,, =ng — 1]
= Plforallm=ny,....,nand y€ S, L(y) <m]

n #STT n (m?/64)(vaba/m)
(11) ed m 9) ed
= 11 (“W) < 1 (15 '

m=ng m=ng

Since (1 —271)* < e ! for x > 1, the last expression is, by (10) and (11), at
most

(17)  exp (—dd Z m_1> < exp <—dd/ ! dx) = cion ¢
no

m=ng

for appropriate ¢19. This implies (16) for m = ng — 1, if one takes cg > cq.
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We now demonstrate (16) for the general case m = ng,...,n. We will
employ the events

A (z,7) = {L(y) < —y-T+rfor ally € S"N(z—N)}, m,n,r € Z,x € Z%.

Since the proof is long, we break it into three parts. The first part consists
of showing

(18)  P[h(0) > m, M,, = m]
< Z [#{xeSm”L\h ) >m}; L(0) > m; A;ll_nQ%Jes,mﬂ.

s=1

In the next part, we will decouple the events appearing in this expectation,
whose probabilities we will then compute.
To prove (18), first note that by definition (15),

P[A(0) > m, M,, = m]
= P[h(0) > m, L(z) > m for some z € ST,
L(y) < —y-Tforall y € S:ZH"}
< S P[AO) > m Lix) > m, A0,0)]

By stationarity, this equals
> Pla(=z) >m, L) >m, AL, (—z,m)]

m,—

x€S_,"
= Y Plh(@) > m, L(0) > m, AL, (x,m)]
z€Sm
Z Z ) >m, L(0) >m, AL (x,m)].

Observe that (m/d)es < x coordinatewise whenever x € S7 and =5 = |x]w.
For such z, |m/d|e; — N¢ C o — N4 (See Figure 3 for an illustration.)
Consequently, the above double sum is at most

Z Z IP’[ >m, L(0) > m, A;ll_nq%J es,m>],

zesyt
Ts=|T|oo

which yields (18).
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st UL(O)§

FIGURE 3. The dark region (|m/d]e; — N?)NS;L, is always
included in the lightly shaded region (x—Nd)ﬂSml ., Tegardless
of where x is located on the bold line. The condition h(z) > m
implies that Tree(z) extends past the box on whose diagonal

x 1s located.

We next perform the decoupling previously mentioned, which leads to (20)
below. If x € S™* and h(x) > m, then Tree(z) is not contained in the cube
[1,m]? (see Figure 3). That is, Tree(z) must possess at least one branch
which penetrates the umbrella U, that “protects” the cube. Consequently,

# {:c c S™F | h(z) > m} < #( U Ray(z) N Snnf’Jr)

2:2€U1(2),m

© Y #RanS) =YY e

2:2€U7(2),m 1=1 z€U; m

In the last step, we used the fact that rays are directed (in the direction T) and
therefore can intersect the hyperplane S at exactly one site. Substituting
this into (18) yields

(19) IP’[h(O)>mM = m]

I 1) =i L0) > m Ak, (|5 ] ewm)]

s=1 i=1 z€U;m
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To get (16), we would like the first two events inside the last probability
to be independent of A,', (|m/d]es,m). Unfortunately, this is not quite
true, but will be true if we replace it by the larger event B;,', (|m/d|es, m),
where

Bl (Im/d]es,m)
- {L(y) <m—y-1forallye (S;f_n N (L%J €5 — Nd)) \ L_J{SC |z = Zj}} :

Indeed, for z € U, I(2) and L(0) are measurable with respect to the o-field
generated by the random variables L(z) where x has at least one coordinate
in common with 2z, whereas B,,",,(|m/d]es,m) is independent of L(z) for
such x. Therefore, we obtain

d
< Z > P[I(z) =i, L(0) > m] P [B,L, (Im/d]es,m)] .

As the last step in showing (16), we bound the probabilities appearing on
the right side of (20). By Lemma 5, (11), and independence of (L(z)),, the
right side of (20) is at most
(21)

> 3 e T (1 5

s,1=1z€U; m

Y

)#((szrw(Lm/dJes—Nd))\U?_l{w:vj=zj})

where we have dropped the factor for £ = 1.
We proceed to simplify (21) by estimating the cardinality of the sets in
the exponent of the above product. For allm > 1, k> 2, and s =1,...,d,

#(otn (o) 2 (] ) = (¥)

(10)
> %ld_CH'1 (m + /{;)d_l >

d
o (m+ k:)

(For the first inequality, note that the set on the left side consists of those
z € Z¢ with z < |m/d]e, coordinatewise and d(z, |m/d|e,) = |m/d] + k.)
Similarly,

#(stn(5]e-w)nUtrtn =) < o (G +0)"
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The expression in (21) is consequently at most

> 3 e T (1

s,0=12€U; m

(22) <] < o + k) )_cn(%k)

k>2

) d(m+k)*" /64

d—2

One easily checks that the infinite product in (22) is less than a constant
independent of m because of the difference of 2 in the exponents d and d—2 of
k. (Recall that 8; < (m+k)? for k > 2, by (10).) Applying (1—z71)* <e™ !,
for z > 1, to the terms of the finite product, the right side of (22) is at most

A (#U1m)crom™ 2 exp (—d Z (m + k)_1>
k=2

< esmdTIm T2 exp (—d Z k_l)

k=m+2

" m+2\*
< clgm_dexp (—d/ 1 dt) = 13 <7) n~? < eyn®
m—+2 m

This bounds P[h(0) > m, M, = m| for m = ny,...,n. Together with (17),
this completes the proof of (16) if one chooses cg = max(ci4, ¢10)- O

3. PRUNING AND INSULATING TREES

For the remainder of the paper, we will consider arbitrary ancestral func-
tions (a(z))geze satisfying the statement of Theorem 2. Eventually, when
studying mixing properties (in the proof of Theorem 3 and in the appendix),
we will need to use the explicit construction of ancestral functions provided
in Section 2.

In this section, we prune the trees constructed in Theorem 2, with an eye
toward the construction of an environment for the RWRE. This will allow
us to build wide enough channels to trap the random walker and direct it in
certain chosen directions. Throughout the remainder of the paper, we will
assume d > 3 and employ a constant [ satisfying

d—2
2 —
(23) 0<pf< 5

(In order to guarantee mixing properties, we will eventually take 3 small
enough so that the conclusion of Lemma 19, in the appendix, holds.)

For each y € Z¢, we consider the ball B(y, h(y)?), where h is defined in
(1). (Such balls will serve as the “insulation” alluded to in the introduction.)
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Any given z € Z¢ may be covered by a number of balls; we set
(24) H(x) = sup {h(y) | = € B (y,h(y)") }

We first estimate the tail behavior of H(0).

Lemma 6. For appropriate cq7,

(25) lim sup n 41 P[H(0) > n] < ¢17 < 00.

Proof. For t = nP chosen large enough,
P[H(0)°>t] = P[0€ B(y,h(y)°’) and h(y)’ > t, for some y € Z%]

< DD Py’ =mvi]

m=0 |y|=m
< S PO =+ 3 S PR(0) = m'7] .
lyl<[t] m>|t] |y|=m

By (3) of Theorem 2, this is

< et 4 Z c1em@ImU=D/B < o pdt(1=d)/B
m>|t]

for appropriate ¢15, ¢16, ¢17, since d — 1 > (3d by (23). This implies (25). O

Recall that Theorem 2 guarantees the existence of a directed stationary
forest with certain specific properties. By relabeling the coordinate axes, we
can choose the directions in which the rays of this forest grow, i.e., we can
specify z € {£1}? such that, for each x € Z%, a(z) —x € {zie; | i =1,...,d}.
We may therefore assume that there exist, on the same probability space,
two independent directed forests, F; = {{x,a;(z)} | z € Z%}, i = 1,2, with
ancestral functions a;, such that a;(z) — 2 = e; for some j = 1,...,d and
as(z) —x = —e; for some j =1,...,d. These two forests “grow” in opposite
directions T and —1. We define the corresponding functions h; and H; in the
same way as above, using their respective forests Fj.

We proceed to “prune” the trees in both forests in such a way that each
pruned forest will consist solely of infinite trees, and these forests will be
“well separated”. (The forests will no longer span Z<.) To this end, we
define, for (i,7) = (1,2),(2,1),

T, = {z € Z* | h; (x) > H;(y) fory € B (v, hi(z)°) } .

We prune the original forests F; by removing the vertices Zd\ﬁ‘i. This will
split any tree in such a forest into a number of finite and at most one infinite
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piece. After removing the finite branches, we are left with the set of (apriori,
possibly empty) directed infinite pruned trees

T; = {xe'ﬁ‘l | af(x) e T; for allnEO}.

In order for the transition probabilities we are going to construct to be
uniformly elliptic, we insulate the forests T; by defining, for ¢ = 1, 2,

(26) B;= | B (z,hi(x)").
z€T;

The next proposition shows that the sets B; and B, are disjoint and not
empty.
Proposition 7. By and By are a.s. disjoint. There exist a.s. N; € N,
i =1,2, such that a(0) € T; for all n > N;. In particular, B; # 0 a.s.
Proof. To prove the disjointness of B; and Bs, assume instead that = €
By N By. Then, there exist x1 € T; and x9 € Ty so that z € B (a:i, hi(xi)ﬁ)
for i = 1,2. Since & € B (x1, hi(x1)?), one has Hy(z) > hy(z;). Moreover,
since x5 € Ty and x € B ([L’g,hg(l’g)ﬁ), one has Hy(z) < ho(xy) by the
definition of Ty. Consequently, hs(z3) > hi(x1). Analogously, one obtains
hi(x1) > ho(xa), which is a contradiction and proves By N By = ().

We will next show that
(27)  limsup k12042p [a?(O) ¢ T; for some n > k:] <oo, i=1,2,

k—o0

which implies the second claim since, by (23), (1 —28)d —2 > 0. To demon-
strate (27), let £k > 0 and (4,5) = (1,2) or (4,7) = (2,1). Then,

P [a?(O) ¢ T; for some n > kz}

< > P[H(y) 2 hi (a7 (0)) for some y € B (a?(0), i (a2 (0))°)]
3) <Y E[ Y PIHW) 2 hi(@0) | ola),s ez .

n2k g (a?(()),hi (a?(o))ﬁ>

The number of terms in the inner sum is bounded above by ¢;5(h;(a?(0))?4 for
appropriate ¢;3. Moreover, H; is measurable with respect to o(a;(x), x € Zd),
which is independent of o(a;(z),z € Z%). Hence, we can use Lemma 6 to

estimate each such term from above, and obtain that (28) is at most
Z E |:019hi (a?(()))l_(l_zﬂ)d} < Z Clgnl_(l_zﬁ)d )
n>k n>k

for appropriate cig, since h;(al(0)) > n. Since 1 — (1 — 28)d < —1 by (23),
the inequality (27) follows. O
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Since they are subsets of Fj, the sets II; = {(z,a;(x)) | x € T;}, i =
1,2, are also forests. By Proposition 7, they almost surely contain infinite
rays that point in opposite directions, and they do not have any vertices
in common. Moreover, the set of immediate ancestors of vertices in T, is
contained in B;, because, for any x € T;, h;(x) > 1 (since H;(x) > 0) and
hence a;(x) € B(z, hi(z)?). Consequently, no vertex in II; is connected to a
vertex in Ily, and so, II; U, is also a forest (although it does not span all
of Z%). With a slight abuse of notation, we say that the ancestral function
of II; U T, is given by

(29 atw) = { ) T ET

where «(z) is defined only for x € Ty U Ts.

4. GEOMETRY OF INSULATED RAYS

In this section, we introduce terminology and provide estimates that we
will need when analyzing the RWRE environment in Sections 5 and 6. For
i=1,2,let IT; ={2 € T; | 2z # a(x) for all x € T;} denote the set of leaves
of the infinite pruned tree T;. By (26),

B;= | B(a"(2), (hi(0"(2)))") . i=1,2.
z€0T;

Instead of B;, we will work with the somewhat simpler sets (see Figure 4)

(30) C; = U InsRay(z),
z€dT;

where

(31) InsRay(z) = U B (a"(z),n")

is the insulated ray emanating from z € JT;. (Since dT; and JT are disjoint,
there is no need to index InsRay(z) or Ray(z) with i.) Because h;(a™(z)) >
n, C; C B;. In particular, since By and By are disjoint by Proposition 7, so
are C7 and Cs.

For z € 9T, U T, and z € Z%, we define two quantities u,(x) and v, (z),
each measuring the “effective” insulation at x in a slightly different way. We
set

(32)  w.(x) =d(x,InsRay(2)°) and wv,(z)= il;}é)) (n? — |z — a™(2)]) .

One can check that
(33) v.(2) < sup d (v, B(a"(2),n")") < u.(e).

n>0
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FIGURE 4. C; is shaded and InsRay(z) is darkly shaded.

Also, let n,(z) be the largest value of n at which the supremum in (32) is
attained, that is

(34) n.(z) =max{n>0: n’ — |z — a"(2)| = v.(x)}.
Since u,(x) < oo and f < 1, n.(x) < oo, a.s. Also,
(35) v, (x) —v.(z+e) <1
for all z,e € Z¢ with |e| = 1; this follows from
v(z) = n(x)’ — |z - oz”z(m)(z)‘
< n(z)f —|zt+e—a™(2)|+]e] < vi(x+e)+1.

We will need the following estimates involving u.(x) and x — z in Sections
5 and 6.

Lemma 8. For appropriate cog, and all z € IT;, i = 1,2, and x € InsRay(z),

(36) |z — 2| < 2H;(x)

and

(37) us(2) < em ((~)* (@ —2) - 1)
Consequently, for appropriate ca1,

(38) u,(z) < 021Hi(x)6.

Proof. Inequality (38) follows from (36) and (37). For the proof of (36), recall
that since x € InsRay(z) for z € 9T, |z — a(2)| < m? for some m > 0; in
particular, H;(z) > h;(al"(z)) > m. Therefore,

|l —z| < |z —al"(2)|+|a]"(2) — 2| < mP+m < 2m < 2H;(x).
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The argument for (37) is longer. Set n = (—=1)"*'(z — z) - I; n > 0 since
Ray(z) is directed. Moreover, we may assume n > 1, because n = 0 implies
that x = z, in which case u,(z) = 0 and (37) is trivial.

We introduce a vector w # 0, as follows. For x ¢ Ray(z), one has x #
a™(z), in which case we set w =z — a"(z). Then,

w-l=(x—2) T+ (z—-a"(2) 1= (-1)*(n—n)=0,

since (z — a™(z)) - 1 = (—1)'n. For z € Ray(z), one has z = a”*(z); we then
set w = ey — ey # 0, which is also orthogonal to 1.
We choose ¢y large enough so that

(39) Co9 = ((020 - 2>d_2)1/’8 satisfies 62_2'6(022 - 1) > \/g,
and set
Czonﬁ 020716

v o= or | 2w <0+ (1o g Ry + | 220

In order to demonstrate (37), it is enough to show y ¢ InsRay(z), since then
u(z) < |z —y| < coon”.

We argue by contradiction and assume that y € InsRay(z). We will show
that there exists an m such that both

(40) m > Coon
and
1/(1-8)
(41) m < <022\/8)
Co9 — 1

must hold. This is not possible because of our choice of ¢o in (39) and n > 1.
We choose m > 0 so that

(42) m’ = Jy—a"(2)

a"(z) — a™(2) + (1{33 ¢ Ray(2)} + PO”BD w) ,

|w]

and show that m satisfies (40) and (41). Since Ray(z) is directed, the co-
ordinates of a™(z) — a™(z) all have the same sign. On the other hand,
|w;| > d~|w| must hold for at least one of the coordinates w; of w. There
is also at least one other coordinate wy, of w with sign opposite to that of w;
and with |w| > d=2|w|, because w-1 = 0. Therefore, either w; or wy, has sign
that is the opposite of that of the corresponding coordinate of o (z) —a™(z2),
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and has absolute value at least d~2?|w|. So, by (42),
B
Co0M
(160 ¢ Ray(e)} + | 20| ) 2
B
(% 1z e Ray(z)}) d2w| > (e — 2)d 20",
w

Because of our choice of ¢y in (39), this implies (40).
We still need to show (41), which we do by bounding |y — a™(2)| from
below. One has the string of inequalities

y—a™(2)| >y —a™(2), > |(y—a™(2)-1|/Vd
=|(a"(z) —a™(2)) - 1|/Vd = [m = n|/Vd > (1—1/cp)m/Vd,
where the second inequality follows from Cauchy-Schwartz and the last in-

equality follows from (40) and cgo > 1. Along with (42) this implies (41),
and completes the proof of (37). O

v

mP

5. ENVIRONMENT ATTACHED TO AN INSULATED RAY

In this section, we construct, for every insulated ray InsRay(z), z € dT; U
0T,, a uniformly elliptic environment which forever traps the walk inside
InsRay(z) with positive probability. This is achieved by both “pushing” the
walk toward Ray(z) and in a direction parallel to Ray(z) in which InsRay(z)
widens. Proposition 7 is the main result of the section; most of the work is
done in Lemmas 10 and 11.

These two directions are determined as follows, for any = € InsRay(z).
The parallel motion of the walk consists of jumping from z to = + r,(x),
where

(43) ro(z) = @™ () — a0 (2)

and n,(z) is given by (34). To define the second direction s,(z), note that
since

(44) z € Ray(z) iff z=a™@(z),

there exists, for any =z ¢ Ray(z), a (deterministically chosen) unit vector
s.(x) € Z¢ so that

(45) [+ 5:(x) — o™ (2)] < o — o™ @ (2)] - 1;

moving from z to z + s.(z) takes the walk closer to a™(®)(2). For x €
Ray(z), the choice of the unit vector s,(z) is arbitrary. (See Figure 5 for an
illustration of both motions, for z € By.)
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X

X+ISZ(X) a”f(z)

a"(2+r, (%)

Z  Ray(2
FIGURE 5
For z € dTy U 0Ty, we define the environment w® attached to Ray(z) by

setting, for e € Z¢ with |e| = 1,
(46)

3 1 leg{rs(e)sz(@)} :
tle=r.@) t 5le=s.) T it o) if = € InsRay(z),

(x,x+e) =
w¥(z, z+e) 1 if = ¢ InsRay(z).

That is, when z € InsRay(z), the walk moves with probabilities 3/4 and 1/5
in the directions r,(x) and s.(x), respectively (if the directions are differ-
ent), and uniformly chooses one of the other directions, with the remaining
probability; when x ¢ InsRay(z), the motion of the walk is symmetric.

The environment w? € 2 is uniformly elliptic since for z,e € Z? with
le| =1, and for k = (20(2d — 1)),

(47) Wiz, +e€) > k.
As mentioned in the beginning of the section, w® has been constructed so
that
T, =inf{n > 0: X, & InsRay(2)}
is infinite with positive probability. For the proof of this, we need to distin-

guish when the walk is and is not on Ray(z). To this end, we introduce a
sequence of stopping times defined by 7 = 0 and

Tpe1 = inf {k > 7, | X € Ray(2)}, n>0.

We will employ two martingale estimates in Lemma 10. Both use Azuma’s
inequality, a version of which we recall in Lemma 9.

Lemma 9 (Azuma’s inequality). For every by, by € (0,00), there exist b, by, bs
€ (0,00) so that the following holds. If (Y, )n>0 is a sequence of random vari-
ables on a probability space with measure P and expectation E, and T is a
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(possibly infinite) stopping time w.r.t. that sequence such that P-a.s., Yo = 0,
|Yn+l - Yn| < b17 and

(48) ElY,i1 =Y, | oY, m <n)] > by on the event {n < 7},

then
P[Y, <bsn, n <7] < bue " for alln > 0.

Lemma 10 will be used in the proof of Lemma 11.

Lemma 10. For appropriate cag, a4 and co5, and all i € {1,2},z € 0T,
x € InsRay(z), and n > 0, P-a.s.,

(19) P, - 0) T < emn, T2 ] < gy
and
(50) Pﬁz [TZ =n< 7-1] S Cay e_CZS(UZ(Z‘)\/n) ‘

Roughly speaking, (49) says that the speed of the walk is bounded be-
low in the direction (—1)"*'I, as long as the walk remains in InsRay(z),
whereas (50) bounds the probability of leaving InsRay(z)\Ray(z) through
the boundary of InsRay/(z).

Proof of Lemma 10. Set F,, = 0(Xg, k < n). For the demonstration of (49),
it suffices to verify that Y, = (—1)"*1(X,, — ) - I satisfies the assumptions of
Azuma’s inequality, Lemma 9, with P = P% and 7 = T,. Except for (48),
all assumptions are obviously satisfied, with b; = 1. The bound (48) is also
satisfied since, on the event {1, > n},

B2 () (X = Xa) TIF) = 0 (C)Mw (X, Xy +e)e - T
e€Z4 |e|]=1
13 - 3 1
> _ Z+1_ . - z _ 2 _Z .
(61) > (=17 r(X,) -1 > WX X te) T3>0

e#r.(Xn)

We now demonstrate (50). Since (X,,), is a nearest-neighbor walk, 7, >
u,(x), and so the statement is trivial for n < u,(x). Set Y, = v.(X,) —v.(zx).
For n > u,(z), on {T. = n < n}, X, ¢ InsRay(z), and so by (33), Y¥,, <
u,(X,) =0.

We first consider x € InsRay(z)\Ray(z). For (50), it suffices to check (48)
in Azuma’s inequality, with 7 = 7y AT, and P = P?., since the other assump-
tions are obviously satisfied. For this, we consider y € InsRay(z)\Ray(z),
and estimate the value of v, at the nearest neighbors of y in terms of v,(y).
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For the increment 7 (y),

@) > (m() + 1) — |y + () — a0 ()
Y ) — - am)] = ().

Therefore, moving from y to y + r,(y), which occurs in the environment w?
with probability at least 3/4, does not decrease v,. Similarly,

vyt @) > m) — |yt () — o (2)

(45)

> n.(y)’ = (Jy—a™V () -1) = v.(y) +1;

since a walker at y moves with probability at least 1/5 to y+ s, v, increases
by 1 with probability at least 1/5. With probability 1/20, the walker moves

to one of its other neighbors; when doing so, v, can decrease by at most 1
due to (35). Therefore,

(52) E*. [You1 — Yy | Fu]l > 1/5—1/20 > 0

w

for any n > 0 on the event {n < 7 A T,}, which implies (48), and hence
(50), for = € InsRay(z)\Ray(z).

On the other hand, for z € Ray(z) and n = 0, (50) is trivial. For z €
Ray(z) and n > 0,

PLll.=n<mn]= Y w(zyPLl=n-1<n],
yezd\Ray(2):
lz—y|=1
and we can apply the bound (50) already proved for y € InsRay(z)\Ray(z)
to obtain (50) in this case, with a new choice of cay. O

The inequality (54) is the main result we will need for the proof of Proposi-
tion 12. It follows quickly from (53), which is an analog of (50), but without
the restriction on not hitting Ray(z) before exiting InsRay(z).

Lemma 11. For appropriate cas, Co7, Cog and cag, and alli € {1,2}, 2z € 0T},
x € InsRay(z), and n >0,

(53) PL[T, = n] < cyge~ =@V p_ g
and
(54) E% [T, n < T, < 00] < coge @ @=@Ve?)  p_ g g

Proof. By symmetry, we may assume ¢ = 1. We will demonstrate (53) by a
union bound with four events. Choose k, so that 7, < n < 7,41 and set
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En = (x — 2) - 1+ co3n, where co3 is as in Lemma 10. Since x € InsRay(z),
&, > 0. One can then check, that

PLIT,=n] < I+I1+1II+1V, where

I = ijz[(Xn—x)-f<023n, T, =n,
II = P[T,=n<m],
I = PLln<T.=n, n—m, >£&/2],

8L

v = sz |:(Xn_x)‘i)2023n7 T1<Tz:n7 n_Tkn<££/2]

In words, the event in I occurs when, by the time n at which the walk exits
InsRay(z), it has not moved to a much wider part of InsRay(z). The event
in I occurs when, by that time n, the walk has not hit Ray(z). The event
in 111 occurs when, by that time n, the walk has hit Ray(z), but the elapsed
time since last visiting Ray(z) is large. The event in IV occurs when, by that
time n, the walk has hit Ray(z), the elapsed time since last visiting Ray(z)
is not large, and the walk has moved to a much wider part of InsRay(z).

We will show that each of these four terms has an upper bound of the
form in (53). The bounds for I and /7 follow directly from Lemma 10, while
those for 111 and IV require some additional work. For I, note that from
(49) and T, > u.(z), it follows that I < cgqe==(@V1) which is a stronger
bound than required. The same is true for the estimate of I1 provided by
(50). We next bound I71. Since 73 is the time of the k-th visit to Ray(z),
T > k for all £ > 0. It follows from this and the Markov property, that

n L”—5£/2J
111 = Z Z Pl m=1<T,=n < Tp1)
k=1 I=k
n L”—5£/2J
— Z Z Effz[Pjgl[Tz:n—l<ﬁ];Tk:l<TZ]
k=1 I=k
o) . ln=gir2]
< E?. [ Coqe” B0 o =] < TZ]
k=1 I=k

(55) < 626€—c30((:c—z)~f—i-n)ﬂ3 < 6266_027(uz(x)\/nﬁ)

for appropriate cog, co7, c30, Where the next to last inequality in (55) follows
from the elementary observation that for all o, vy, > 0, there exists n > 0
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such that for all s,t > 0,
(56) tae—y(s+t)‘5 < ne—'y(s+t)5/2.

We demonstrate IV = 0 by showing that the corresponding event cannot
occur. We argue by contradiction; on the event in IV,

(33) (35)
(57) 0=w.(Xr.) > v.(X1.) > v, (Xr, ) — (n—7,).

Since 71 < n, we have k, > 1 and therefore X, € Ray(z). Because of
(44), X, = a™(z), where m =n.(X,, )= (X, —2)- 1. So, on the event
considered in IV,

v (X, )Y = (X, —2) T

= (X, —Xo) I+ (Xp—2)- T+ (@—2)-1 > 7, —n+6&.
Substituting this into (57) and using n — 73, < £°/2, we get
0> (6 —€1/2)° —€7/2 > (&n—6./2)° = €]/2 = (277 —271)¢) > 0,

which is a contradiction. So, IV = 0, and we have demonstrated (53).
To obtain (54), note that the left side equals ), [PZ.[T, = []. One can

consider separately the cases u,(z) < n” and u,(z) > n®, in the latter case

decomposing the sum into I < v’ and I > u2/”. One can then obtain (54)

from (53) and (56) by standard manipulation. O

In the next section, we will patch together the different environments
w? defined in (46). To do this, it will be useful to introduce some further
terminology. Choose c3; > c9; V' 1 large enough so that for all n > 1,

(58) 028€—CQ90§1n/021 < K",
where co; is chosen as in Lemma 8, cog and cog as in Lemma 11, and & is the
ellipticity constant given in (47). For x € Z¢ and 2 € 9T, i = 1,2, define
p.(x) = PL[T.<csHi(z)],
E(x) = EL[T,; T, < cs1Hi(2)],
EX(x) = ELT,; T, <o .
Note that
(59) E.(x) >k for x € InsRay(z) with d(z, InsRay(z)¢) =1,

since for such z, P~ [T, = 1] > &, and both ¢3; and H;(z) are at least 1.
Proposition 12 will be used in Section 6. The inequalities in the first line
of (60) are elementary; the second line will follow from (54) of Lemma 11.
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Proposition 12. For alli € {1,2},z € OT; and x € InsRay(z),

kU0 < pa(a) < (o) < EX(x),
£ < (ease™ =) A (Ex(2) + p2(2)),

P-a.s., where cog and cog are given in Lemma 10.

(60)

Proof. Choose a path of length u,(z) from z to InsRay(z)¢. By (38), u.(x) <
cs1 H; (). Therefore, following this path contributes at least probability #%=(®)
to the probability of the event {7, < c31H;(x)}, which implies the first
inequality of the first line of (60). The other inequalities on this line are
immediate from the definition of the quantities involved.

The first part of the inequality in the second line of (60) follows from (54)
of Lemma 11, applied to n = 0. The second part follows from

(54)
EX(1) —E(x) = EL[T; enHi(x) < T, <oo] < cogeemlcafli@)’
(38) (58)

< egememenu@/ean <@ < p (),

with the last step employing the first inequality in the first line of (60). O

6. PATCHING ENVIRONMENTS ATTACHED TO INSULATED RAYS

In this section, we prove Theorem 3 by constructing an appropriate ran-
dom environment w. The main idea behind the construction of w is to choose,
for any point z € C};, among all environments attached to insulated rays cov-
ering x, the one that “minimizes the probability of exiting the ray”. In order
to make this choice locally and thus not destroy the mixing properties inher-
ited by the trees T; we have constructed, a slight modification of this idea is
actually needed. This is done by minimizing the expectations of exit times
from the insulated rays (on the event they are finite).

For x € C, Uy, we set Z(x) = {z € 0T, UJT, | € InsRay(z)} and
denote by z(z) a leaf z € Z(x) which minimizes &,(x). (We apply some
arbitrary rule, e.g., lexicographic order, to break ties.) Using this, we define,
for z,e € Z2 with |e| = 1,

W@ (z,x+e) ifrecCLUC,,
(61) w(z,r+e) = { (2d)~! otherwise,

where w? is given by (46). Note that w inherits the uniform ellipticity of the
environments w?, with ellipticity constant x given above (47). Moreover, for
x € Cp Uy, we set

E(r) =Ew(), E%(x) =ET,)(x) and p(z) = pa@)(@).
Because of (59), we will find it useful to employ the stopping time
o=inf{n > 0| E(X,) > k}.
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The next lemma is the reason for our choice of the environment w in (61).

Lemma 13. For all x € C, U Oy, the sequence (Yn)n>o given by Y, =
E (Xonn) is a supermartingale under PZ with respect to the filtration F,, =
o(Xg, k <n),n>0.

Proof. Suppose z € Cy U Cy. If £(x) > k, then 0 = 0 and the statement is
trivial. So, we can assume that £(x) < k. For y € C; U Cy with £(y) < k

Ey) = (y) 5" (y ) P=(w)(¥)
= wz(y) [1 1); Tey) < 0] _pz(y) (v)
> u,z(y) [Ef;( [ z(y)> Tz(y) < OOH = u,z(y) [500 ( )]

(60)

Ef,z(y) [SZ(y) (Xl)} .

Because of £(y) < k and (59), d(y,InsRay(z(y))¢) > 1. Since the walk is
nearest neighbor, this implies that X; € InsRay(z(y)), and hence, by the
definition of 2(X1), £.(,)(X1) = E.(x,)(X1). Therefore,

v

(62)  E) = By, [E(X0)] 2 Bl [Exp ()] @ BY[E(X0)]

We need to show EZ[Y,41 | F,] < Y,. For this, observe that on the event
{o < n} € F,, trivially Y,,;; = Y, whereas on the event {¢ > n}, by the
Markov property,

(62)
Ez[Yn+1| fn] = Ez[g(Xn-i-len] = Efn[g(Xl)] < E(Xn) = Y,

This completes the proof of the lemma. O

We now prove that with positive probability, the random walk (X,,),, de-
fined by the environment in (61) remains in C; forever.

Proposition 14. For i = 1,2, there is P-a.s. some x € C}, so that
(63) P [X, € C; for n > 0] > 0.

Proof. For i = 1,2, pick an arbitrary z € dT; and set + = o"(z) € Ray(z),
where n is large enough so that

(64) cage™ " < i,

for cog and c99 chosen as in Lemma 11. By Proposition 12,

(33) 64
(65) 5( ) < Cos€ —C29U(g)(T) < 0286_029nﬁ (<) p

We also require a lower bound on &(z). Since (Y},), in Lemma 13 is a
supermartingale under P?,

E(x) = EIYy] > EZIY,] > EIY. o0 <oo]l = EZE(Xonn); 0 < 9.
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By Fatou, this implies
E(x) > EZ[E(X,); 0 <o0] > KPIo < 0.

Together with (65), this implies P¥[c = oo] > 0. On the other hand, by
(59), on the event {o = oo}, one has d(X,,, Cf) > 1 for all n. Therefore, (63)
holds. O

We now present the proof of Theorem 3.

Proof of Theorem 3. Define w as in (61). By Lemma 19 in the appendix,
one can choose # > 0 small enough so that w is stationary and polynomially
mixing. (Recall that § was introduced in (23) and used throughout the
construction of w, beginning with (24).) By construction, w is uniformly
elliptic, with ellipticity constant at least x = (20(2d — 1))~1.

Let (X,,), be the RWRE on this environment. We still need to verify that
(7) is satisfied. By Proposition 14, with positive probability, (X, ), remains
forever in Cy, ¢ = 1,2, if the RWRE starts at appropriate x; € C;. Let T, be
the exit time of (X,,), from C; (which may be infinite). Since (51) remains
valid with the environment w?® replaced by w, a repetition of the proof of
(49) shows that

le |:(_1>Z+1(Xn - Il) ‘ T < CosTl TCZ- Z n] S Coq 6_025n7 Z = 17 2 .

By Borel-Cantelli, this implies

—1)itL X, - il
PY | X, € C; for all n, liminfL > %] >0, 1=1,2.
n—oo n
Since the origin communicates with any = € Z%, one obtains (7). O

7. DISCUSSION AND OPEN PROBLEMS

In this brief section, we discuss several open problems. The first involves
random forests in Z? built from ancestral functions, and is motivated by the
upper bound in Theorem 2.

Open Problem 1. What is the optimal constant ¢; in the lower bound (2)
of Theorem 17

There are several natural questions involving RWRE.

Open Problem 2. Does the statement of Theorem 3 continue to hold in
d = 27 If it does, what are the mixing assumptions on the environment that
imply the 0 — 1 law (6)7 (Recall that the 0 — 1 law for i.i.d. environments is
proved in [ZMO1].)

As mentioned in the introduction, the following question is still open.
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Open Problem 3. Prove the 0 — 1 law (6) for i.i.d. uniformly elliptic envi-
ronments, when d > 3.

8. APPENDIX: MIXING ORDERS

We deferred the demonstration of mixing properties used in the paper to
the appendix; a weaker form of Lemma 15 was used in the proof of Theorem
2, and Lemma 19 was used in the proof of Theorem 3. Here, we demonstrate
Lemmas 15 and 19, and the intermediate Lemmas 16-18 that are used in the
proof of Lemma 19.

We need to extend the notion of polynomial mixing that was introduced
in Definition 1, by allowing the set G there to grow with s. We will employ
the notation MY introduced in (4).

Definition 2. Let v > 0, 0 < v < 1 and b = (b(x)),eze be a collection of
random variables on a common probability space. Then, b is polynomaially
v-mizing (of order ) if, for any fixed p > 0,

(66) sup sup |5 [cov (f,9)| < o0,
s€Z4 f€M%57 HEMbBSJrs

where Bs = B(0, p]s|”).

Note that polynomial mixing is the same as polynomial 0-mixing.

Let a1 = (a1(x))geze and as = (as(7))zeze be two independent families
of directed ancestral functions having the same law as the function a con-
structed in Section 2, where for as the direction has been reversed, i.e., each
ej, 7 =1,...,d, has been replaced by —e;. The quantities h; and H;, 7 =1, 2,
are defined analogously to h and H in (1) and (24), by using a;; the quantities
a and w are given as before by (29) and (61).

We will investigate the mixing properties of the above variables. Our strat-
egy will be to first use i.i.d. random variables (L;()),ezd ;e(1,01 to construct
a realization of the ancestral functions a;; this will allow us to conclude that
the pair (aj,as) is polynomially r-mixing (Lemma 15). We extend poly-
nomial v-mixing to the collection (as, hyi,as, he) (Lemma 16), then to the
collections (ay, hy, Hy, ag, ha, Hy) (Lemma 17) and (o, Hy, Hy) (Lemma 18),
and finally to the variables (w(x)),ez¢ (Lemma 19). In each step, we will use
the definitions and appropriate tail estimates to “localize” the random vari-
ables that are involved. The details depend on the specific random variables
at each step.

The proofs of all five lemmas employ the following elementary inequality:
for any measurable functions f, g, f and g that are bounded in absolute value
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by 1,
[cov(f, )l < leov(f, )] + lcov(f = f,g)| + |cov(f, g — )]
(67) < lcov(f,g)| +4 (PLf # f] + Plg #g]) -
The first inequality in (67) is an immediate consequence of the bilinearity of

the covariance function. Throughout this section, in addition to depending
on (3 and d, all constants ¢; are also allowed to depend on p and v.

Lemma 15. Ford > 2 and 0 < v < 1/d, the collection ((a1,as)(x))yezd 1S
polynomially v-mizing of order 1 — dv.

Proof. We may assume that the ancestral functions a; and as have been de-

fined by two independent families (L;(z)), and (Ly(z)), of umbrella lengths.
In order to prove that (aj,as) is polynomially v-mixing, we “localize” the

variables a; and show that the localization does not cause damage. Let )\g(x)

denote the value of \;(z) corresponding to the collection L;, as in (12). We

set, fori=1,2, j=1,...,d and 5,2 € Z¢,

(68) Ay () = sup Li(y) -

yeB(z, 2l wey+(~1)+1U; 1

The random variable )\jl(:c) is the length of the largest umbrella whose j-side
passes through 2 and whose vertex y is contained in B(z, |s|/8). Let I*"(x),
i=1,2, s,z €Z% be the unique element of {1,...,d} for which

N (x) = min{A;’i(:c) | j=1,...,d};

ISVi(ZB)
this is the direction with the smallest “protecting” umbrellas. We now set
ai(x) = x4+ (—1)"*esi(y); this corresponds to the definition of a(z) in Section
2.

Let (f,g) € Mg’;’“” X M%ﬂf) (where the notation is the same as in (4)).
Let (f,g) denote the same functions for the collection (@,,as) instead of
(a1, az2). In order to show that (66) holds, we use (67) to compare cov(f, g)
with cov(f,g).

We will show that cov(f,g) = 0, for s chosen large enough so that |s| —
diam(Bs) > |s|/2. To see this, set

s 5] ar _ 5]
SR GORE S GO
Then, for large s,
d(By, BY) > |s| — diam(B,) — |s|/4 > |s|/4;
in particular, B, N Bj = (). Since f depends on only those random variables

Li(x) with = € B,, and § depends on only Li(x) with x € B, it follows that
f and g are independent, and hence that cov(f,g) = 0.
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We next bound P[f # f]. The functions f and f can differ only if there is
ani € {1,2}, a j € {1,...,d}, and an x € B, such that A>*(z) # \i(z). In
particular, for such 7,j and =z, )\; () > |s]/8d since diam(Up,y)) < dLi(x).
Consequently by Lemma 4, for appropriate cso,

2 d
Plf A<
=

=1 7

. 1642
Z P {)\;(l«) > ﬂ} < 16d%cs(#8;) < caols|P .

The same bound holds for P[g # g]. Together with (67) and cov(f,g) = 0,
this implies (66), with v = 1 — dv, and hence the lemma. O

We extend polynomial v-mixing from the pair (aq,as) to the collection
(a'17 h’la a2, h’2)

Lemma 16. Ford > 2 and0 < v < 1/d, the collection ((a1, h1, az, h2)(x)) ezd
is polynomially v-mizing of order (1 —dv)(d —1)/(2d — 1).

Proof. Fix § = (14v(d—1))/(2d—1), and note that § > v because v < 1/d.
For any G C Z% and s € Z%, define the event

(69) AG) = () {hml@) < s’} .

zeGi=1,2
Also, set (a, h) = (aq, hy, as, hy). By stationarity, P[As(B;)] = P[As(Bs + s)],
where B, is as in Definition 2. Hence, by (67), for any (f,g) € Mg‘jh) X
M)
(70) |COV (f?g)| S }COV (-f]‘As(Bs)’ g]‘As(Bs‘i‘s))‘ + 4P[A5(BS)C] °

To demonstrate that (a, h) is polynomially v-mixing, we bound the two terms
on the right side of (70).
To bound the first term, we apply Lemma 15. For G C Z¢, set

G,(G) = o((a1(y),a2(y)), vy € Ds(G)), where
Dy(G) = {yez'|d(y,G)<|s|’+1}.

In order to determine if h;(x) < |s|® for z € G, it suffices to check whether all
branches of Tree;(x) terminate within D,(G). These events are measurable
with respect to the ancestral functions a; restricted to Ds(G), and hence
measurable with respect to G4(G); so, As(G) € Gs(G). Similarly, the random
variables h;(z), z € G, are determined by a; restricted to D(G). Therefore,
setting G = B, and G = B, + s, respectively, it follows that f14,s,) and
914, (B.+s) are G4(B;)- and G,(B, + s)-measurable, respectively. It is easy to
see that diam (Dy(B,)) = diam (D,(Bs + s)) < cs3]s|® since § > v, where c33
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is allowed to depend on p but not on s, f, or g. Consequently, by Lemma
15, for appropriate czy,

(71) |cov (FLas,), 9Lla,Bors))| < caals|T07%) = cgys| 77D

where the last equality follows from the choice of §.

To bound P[A,(Bs)¢], we note that on A (B,)¢, there exist x € B, and
i € {1,2} with h;(z) > |s|°. For each 2’ € Ray(x), hi(z') > hi(z) > |s|°.
Ray(z) must intersect the boundary 0B, of By at some point y; thus, on
Ay(B,)¢, hi(y) > |s|°. Consequently, for appropriate css,

(72)  PAL(B,)] < 2(#0B,) P [h(0) > |s]°] < egg]s|"@ DO

where (3) of Theorem 2 was used in the second inequality. Substitution of
(71) and (72) into (70) implies the lemma. O

We next strengthen the above lemma by including H;. Recall that the
definition of H; in (24) depends on the parameter 5 € Z; = (0, (d — 2)/2d).

Lemma 17. Ford > 3, fired 0 < v < 1/d, and all § > 0 small enough, the
collection ((ay, hy, Hy, as, ho, H3)(x)) ez is polynomially v-mizing of order

v =(1—dv)(d—1)/(2d - 1).

Proof. Assume that 8 € Z;. We use (a,h, H) as shorthand notation for
(a'lah'laHlaa'Qah'ZaHQ); let (fvg) € Mg’zhyH) X M&Zf% for s € Zd' For
i=1,2and x € Z%, we set

(73)  Hi(x) = sup{hi(y) |z € B(y.h(y)’), dly.Bs) <|s|"}
A (x) = sup {hi(y) | = € By, hi(y)’), dly,Bs+s) <|[s]"} .

The quantities H; and H;" are “localized” versions of H;, which was defined
in (24).

Let f be defined the same way as f, except that one uses the random vari-
ables (ay, hi, Hy,ay, ho, Hy) instead of (a,h, H). Similarly, let g be defined
the same way as g, except that one uses (ay, hi, Hi, a, ho, Hy) instead of
(a,h, H). Note that f (respectively, g) is measurable with respect to the
random variables (ay, hy, as, ho)(y) with |y| < (u+ 1)|s|” (respectively, with
ly — s| < (u+1)|s]”). Therefore, by Lemma 16,

(74) sup sup |s|"|cov(f, §)| < oc.
s, BEL, feMgLS,h,H)ﬂeMgzsﬁ,SH)

In order to show that (66) holds, we use (67) to compare cov(f,g) with
cov(f,g). So, we still need to bound P[f # f] and Plg # g|. By the
definition of f and f, f # f can only occur if there exist i,y, and = with
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i € {1,2}, d(y,B,) > |s|*, and x € B(y, hi(y)?) N B,. For such y and =,
hi(y)? > |y — x| > |s|*, and therefore H;(z) > h;(y) > |s|*/#. Consequently,

Plf # f] < P[H(z) > |s|"/? for some x € B, and i € {1,2}]

(25)
(75) < 2(#B,) P [H(0) > [s]"/F] < cygls| (A1

for appropriate czg. (We remind the reader that cgg is allowed to depend on
G, and v, but not on the specific choice of functions (f,g) € Mg:h’H) X

MSLH ).) For 3 chosen small enough, the right side of (75) decays to 0 with
exponent larger than 7. An upper bound for P[g # g| is obtained similarly.

Together with (74) and (67), this completes the proof of the lemma. O

The next lemma shows that the triple (a, Hy, Hy) is polynomially v-
mixing. Since the ancestral function a was defined only on T; U Ty (in
(29)), we find it convenient to extend the definition, setting a(z) = A for
some A € Z% and all x ¢ T, U Ts.

Lemma 18. For d > 3, § > 0 small enough, and all 0 < v < 1/8d, the
collection ((o, Hy, Ha)(x))peza is polynomially v-mizing of order 1/10.

Proof. Since polynomial r-mixing is monotone in v, it suffices to show the
statement for v = 1/8d. Let 8 € Zy, and fix (f, g) € Mgt’Hl’Hz) X Mg’f;ﬂz)
for s € Z%. By the definition of o, f is a measurable function of the ran-
dom variables (a;(z), Hi(2), LoeT, )iy 9. pep, @0d g is a measurable function
of (ai(x)v Hl(x)v 1w€Ti)i:1,2; xEBs+s"

We proceed to “localize” the variables 1,ct,; this will allow us to apply
(67) the same way as in the previous lemmas. For (i,7) = (1,2), (2,1), set

Siw) = N {H;(y) < hi(a}(2))} .

0<n<|s|% yeB(af (x),hi(a} ()7 Als|6)

Let f (respectively, §) denote the same function as f (respectively, g), ex-
cept that the random variables 1,cr, are replaced by 1g,). Note that
{z € T;} C Si(x), because one recovers the event {x € T;} by altering
the definition of S;(z) by removing the restriction n < |s|® and not truncat-
ing the radius of the ball around a?(x) at |s|®. The event S;(x) is local in the
sense that S;(z) is an element of the o-field generated by (a;(y), hi(v), H;(y))
with |y—x| < 2|s|%. (The event {x € T;}, of course, does not have this prop-
erty.) Consequently, f is measurable with respect to the o-field generated
by (a;(y), hi(y), Hi(y)), where d(y, Bs) < 2|s|® and i € {1,2}. Similarly, g
is measurable with respect to the o-field generated by (a;(y), hi(y), Hi(y)),
where d(y, B, + s) < 2|s|® and i € {1, 2}.
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We use the localized functions f and g together with (67) to prove poly-
nomial v-mixing. For small 3, Lemma 17 implies that for appropriate cs7,

|cov(f,g)| < 037|S|—(1—6dV)(d—1)/(2d—1) _ 637|S|—(d—1)/4(2d—1)

(76) S 637|S|_1/10 s

where d > 3 is used in the last inequality. To estimate P[f # f] and P[g # g,
we use {x € T;} C S;(z) and translation invariance to obtain

B A VR #g < B U sleer)

z€Bs, i=1,2
> (P[ U U )2 k@)
z€Bs, =12 n>s1 ye B(ar (x),hi(a? (x))?)
) r[ U @) > 150
0<n<|s|6v
< (#B,) Z( U ¢+ Y P >|S|6u/5])
i=1,2 n>|s|6v ly<|s|®¥

< cag (|S|du+6u((26—1)d+2) + |8|6du+6V(1—d)/B) :

for appropriate c3s. The last inequality uses (27), and (3) of Theorem 2. For
B > 0 small enough, the second term in the right side of (77) decays faster
than the first. The exponent of |s| in the first term is —5/8 4+ 3(1+ (d)/(2d),
which is less than —1/10 for d > 3 and § > 0 small enough. Together with
(76) and (67), this proves the lemma. O

We are finally ready to prove that the environment w is polynomially
mixing. This result is used in the proof of Theorem 3.

Lemma 19. Ford > 3, with 3 > 0 and v > 0 both small enough, (w(x)),cza
is polynomially v-mizing of order 1/13.

Proof. Fix (f,g) € Mg, x Mg_,,. For G C Z, denote by A,(G) the event

that H;(z) < |s|"/% for all z € G and ¢ = 1,2. Set f = fl,,s,) and
g = gla,B,+s)- By Lemma 6,

]P)[AS(BS)C] S 2(#85) Cl7|s|(1—(1—ﬂ)d)/8d S 639|S|—(d—1)/8d+du+ﬂ/8
d>3
S 639|8|—1/12+du+5/8 S 639|S|_1/13

for # > 0 and v > 0 small enough, and appropriate c3g. So, in order to show
polynomial v-mixing of order 1/13, it suffices to bound the first term on the



34 TREES AND RANDOM WALKS IN RANDOM ENVIRONMENTS

right side of (67). For this, we will show that f and g are measurable with
respect to Hs(Bs) and Hy(Bs + s), respectively, where

Ho(G) = o ((a(z), Hi(z), Ho(x)), d(z,G) < cils|/*)

and cy9 = 4dcgy, where c31 is as in (58). Since the arguments are the same,
we will only do this for f. It will then follow from Lemma 18, that the
first term in (67) is bounded above by cy|s|~/* for appropriate c;; not
depending upon f, g or s.

We note that A,(G) € H,(G) for G C Z4, and so As(B,) € Hs(Bs). For
G C 74, write N for the set of functions that are measurable with respect
to H,(G). Since it is assumed that f € Mg , in order to show f € Ng,, it is
clearly enough to show that for x € B,

(78) W(x)lAS(BS) € NBS .

That is, on the event A,(Bs), w(x) is a (measurable) function of the random
variables generating H(B;).

We first recall how w(z) was constructed. Whether =z € C, x € Cy,
or neither holds, is determined by Z(x). (Recall that z € Z(z) exactly
when z € InsRay(z). For Z(z) # 0, the direction of InsRay(z) for any
z € Z(x) determines whether z € Cy or x € Cy.) If Z(x) = 0, then
the components of w(x) all equal 1/2d. If Z(z) # (), with z € C;, one
computes the random variables n,(y),7.(y), and s,(y) for all z € Z(x) and
y € B(z,c31H;(z)) N InsRay(z), with c3; as in (58). From these random
variables, one determines the quantities w?(y) as in (46). One then computes
&.(x), which one uses to determine z(z); one then sets w(x) = w*@(z).

To show (78), we therefore proceed as follows.

(a) We show that on As(Bs), for x € B, the random set Z(z) is a
(measurable) function of the random variables generating H(B;),
ie., for z € Zd, 1z€Z(m)1As(Bs) c NBS .

(b) We next show that on A (Bs), © € BsNC;, z € Z(x) and y €
B(x,c31H;(x)) N InsRay(z), the random variables n,(y),r.(y), and
s.(y) are functions of the random variables generating H(B;).

(c) Finally, we show that on A4(Bs), z € BsNC;, and z € Z(x), E,(z) is
a function of the random variables generating H(B;).

SN—

The following inclusion, whose justification we defer to the end of the
proof, is used for all three steps. For all x € By, z € Z(z), and y €
B(x, cals|"/*!) N InsRay(2),

(79) {a"(2)]0<n<n,(y)} B (:L’,c40\s\1/8d/2) on A,(By).

In particular, (a) is an immediate consequence of (79) with y = z, and the
definition of InsRay(z).
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To see (b), first note that by (79), on A,(B,), the variables n.(y), a™® (2),
and a™®*1(2) are functions of the random variables generating H,(B,).
(The set B(z, cqo|s|'/%?/2) was enlarged to B(x, cs|s|'/5%) in order to include
=W+ in H (B,).) Since r.(y) and s.(y) are determined by a™®(z) and
a™=WH(2), (b) follows.

To see (c), recall that for z € C;, &,(x) = EX.[T,; T, < cs1H;(z)]. The
RWRE is nearest neighbor and so, starting at , will not escape B(x, cs|s|'/89)
by time cs1|s|'/%. On A (B,), Hi(z) < |s|/3?. Consequently, on A,(B,),
£.(r) is a function of w* on B(x, c3|s|*/%) and of InsRay(z). By (79), (46)
and (b), the claim in (c) holds.

It only remains to show (79). First observe that on A4(Bs), for any z €
2(x),

(80) |z — x| |2 = a" D (2)] + 0" (2) — 2| < n.(x) +n.(2)’

<
< 2n.(z) < 2(Hy(x)V Hy(z)) < 2|s|*/®.

The second inequality follows from the definitions of n.(x) and InsRay(2) in
(34) and (31); the fourth inequality follows from the definition of H in (24)
and the inclusion = € B(a™®(2), n,(z)").

Since Buo(z, 2c31|s|'/8?) C B (z, caols|/*/2), and since the path a”(2),
n=0,...,n,(y), is directed, it suffices to show that both endpoints z and
a™W) () are contained in Bu(x, 2¢31|s|'/%¢). This holds for z because of (80).
For a™W)(z), first note that

n.(y)? > |a=W(2) —y| > |a™W(z) — 2| — |z — 2| — |z — y|
> n,(y) — (2+ ca1)s]/5

The first inequality follows from the definition of InsRay(z); the last inequal-
ity follows from (80), since y € B(x,cs1|s|'/®). Since 3 < 1, this implies
n.(y)? < |s]'/8 for |s| large. Therefore,

070 (2) — 2l < 0" 0(2) — ] < ™) (2) = y| + |y — 2] < 2els|/

for |s| large, where we used y € InsRay(z) in the last inequality. This
demonstrates (79) and completes the proof of the lemma. O

Remark. The only place where the explicit structure of the function a is
used is in the proof of Lemma 15. Given any ancestral functions a;, i = 1, 2,
that are directed in opposite directions, and for which the conclusion of
Lemma 15 holds, Lemmas 16-19 will continue to hold. In particular, the
environment @, that is constructed from such a;,a, by using the pruning
and insulation recipe leading up to (61), will be polynomially r-mixing of
order 1/13.
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