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ABSTRACT. We prove that every random walk in a uniformly ellip-
tic random environment satisfying the cone mixing condition and
a non-effective polynomial ballisticity condition with high enough
degree has an asymptotic direction.
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1. INTRODUCTION

Random walk in random environment is a simple but powerful model
for a variety of phenoma including homogenization in disordered ma-
terials [M94], DNA chain replication [Ch62], crystal growth [T69] and
turbulent behavior in fluids [Si82]. Nevertheless, challenging and fun-
damental questions about it remain open (see [Z04] for a general over-
view). In the multidimensional setting a widely open question is to
establish relations between the environment at a local level and the
long time behavior of the random walk. During last ten years, in-
teresting progress has been achieved specially in the case in which the
movement takes place on the hipercubic lattice Z? and the environment
is i.i.d., establishing relations between directional transience, ballistic-
ity and the existence of an asymptotic direction and the law of the
environment in finite regions. To a great extent, these arguments are
no longer valid when the i.i.d. assumption is droped.

In this article we focus on the problem of finding local conditions
on the environment which ensure the existence of a deterministic as-
ymptotic direction for the random walk model in contexts where the
environment is not necessarily i.i.d. As it will be shown in Section 2,
there exist environments which are ergodic and for which there does
not exist a deterministic asymptotic direction. Therefore, some kind of
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mixing or ballisticity condition should be imposed on the environment.
Here we establish the existence of an asymptotic direction for random
walks in random environments which are uniformly elliptic, are cone
mixing [CZ01], and satisfy a non-effective version of the polynomial
ballisticity condition introduced in [BDR14] with high enough degree
of the decay. It will be also shown (see Section 2), that there exist
environments almost satisfying the above assumptions which are direc-
tionally transient and for which there exists at least in a weak sense
an asymptotic direction, but have a vanishing velocity. Here the term
almost is used because in these examples the non-effective polynomial
ballisticity condition is satisfied with a low degree. This shows that
somehow, while the mixing and non-effective polynomial conditions we
will impose do imply the existence of an asymptotic direction, they
might not necessarily imply the existence of a non-vanishing velocity.

For z € R, we denote by |z|1, |z|s and |z| its I1, Iy and [, norms
respectively. For each integer d > 1, we consider the 2d—dimensional
simplex Py = {z € (R")?: 32 2 =1} and E:={e € Z%: |e|, =
1}. We define the environmental space Q := P7* and endow it with its
product o-algebra. Now, for a fixed w = {w(y) : y € Z¢} € Q, with
w(y) = {w(y,e) : e € U} € Py, and a fixed x € Z%, we consider the
Markov chain {X,, : n > 0} with state space Z¢ starting from z defined
by the transition probabilities

P, Xni1 = Xo +e| Xy =w(Xn,e) for eeU. (1)

We denote by P, the law of this Markov chain and call it a random
walk in the environment w. Consider a law P defined on Q2. We call P, ,
the quenched law of the random walk starting from x. Furthermore,
we define the semi-direct product probability measure on ) x (Z4)N by

P,(A x B) := / P, (B)dP
A

for each Borel-measurable set A in Q and B in (Z%)Y, and call it the
annealed or averaged law of the random walk in random environment.
The law P of the enironment is said to be i.i.d. if the random variables
{w(X) : x € Z% are i.i.d. under P, elliptic if for every x € Z% and
e € U one has that Plw(z,e) > 0] = 1 while uniformly elliptic if there
exists a k > 0 such that Plw(z,e) > k] = 1 for every z € Z% and ¢ € U.

Let [ € S, We say that a random walk is transient in direction
or just directionally transient if Py-a.s. one has that

lim X, -l = o0.
n—00
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Furthermore, we say that it is ballistic in direction [ if

X .
lim inf =2 :

n—oo n

> 0.

In the case in which the environment is elliptic and i.i.d., it is known
that whenever a random walk is ballistic necessarily a law of large
numbers is satisfied and in fact lim,,_ % = v # 0 is deterministic
[DR14]. Furthermore, in the uniformly elliptic i.i.d. case, it is still an
open question to establish wether or not in dimensions d > 2, every
directionally transient random walk is ballistic (see [BDR14]).

On the other hand, we say that ¢ € S%! is an asymptotic direction
if Py-a.s. one has that

For elliptic i.i.d. environments, Simenhaus established [Si07] the exis-
tence of an asymptotic direction whenever the random walk is direc-
tionally transient in an open set of S¥~1. As it will be shown in Section
2, this statement is not true anymore when the environment is assumed
to be ergodic instead of i.i.d., even if it is uniformly elliptic.

Let us now define the three main assumptions throughout this arti-
cle: uniform ellipticity, cone mixing, and non-effective polynomial bal-
listicity condition. Let x > 0. We say that P is uniformly elliptic with
respect to I, denoted by (UE)|l, if the jump probabilities of the random
walk are positive and larger than 2« in those directions which for which
the projection of [ is positive. In other words if Plw(0,e) > 0] = 1 for
e € F and if

P |min w(0,e) > 2k| =1,
ecf

where

& = UL {sgn(li)e:} — {0} (2)

and by convention sgn(0) = 0.
We will now introduce a certain mixing assumption for the environ-
ment P. Let & > 0 and R be a rotation such that
R(ey) = 1. (3)

To define the cone, it will be useful to consider for each i € [2,d],
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[+ aR(e;) I —aR(e;)
[, — e 4 L, = —ame)
Tt aRE) M T = aR(e)]

The cone C(z,1, ) centered in x € R? is defined as

d
Clz,la):=({zeR: (z—2) 14; >0, (z—2)- ;> 0}. (4)
i=2

Let ¢ : [0,00) — [0,00) be such that lim, . ¢(r) = 0. We say that a

stationary probability measure P satisfies the cone mizing assumption

with respect to «, [ and ¢, denoted (C'M ), 4|1, if for every pair of events

A, B, where P(A) >0, A € o{w(z,-);2-1 <0}, and B € o{w(z,-); 2z €
C(rl,l, )}, it holds that

P[AN B]

P[A]
We will see that every stationary cone mixing measure P is necessar-
ily ergodic. On the other hand, a cone-mixing environment can be

such that the jump probabilities are highly dependent along certain
directions.

—P[B]| < o(r|lh).

We now introduce an assumption which is closely related to the ef-
fective polynomial ballisticity condition introduced in [BDR14]. For
each A C Z% we define

OA:={z€Z: 2 ¢ A, there exists some y € A such that |y—z| = 1}.
Define also the stopping time

Ty:=inf{n >0: X, & A}.
Given L, L' >0, x € Z* and | € S*! we define the boxes
Bru(z) =2+ R ((—L, L) x (~L, L’)d*1> nze,
where R is defined in (3). The positive boundary of By, 1/ (x), denoted
by 8+BL’L/’Z(O), is

Ot Bp14(0) := 0By (0)N{z: 21> L},
Define also the half-space

Hyy o ={yeZ: y-l<z-1},

and the corresponding o-algebra of the environment on that half-space
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Hey =o0(w(y) 1y € Hyy).
Now, for M > 1, we say that the non-effective polynomial condition

(PC) |l is satisfied if there exists some ¢ > 0 so that for y € Hy; one
has that

Lh_f){.loLM sup Py | Xy, o) € 0" Breri(0), Toy pu0) < T, [Hya| =0,

(5)
where the supremum is taken over all the coordinates {w(z) : -l < y-l}.
It is possible to show that for i.i.d. environments, this condition is
implied by Sznitman’s (7”) condition [Sz03], and it is equivalent to the
effective polynomial condition introduced in [BDR14].

Let I be the subset of vectors in R? different from O and with integer

coordinates. Define Sg_l = {ﬁ e ]I}. We can now state our main

result.

Theorem 1.1. Letl € S]', M > 6d, ¢ > 0 and 0 < o < min{g, 55}
Consider a random walk in a random environment with stationary law
satisfying the uniform ellipticity condition (U E)|l, the cone mixing con-
dition (C'M )4 0|l and the non-effective polynomial condition (PC')py |l
Then, there exists a deterministic © € S! such that Py-a.s. one has

that

As it will be explained in Section 2, Simenhaus’s theorem which states
that an asymptotic direction exists whenever the random walk is direc-
tionally transient in an open set of directions and the environment is
i.i.d., is not true if the i.i.d. assumption is droped. Somehow, Theorem
1.1 shows that if the i.i.d. assumption is weakened to cone mixing,
while directional transcience is strengthened to the non-effective poly-
nomial condition, we still can guarantee the existence of an asymptotic
direction.

In [CZ01], the existence of a strong law of large numbers is estab-
lished for random walks in cone-mixing environments which also satisfy
a version of Kalikow’s condition, but under an additional assumption of
existence of certain moments of approximate regeneration times. This
assumption is unsatisfactory in the sense that it is in general difficult to
verify if for a given random environment it is true or not. On the other
hand, as it will be shown in Section 2, there exist examples of random
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walks in a random environment satisfying the cone-mixing assumption
for which the law of large numbers is not satisfied, while an asymp-
totic direction exists. From this point of view, Theorem 1.1 is also a
first step in the direction of obtaining scaling limit theorems for ran-
dom walks in cone-mixing environments through ballisticity conditions
weaker than Kalikow’s condition, and without any kind of assumption
on the moments of approximate regeneration times or of the position
of the random walk at these times. On the other hand, in [RA03], a
strong law of large numbers is proved for random walks which satisfy
Kalikow’s condition and Dobrushin-Shlosman’s strong mixing assump-
tion. The Dobrushin-Shlosman strong mixing assumption is stronger
than cone-mixing, both because it implies cone-mixing in every direc-
tion and because it corresponds to a decay of correlations which is
exponential.

A key step to prove Theorem 1.1 will be to establish that the prob-
ability that the random walk never exits a cone is positive through the
use of renormalization type ideas, and only assuming the non-effective
polynomial condition and uniform ellipticity. Using this fact, we will
define approximate renegeration times as in [CZ01], showing that they
have finite moments of order larger than one when we also assume
cone-mixing. This part of the proof will require careful and tedious
computations. Once this is done, the law of large numbres can be
deduced using for example the coupling approach of [CZ01].

In Section 2, we will present two examples of random walks in ran-
dom environments which exhibit a behavior which is not observed in the
i.i.d. case, giving an idea of the kind of limitations given by the frame-
work of Theorem 1.1. In Section 3, the meaning of the non-effective
polyonomial condition and its relation to other ballisticity conditions
will be discussed. In Section 4, we will show that the non-effective poly-
nomial condition implies that the probability that the random walk
never exits a cone is positive. This will be used in Section 5 to prove
that the approximate regeneration times have finite moments of order
larger than one. Finally in Section 6, Theorem 1.1 will be proved using
coupling with i.i.d. random variables.

2. EXAMPLES OF DIRECTIONALLY TRANSIENT RANDOM WALKS
WITHOUT AN ASYMPTOTIC DIRECTION AND VANISHING
VELOCITY

We will present two examples of random walks in random envi-
ronment which exhibit the framework of the hypothesis of Theorem
1.1. The first example indicates that the hypothesis of Theorem 1.1
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might not necessarily imply a strong law of large numbers with a non-
vanishing velocity. The second example will show that we cannot ex-
pect to prove the existence of an asymptotic direction without either
some kind of mixing hypothesis on the environment or some ballisticity
condition.

Throughout, p will be a random variable taking values in (0, 1) such
that there exists a unique k € (1/2,1) with the property that

Elpf]=1 and E[p"In" p] < oo, (6)
where p := (1 —p)/p.

2.1. Random walk with a vanishing velocity but with an as-
ymptotic direction. Let {p; : i € Z} be i.i.d. copies of p. Let e; and
e be the canonical vectors in Z2. Define an i.i.d. sequence of random
variables {w; : i € Z} with w; = {w;(e1),wi(—e1),w;(ea), wi(—e2)}, by

1

Wz’(€2) = wz‘(—€2) = 1
_ b 1 op
wi(er) = B and  w;(—eq) = 5 5

Now consider the random environment w = {w((i,5)) : (i,5) € Z*}
defined

w((i,4)) :==w; forall i,j€Z.
We will call P; the law of the above environment and (), the annealed
law of the corresponding random walk starting from 0.

Theorem 2.1. Consider a random walk in a random environment with
law Py. Then, the following are satisfied:

(1) Q1-a.s.
lim X, - e; = 0.
n—oQ
(17) Q1-a.s.
X
lim — =0
n—oo M
(1i1) In Q1-probability
. Xy
lim —— = ¢4
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(tv) The law @y satisfies the polynomial condition (PC)y. with
M =k — % — ¢ and ¢ = 1, where € is an arbitrary number
in the interval (0,k — 3).

Proof. Part (i). We will describe a one dimensional procedure which
will be used throughout the proofs of items (i) and (i7). Specifically,
defining (Y},)n>0 := (X, - €;)n>0 one has that it can be identified with
the one dimensional RWRE which has quenched law £, starting from
0, defined by the transition probabilities:

PowlYni1 =Y, +e | Yo =0(Yn, e1) = py, /2,
PO,w[Yn+1 = Yn — €1 | Yn] = @(Yn, —61) = (1 — pyn)/Q, and
PoulYni1 =Y, | Y] =w(Y,,0)=1/2.

By (6) it follows that Ej[In[pg]] < 0, where po := @(0, —e1) /@(0, e;) and
FE denotes the corresponding expectation in this random environment.
Now, from the transience criteria in [Z04] Theorem 2.1.2 one has that

Ql' a.s.

lim X, - e; = 0.
n—oo

Part (i1). Since k < 1, using again the one dimensional procedure of
part (i), for directions e; and ey and the strong law of large numbers
for one dimensional RWRE ([Z04], Theorem 2.1.9), we get Q;-a.s.

X (Xp-eer + (X - e)e

— — 0.
n n

Part (i1i). We define the random variables N; and Nj as horizontal
and vertical steps performed by the walk X,,, respectively. By the very
definition of this example, both of them distribute like a binomial law
of paratemers n and 1/2 under the quenched law. For each € > 0, we
have to estimate the probability

(Xn-e1) (Xn-e2)
e+ e

\/ (nc)? 4 (nca)?
Clearly, X,, - e; under the annealed law has the same law P of the one
dimensional simple symmetric random walk Z,, at time n’ = N,. Note
that P- a.s. n'/n — 1/2 as n — oo. Therefore, since k > 1/2 as a
result one has
X, - ~ Zn, 1
Q1 {lim Kez :0} =P {lim N — :0] = 1.

n—oco N n—00 N; 2k

> e —e| >¢e|. (7)

:Ql

Xn
@ H XL
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and hence ()1- a.s.
lim —(X” '262)2
n—o00 n4r
On the other hand, using the convergence theorem of Kesten, Kozlov
and Spitzer [KKS75], calling Yy, the one dimensional random walk
in random environment corresponding to X,, - e; and using a similar
procedure as the one given above, we can see that

Xn s €1
—_—
(Xn - €1)?
in distribution, and hence also in Q);- probability. It follows that for
each € > 0, the left hand-side of (7) tends to 0 as n — .

Part (iv). For j € {1,2} and a a positive real number, we define the

= 0.

stopping times T’ and Tg’ by

T =inf{n >0: X, -e; >a} (8)
along with

T =inf{n >0: X, -e; <a} (9)
Notice that for ¢ = 1 and large L one has the following estimate
Qi[X1,, 0 0" Brei(0)] < QT < TP+ QT AT, < T7),

(10)
The first probability in the right-most side of (10) has an exponential
bound as it follows from the estimate in the proof of item (iv) in The-
orem 2.2. Observe that the second probability in the right-most side
of (10) is less than or equal to
Ql[Tzz /\j:'izL < L2+€] +Q1[L2+E < Tfl]-

Keeping the notations introduced in item (i), from the very definition
of Z! one sees that for large L, there exists a positive constant K such
that

Qu[Te2 AT < L2 < Qy[| X, - es| < L, forall m € N,0 < n < L2t]
< P[Znymy < L2, for all n € N,0 < n < L*™] < exp{—K,L*}. (11)

On the other hand, using the sharp estimate in Theorem 1.3 in [FGP10)]
and denoting P the law of underlying one-dimensional random walk
corresponding to the annealed law of (X, - €1),>0, we can see that for
large L, there exists a positive constant K5 such that

Ql[L2+E < Til] < Ql[X[L2+5] e < L]
< p[YNl([L2+5}) < L] < KgLf(“fl/Qfg). (12)
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Therefore, in view of the inequality (10) and the estimates (11) and
(12), we complete the proof. O

2.2. Directionally transient random walk without an asymp-
totic direction. Let {p; : i € Z} and {p] : j € Z} be two independent
i.i.d. copies of p. Following a similar procedure as in the previous ex-
ample, we consider in the lattice Z? the canonical vectors e; and e,
and define the random environment w = {w((i, 7)) : (i,7) € Z*} by,

Pi I
w(i’j)(el) - 5 and W(z‘,j)<_€1) = 5 — 5
together with
p/' 1 p’.
Wig)(e2) = ?j and  w(; j)(—€2) = 5 5]

We call Py the law of the above environment and ()5 the annealed law
of the corresponding random walk starting from 0.

Theorem 2.2. Consider a random walk in a random environment with
law Py. Then, the following are satisfied.

(1) Letl €S. Thenl-e; >0 andl-ey >0 if and only if Qs-a.s.

lim X, - = oc.
n—oo

(17) Q2-a.s.

Xn
lim — = 0.
n—oo 1

(1i1) There exists a non-deterministic 0 such that

~

X
V.
|Xn|2

in distribution.
(iv) There exists a ¢ > 1 such that

limy oo L' log Q2[XTBchL‘l ©) & 0" Brcr,(0)] <0, (13)

where | = (1/v/2,1/+/2). Thus, condition (T)|l [Sz02] is satis-
fied.
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Proof. Part (i). This amounts to prove that Q- a.s.
lim X,,-e; = oo and lim X, - ey = 0.
n—oo n—oo
Both assertions follow from the one dimensional procedure, Theorem
2.1.2 in [Z04] and (6).
Part (ii). This proof is similar to case (ii) of Theorem 2.1 .
Part (iii). For j = 1,2 we define Ty ; = 0. For j = 1,2 we define

Ty, =inf{n >0: (X, — Xo)-e; >0o0r (X, — Xp)-e; <0}

and for i > 2 let
Tij=Tij007n_,,+Ti1;

Setting Yy, ; := X1, , -e;, we see that for j € {1,2}, the one dimensional
random walks without transitions to itself at each site (Y, ;)n>0 are
independent and their transitions at each site i € Z? are determined
by p;. Furthermore, for j € {1,2}, the strong law of large numbers
implies that Qs- a.s.

lim Ing =2. (14)

n—oo M
We now apply the result of Kesten, Kozlov and Spitzer [KKS75] to see
that there exist constants C; and C5 such that

Y1 Yoo 1 \" 1\"
S MUCORIED)

in distribution, where for j € {1,2}, S7 * stands for two independent
completely asymmetric stable laws of index x, which are positive. Using
(14) and properties of convergence in distribution we can see that

K K
Xn' Xn _Cl 02
X, ( n:l)el + ( n:2)62 <S§a"‘) €1 + <_S§a“> €2
_ N

’Xn|2 B \/(Xn'e )2 (X5 e2)? 2K 2K
TL2K,1 + n2r€2 (Sil“) + (S?j“)

in distribution. Therefore we have proved that the limit ¢ is random.

Part (). A first step will be to prove the following decay
limsup L' log Qo[TL, < T2 < 0

for arbitrary positive constants ¢ and ¢ (see (8) and (9) for the nota-
tions). We will prove this only in the case j = 1 since the case j = 2 is
similar. Following the notation introduced in Theorem 2.1 item (i) and
denoting the greatest integer function by [-], we see that it is sufficient

to prove that for large L there exists a positive constant C' such that:

E\[Pyo[Y,, hits [¢L] + 1 before [cL] + 1]] < exp{—CL}. (15)
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To this end, for a fixed random environment w, if we define
UL .= P,,[Y, hits — [¢L] + 1 before [cL] + 1],

the Markov property makes us see that 0¥ satisfies the following dif-
ference equation for integers i € [¢L] + 2, [cL]],

Uy = (1 —p) Ty +p D,
with the constraints

This system can be solved by the method developed by Chung in
[Ch67], Chapter 1, Section 12. Applying it we see that

eXp{Z—[ELH],o} +. Tt eXp{Z—[EL]—i—l,[cL]}
L+ exp{> @yt —pryet +- - F P apent
where we have adopted the notation __ .. := log p(m) and p(m) :=
(1 — pm)/pm- A slight variation of the argument in [Sz02] page 744

completes the proof of claim (15). On the other hand, considering the
probability

0k

Q2[Xry, ,, 0 & 0" Br2ra(0)],

we observe that this expression is clearly bounded from above by (see
Figure 1)

V2 L]
In virtue of the claim (15) the last expression has an exponential bound

Q?[Tilﬁ <T% 1+ Q?[Ti2ﬁ <T3
2 2

AN

FiGure 1. A geometric sketch of the bound for
Q:2[X T, 4y, (0 ) & 0" Bror,1(0)].

and this finishes the proof. 0
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3. PRELIMINARY DISCUSSION

In this section we will derive some important properties that are
satisfied by the non-effective polynomial and cone mixing conditions. In
subsection 3.1 we will show that the non-effective polynomial condition
is weaker than the conditional form of Kalikow’s condition introduced
in [CZ02]. In subsection 3.2 we will show that the cone mixing condition
implies ergodicity. Finally, in subsection 3.3, we will prove that the
non-effective polynomial condition in a given direction implies the non-
effective polynomial condition in a neighborhood of that direction with
a lower degree.

3.1. Non-effective polynomial condition and its relation with
other directional transience conditions. Here we will discuss the
relationship between the condition non-effective polynomial condition
and other transience conditions. Furthermore we will show that the
conditional non-effective polynomial condition is weaker than the con-
ditional version of Kalikow’s condition introduced by Comets-Zeitouni
in [CZ01] and [CZ02].

For reasons that will become clear in the next section, the following
definition, which is actually weaker than the conditional non-effective
polynomial condition, will be useful. Let [ € S*™', M > 1 and ¢ > 0.
We say that condition (P).|l is satisfied, and we call it the non-
effective polynomial condition if there is a constant ¢ > 0 such that

mL%ooLMPO[XTBLCL’Z(O) Z 0" Bprc4(0)] = 0.

It is straightforward to see that (PC) |l implies (P)as.¢|l-

It should be pointed out, that for a fixed v € (0, 1), if both in the con-
ditional and non-conditional non-effective polynomial conditions the
polynomial decay is replaced by a stronger stretched exponential decay
of the form e~'", one would obtain a condition defined on rectangles
equivalent to condition (7). introduced by Sznitman in [Sz03], and also
a conditional version of it. On the other hand, as we will see now, the
conditional non-effective polynomial condition is implied by Kalikow’s
condition as defined in [CZ01] for environments which are not necessar-
ily i.i.d. Let us recall this definition. For V' a finite, connected subset
of Z%, with 0 € V , we let

Sve =o0{w(z,:): 2z € V}.

The Kalikow’s random walk {X, : n > 0} with state space in V U9V,
starting from y € V U 0V is defined by the transition probabilities



ASYMPTOTIC DIRECTION FOR RWRE. 14

~ EO[Z:ZS 1 x,—cyw(z,6)[Fvel ‘ v d g
PV($7 1’+€) = EO[Z:ZS 1 xp—a} [Fve] or r&€V andec
1 for z €0V and e =0.

We denote by Pyy the law of this random walk and by EA%V the cor-
responding expectation. The importance of Kalikow’s random walk
stems from the fact that

Xr,. has the same law under ﬁgy and under Py[-|§v«] (16)

(see ([K81])). Let I € S**. We now define Kalikow’s condition with
respect to the direction [ as the following requirement: there exits a
positive constant ¢ such that

. T . >
iy W)tz

where

dy(2) = E,yv[X; — Xo] = Y _ ePy(z, 2 +e)

eclk
denotes the drift of Kalikow’s random walk at z, and the infimum
runs over all finite connected subset V' of Z? such that 0 € V. The
following result shows that Kalikow’s condition is indeed stronger that
the conditional non-effective polynomial criteria.

Proposition 3.1. Let | € S '. Assume Kalikow’s condition with
respect to l. Then there exists an r > 0 such that for all y € Hy; one
has that

lim sup L~ * sup log PO[XTBL,,.L,I(O) ¢ 0" Brrr1(0), Ts, .0 < Th,, | Myl

L—oo

< 0,

where the supremum is taken in the same sense as in (5). In particular,
Kalikow’s condition with respect to direction | implies (PC) |l for all
M > 0.

Proof. Suppose that Kalikow’s condition is satisfied with constant § >
0. We will first assume that y -l € (—L,0). Let ¢ > 1. For y € Hy,
and L > 1 consider the box

V=R ([y 1, L] % <—§L, §L>d1> .



ASYMPTOTIC DIRECTION FOR RWRE. 15

Therefore, using (16) we find that
PO[XTBL%LJ(O) 4 a+BL,cL,l(0)7TBL7%LJ(O) <Ty,,|8ve]
< Po[Xr, - R(ej) > §L for some j € [2,d],[ X1, - 1| < LIFve]
= Pyyv[Xz, - R(e;) > &L for some j € [2,d],| Xz, 1| < L]. (17)
Notice that on the set

{Xz, - Rlej) > gL for some j, Xz, -1 < L},

Tz 5]

one has ﬁovv—a.s. that

)
Thus, by means of the auxiliary martingale {MY : n > 0} defined by

n—1
My =X — Xo = > _dy(X;),
§=0

which has bounded increments (indeed bounded by 2) we can see that

on {Ty, > [%]}, we have that for L large enough that

1—c¢)L
VNP I PRI E LI
B

ﬁoy—a.s. Now, it will be convenient at this point to recall Azuma’s
inequality (see for example [Sz01]) for martingales with increments
bounded by 2,

2

~ A
Poy M) -w > A] Sexp{—8—} for A>0, n>0, |w|=1.
n

Using this inequality and (18) we obtain that

ﬁO,V[XTﬁ - R(e;) > 5L for some j, Xp, - [ < L
< ﬁo,v[Tv > %]
< Poy M- (<1) > (e = DL/2 < exp{~e1 L}, (19)

for a suitable positive constant ¢;. Finally, coming back to (17), we
can then conclude that

limsup L' sup log PO[XTBL,TL,Z ©0) & 0" Br,1.4(0), Ty pa00) < T, ,|Hyi] <0,

L—oo



ASYMPTOTIC DIRECTION FOR RWRE. 16

where r = £. Let us now assume that y -1 < —L. By Lemma 1.1 in

[Sz01] we know that there exists a positive constant ) depending on &
such that for all V finite connected subsets of Z¢ with 0 € V'

is a supermartingale with respect to the canonical filtration of the walk
under Kalikow’s law Fy. Thus, we have that

Poy[Xp, -1 < —L) < exp{—¢ L}

by means of the stopping time theorem applied at time 7y,. By an
argument similar to the one developed for the case y -1 € (—L,0), we
can finish the estimate in the case y - [ < L. 0

3.2. Cone mixing and ergodicity. The main objective in this sec-

tion is to establish that any stationary probability measure P defined

on the canonical o— algebra §, which satisfies property (CM)g.q|l is

ergodic with respect to space-shifts. We do not claim any originality

about such an implication, but since we where not able to find an ade-

cuate reference, we have included the proof of it here for completeness.
Let us recall that a set E € § is an invariant set if

9;1E =F
for all z € Z<.

Theorem 3.2. Assume that the probability space (2, §,P) has the prop-
erty (CM)ga|l and is stationary, then the probability measure P is er-
godic, i.e. for any invariant set E € § we have:

P[E] € {0, 1}.
Proof. Let E € § be an invariant set. Note that for each € > 0 there

exists a cylinder measurable set A € § such that

P[AAE] < e.

Since A is a cylinder measurable set, it can be represented as

A={w(z,"): z€ F,F CZ% |F| <,
w(x;,-) € Py, for x; € F, P, € B(Py)},

where B(P,) stands for the Borel o—algebra on the compact subset Py
of R?. Choose now L such that

o(L) <e.
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Plainly, for L we can find an x € Z¢ such that 6,4 and A are L
separated on cones with respect to direction I: there exists y € Z? such
that

Aco{w(z,): z-1<y-1—L}
along with
0,A€c{w(z,-): 2€Cy,l,a)}.

We can suppose that P[E] > 0, otherwise there is nothing to prove. So
as to complete the proof we have to show that P[E] = 1. Therefore
taking € small enough we can suppose that P[A] > 0. Thus, using the
cone mixing property, we get that

—PA]p(L) <P[AN(0.A4)] - PIAJP[Q — A] <P[A]o(L).  (20)

On the other hand, since E is an invariant set, we see that

PO, AAE] = Pl0, AN, E] = P[0, (AAE)] < e, (21)
which implies
PAAGO A] < P[(AAE) U (0,AN0,E)] < 2e. (22)

In turn, from inequality (22), it is clear that P[AN (6, A4)¢] < 2¢. Now,
using the inequality (20) one has that

P[A]P[Q2 — A] < 2e + P[A]o(L).
As a result, we see that
P[E|P[Q — E] < (P[A] + €)(P[Q2 — A] + ¢)
=PIAP[Q — A] + e+ €* < 4e + ¢(L) < Be.

Hence, since € > 0 is arbitrary we conclude that P[E|P[Q2 — E] = 0.
Therefore if P[E] > 0, this implies P[E] = 1. O

3.3. Polynomial Decay implies Polynomial decay in a neigh-
borhood. In this subsection we prove that whenever (PC')y; |l holds,
for prescribed positive constants M and ¢, then we can choose 2(d —1)
directions where we still have polynomial decay although of less order.
More precisely, we can prove the following.

Proposition 3.3. Suppose that (P)a|l is satisfied with ¢ > 0 for
some M > 6(d — 1), then there exists an a > 0 such that if we define
fori e [2,d]:
I aR(e)
T I+ aR(e)
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and
. [ — aR(e;)
o [l aR(e)]
then
(P)n2ellsi

15 satisfied, where we can choose N = % —1.

Proof of Proposition 3.3. We will just give the proof for direction [_,,
the other cases being analogous. Throughout the proof we pick o €
(0,1) and we define the angle

§ = arctan(«). (23)
Consider the specific rotation R” on R? defined by:

cos(f) —sin(B) 0 ... ... 0

sin(8) cos(B) 0 0

0 0 1 ... ... 0

R : : .

0 0 R

0 0 oo ... 01

where this representation matrix is taken in the vector space base
{R(e1), R(ez),...,R(eq)}. It will be useful to define a new rotation

R :=R'R
together with the rotated box EL(O) given by
BL(0) = R ([—L)\l(oz), Loo(a)] x [~ Leds(a), chg(a)]d—l) nze,

where
o) = e
o) =
N
Notice that with these definitions, Py- almost surely:

XTEL(O) g 8+BL(0) = XTBL,L,Z(O) € 8+BL7L,1(0). (24)
Figure 2 shows the boxes involved in (24).

As a result we have that
Py[Xr.

B (0)

¢ 0T BL(0)] < LM,
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Br,r,(0)

FI1GURE 2. The choice of boxes.

Furthermore, a straightforward computation makes us see that the
scale factor As(«) is less than % whenever o < %. Therefore if we

let the positive a < % one has that
(25)

4
)\3(0&) S g

For technical reasons, we need to introduce an auxiliary box. Specifi-

cally, we first set
i1 1 -«

h = =
\/ 1+ (l)z V1+a2
and observe that % < h < 1. We then can introduce the new box

ELQ’L(O) defined by
By ,.(0):= R ([—L(h +2), Lh] % [—cLXs(a), chg(a)]d—l) Nz,

From this definition, we obtain

Py [XTEZ_Q,L(O)

¢ 0"B_,r(0)] < L7".
In order to complete the proof, we claim that for large enough U the

probability
g a+Bl72,U (0)] )

Fo [XTEL%U(O)
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decays polynomially as a function of U, where the box B;_,(0) is
defined by

Bi_,u(0) := R([~U,U] x [=2cU,2cU)*™).

The general strategy to follow will be to stack smaller boxes up in-
side of B;_, (0) and then using the Markov property along with good

environment sets we ensure that the walk exits from box B;_, 7(0)

by 0*B;_,7(0) with probability bigger than 1 — P(U), where P is a

polynomial function. Specifically, we let
U
C h+2

Introduce now a sequence of stopping times as follows

(26)

T = TEZ_Q,L(O)’

and for ¢ > 1
Ti=T,1+Ti00 .
For simplicity we write 7} instead of T, , (o) In view of (25) and (26)

it is clear that to ensure that the random walk exits at time ﬁ through
0t B, ,(0), it is enough that it exits through the corresponding posi-
tive boundaries through four succesive times, so that

Po[ X7 € 07 Bi_,u(0)] > Py [Xq, € 97Bi_, 1(0),
(XT1 € 8+§172,L(XT1)) o (ng, (XT1 c 8+§L2,L(XT2)) o (9T2,
(XT1 S 8*?172,L(XT3)) o QTJ . (27)

In order to use (27), let i be a positive integer number and consider
the lattice sets sequence (F;);>; defined by

F,=0"B,_,1(0),

and for ¢ > 1, we define by induction

Fi={J0"Bi,1(y).

yeM
We now define for ¢ > 1, the environment events G; by
Gi = {w c0: wa[(XTl S 8*?,727L(XT1.)) o QTZ]
>1- L_%, for each y € Fl} .
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Note that
Py[X7 € 0YB,_,u(0)]
> Py [X7, € 07B,_, 1(0), (X1, € 07 Bi_,.(X1)) 0 bry,
(X1, € 0TBy_, 1(X1,)) 00y, (X1, € 0TBi_,.(X1y)) 0 01 6,] -

By the Markov property applied at time T3 and the very meaning of
G5, we get that the last expression is equal to

Zyng E [PO,w [XTl S 8*372@(0), (XT1 S 8+§172’L(XT1)) o0,

(X1, € 0T B1,,.(X1,)) 0 01,] Pyo[Xr, € 0B, 1(y)le, | >

Bi_o,0(¥)
(1— L %) (P [Xg, € 9" By, 1(0), (Xr, € 0" By, 1(Xn,)) 0 On,,
(XT1 € 8+§LM(XT2)) ¢} GTQ] — P[(Gg)c]) . (28)

Repeating the above argument, one has the following upper bound for
the right-most expression of (28),

(1=L72)'=(1=L" % *P[(G1)]=(1=L~ 2 P[(Ga)| (1L~ % )P[(Gs) .
(29)
At this point, we would like to obtain for ¢ € |[1, 3]|, an upper bound
of the probabilities
P(Gi).
To this end, we first observe that Chebyshev’s inequality and our hy-
pothesis imply

c _M
PG < Y B, y)ea+§l_2,L<y>]>r%}] <R L7

yeR Bi_y,1(

Clearly, we have the estimate | Fy |< (§L) 1 (recall (25)). As a result,
we see that

M

g \ ¢!
P(G1)] < <§L> L 2. (30)
By a similar procedure we can conclude that

P[(G,)]] < <1—;L)d_lL¥ and P[(G5)] < (%L)d_l L

Combining the estimates in (27) and (31) and the assumption M >
6(d — 1) we see that

vl

. (31)

6(8)4-1
(2_>A34 U=,

Po[ X € 0" Bi_,u(0)] <3
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This ends the proof by choosing the required o as any number in the
open interval (0, 3). O

4. BACKTRACKING OF THE RANDOM WALK OUT OF A CONE

Here we will provide a uniform control on the probability that a
random walk starting form the vertex of a cone stays inside the cone
forever. It will be useful to this end to define

D' :=inf{n e N: X,, & C(a,l,X0)}, (32)

where as before [ € S 1.
Proposition 4.1. Let | € S41. Suppose that (P)y.|l holds, for some

M > 6d — 3. Then there ezists a positive constant ca(d) > 0 such that
Po[D, = OO] > CQ(d).

In what follows we prove this proposition. With the purpose of
making easier the reading, we introduce here some notations. Let I’ €
S9! and choose a rotation R’ on R? with the property

R’(el) == l,

For each x € Z%, real numbers m > 0, ¢ > 0 and integer i > 0 we define
the box

Bi(z) :=
-+ R/ <(_2m+i72m+i) % (_202m+i,2c2m+i)d_1> ﬂZd

along with its "positive boundary”

9" Bi(z) := 0B;(z) N {z + R (2", 00) x R 1)}
We also need slabs perpendicular to direction I’. Set
Vo(z) :=z + R ([-2",2"] x Rd’l) aVA
and for ¢ > 1,

i

—2m Y "o

J=0

Vi(r) =2+ R (

x Rd‘1> VA

The positive part of the boundary for this set is defined as
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O Vi(x) := dVi(z) N {x + R <(i 2mHI oo> X Rd_l) } :

Furthermore, we will define recursively a sequence of stopping times as
follows. First, let

TO = TBO(XO)'
and for 7 > 1

T; :=Tpy(xy, ) 001, + Tia.

We now need to define the first time of entrance of the random walk
to the hyperplane R’ ((—o0,0) x R%1),

Dy :=inf{n >0: X, -I' <0}.
With these notations we can prove:

Lemma 4.2. Assume (P)nac|l' where ¢ >0, for some N > 2(d —1).
Then, for allm € N and v € {z € Z*: z - I' > 2™}, we have that

P.[Dy = oo] > y(m)
where y(m) does not depend on l' and satisfies lim,, o y(m) = 1.

Proof. From the fact that (P)y2|l’ holds, we can (and we do) assume
that there exists a m > 0 large enough, such that for any positive
integer ¢ one has that

Py[Xry, ) € 9 Bi(0)] > 1 — 27N+ (33)
holds. By stationarity, we have for z € Z%:
Py[Xr, ,, € 0" Bi(x)] > 1 — 27N+, (34)

Throughout this proof, let us choose x € {z € Z%: z-I' > 2™}. For
reasons that will be clear through the proof, we need to estimate for
1 > 1 the following probability

Ii = PJJ[XTVi(m) = 5+V;(x)], (35)
and with this aim, in view of (34), we have
Iy > Po[Xr, ,, € 0" By(x)] 21 -2V >1—-27V%,

Now, as a preliminary computation for the recursion, we begin to esti-
mate I;. Note that
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I, > P,[Xg, € 9" Bo(Xo), (XTp, (x,) € 9" By(Xo)) o O] (36)
Using the strong Markov property at time Ty we then see that

5L > 37 ot Bo) B [Pow[ X1, € 07 Bo(Xo), X1y = ]
X PyulXr,,, €0 Biy)]]
> D yeotBow) B [Prw[Xm € 07 Bo(Xo), X7, = ]
X PyolXy,, € 0" Biy)]ic,| (37)

where

Gy =
{weQ: Pu[Xp, , €0 Bi(y)] >1—-27"%, forall y € 9 By()}
Thus, it is clear that
I (1-27V%) (B[Xn, € 0" Bo(Xo) — PIGo)]) . (39)
Notice that by (34) and Chebyshev’s inequality
P(Go)] < X yeo+ Bote) PPy X1,y € 07 Bily)] > 275 ]
< Zyea+Bo(z) Py[XTBI(y) ¢ 0" Bi(y)|12V%
— 0% Bolw) 2¥ | Po[ Xy, & 0% B1(0)]
< (202m+1)d—12N(%—(m+1)) < (2c2m+1)d-19-NE (39)
Plugging (39) into (38) we see that

I > (1—=27V%)(1 =275 — (2e2mthyd-127N5), (40)
Hereafter we can do the general recursive procedure. For this end, we
define for ¢ > 1

JZ’ = PO[XTO < a+Bo(X0), (XTBl(XO) - a+B1(XO)) o ‘9T07 ..

sy (XTB,L-(XO) € 8+Bi(X0)) © QTFJ'

It is straightforward that I; > J;. Furthermore, through induction on
1 > 1, we will establish the following claim

(41)

i—1 d—1
Ji 2 (1 o 2—N(m+2171) ) Jifl N 2—N(m+2171) <Z 262(m+j)+1> ] (42)
7=0
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To prove this, we first define the extended boundary of the pile of boxes
at a given step as

Fy := 0Bo(z) N {z + R'((2™, 00) x R*1))},

and for ¢ > 2

Fio1 = 0{Uyer,_,Bia(y)} N {z + R((2""", 00) x RT))}.

Using these notations, we can apply the strong Markov property to
(41) at time 7T;_q, to get that

Ji =Y en  E[PoulXn, € 07 Bo(Xo), ...

o Xy ) €07 B (X)) 001,y Xr, = Y Pyu[Xay ) € 8+Bi(XO)]] .

Following the same strategy used to deduce (40), it will be convenient
to introduce for each i > 2 the event

Gifl =
{weQ: PulXn,,, €0Bi(y)>1-2""5" forally € F_}.

Inserting the indicator function of the event G;_; into (41) we get that

Ji >
ZyGFi_l E PJJ,W[XTO S 8+‘BO(*XVO)7 R (XTBi—l(XO) € a—i_-Bi—l()(O)) © ‘gTi_y XTi_l - y]

X Pyl X1y v € a+Bi(XO)]]1Gi,1] .
By the same kind of estimation as in (38), we have
T > (1= 27V (T = P((Gia)°)) - (43)

We need to get an estimate for P[(G;-1)¢]. We do it repeating the
argument given in (39). Let us first remark that

i—1 d=1
|Fiq| < (Z 202(m+j)+1> ; (44)

J=0
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holds. Indeed, the case in which I’ = e; gives the maximum number
for |F;_1|. Keeping (44) in mind we get that

(m+i—1)
Pal(Giea) ] < Xyer, P [Py:w |:XTB,'(y) ¢ 0" Bi(y)| > 27N+]
(nti-1)
<Xyen, PulXry,, & 07 Bi(y)]2V
i—1 j)+1 -l _N{mtiz)
< <2j20 99 (m+i)+ > 9 i (45)

Therefore, combining (45) and (43) we prove claim (42). Iterating (42)
backward, from a given integer i, we have got

i—1 i—1 i—1
Ji> [Hﬂ — gV >] =Y a2V [ -2V, (46)
h=1 j=1 k=j

where we have used for short

- d—1
J
aj 1= (Z 02(m+i)+1> < (20)11—12(m+j+2)(d—1).

=0
The same argument used to derive (40) can be repeated to conclude
that

J > (1—=27N9)(1 —27V% — (2e2mth)dmlo= NG, (47)
Replacing the right hand side of (47) into (46), and together to the fact
I; > J;, we see that

i—1 i i
liz [Hﬂ - Q‘N"‘;”)] =2V =Y a2V -2V "),
h=0 s —

(48)
Now we can finish the proof. First, observe that

Px[Dl’ = OO] Z Ioov
where as a matter of definition

I = lim I;
1— 00
(this limit exists, because it is the limit of a decreasing sequence of real
numbers bounded from below). By the condition N > 2(d — 1), we get
that for each m > 1 one has that for all 7 > 1,
a; 7 < (8¢) 1o

where 1 stands for the positive number so that N = 2(d —1) +. Thus
all the products and series in (48) converge and we have that for all
m>landx e {z€Z:2-1'>2m}
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Pm[Dl’ = OO] > y<m>7

where

y(m) = [[[2o(1 - 275 | (1 - 27V%)
00 N+ 7100 _ N (mtk)
_Ejzoan N2 Hk:j(1_2 MR,

Clearly for each m > 1, y(m) does not depend on the direction I’ and
lim,,, o y(m) = 1, which completes the proof. O

With the previous Lemma, we now have enough tools to prove Propo-
sition 4.1. Before this, we need a definition of geometrical nature.

We will say that a sequence (zo,...,z,) of lattice points is a path
if for every 1 < ¢ < n — 1, one has that x; and x; | are nearest
neighbors. Furthermore, we say that this path is admissible if for every
1 <4 <n—1 one has that

(131' — xi—l) -1 7£ 0.

Proof of Proposition 4.1. Assume (P)c|l, where M > 6(d — 1) + 3
which is the condition of the statement of the Proposition 4.1. We
appeal to Proposition (3.3) and assumption (P) |l to choose an a > 0
such that for all i € [2,d]

(P)n2ellai
is satisfied with
M
N::?—1>2(d—1). (49)
From now on, let m be any natural number satistying
(m)>1— (50)
m _—_——
Y 2(d— 1)

where y(m) is the function given in Lemma 4.2. Note that there exists
a constant c3(d) such that for all x € Z? contained in C(«, 1, R(2™e;))
and such that |[R(2™e;)—x|; < 1 one has that there exists an admissible
path with at most c32™ lattice points joining 0 and x. We denote this
path by

(an1>"'7yn :.T)
noting that n < ¢32™.
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The general idea to finish the proof is to push forward the walk up
to site x with the help of uniform ellipticity in direction [ and then we
make use of Lemma (4.2) to ensure that the walk remains inside the
cone.

Therefore, by (49) and Lemma (4.2) we can conclude that for all
2 < ¢ < d one has that

P.[D,,, = oo] > y(m), (51)

along with
PID,_ = oc] = y(m). (52)

Define the event that the random walk starting from 0 following that
path (0,91,...,yn) as

Ap = 1{(Xos -, X0) = (0,91, -, yn)}-
Now notice that
Po[D/ - OO] Z

PO [Am (Dl

i—

:oo)oen,(Dm:oo)Oanor2§i§d}. (53)

On the other hand, by definition of the annealed law, together with
the strong Markov property we have that

Po[An, (Dy,_ = 00)0b,,( D), =00)0b, for2<i<d =
E [PowlAn], Pow[Di,_ =o00,D), = oo for2<i<d]]. (54)

i

Using the uniform ellipticity assumption (UFE)|l, along with (51) and
(52), we can see that (54) is bounded from below by

(26)9*" (1= 2(d = 1)(1 — y(m))) . (55)

By virtue of our choice of m in (50), we see that there exists a constant
o just depending on the dimension (we recall that m is fixed at this
point of the proof), such that

ey = (26)% (1 —=2(d — 1)(1 —y(m))) > 0 (56)
Finally, in view of the inequalities (53) and (54) it follows that

P()[D, = OO} Z Cyq.
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5. POLYNOMIAL CONTROL OF REGENERATION POSITIONS

In this section, we define an approximate regeneration times as done
in [CZ01], which will depend on a distance parameter L > 0. We will
then show that these times, assuming (PC)ys .|l for M large enough,
and cone-mixing, when scaled by %, define approximate regeneration
positions with a finite second moment.

5.1. Preliminaries. We recall the definition of approximate renewal
time given in [CZ01]. Let W := U {0} [c.f. (2)] and endow the space
WY with the canonical o—algebra W generated by the cylinder sets.
For fixed w € Q and € = (gg,¢1,...) € WY, we denote by P, . the law
of the Markov chain { X, } on (Z4)", so that X = 0 and with transition
probabilities defined for z € Z¢, e, |e| = 1 as

lie,—0y
1 — k||
Call E,,  the corresponding expectation. Define also the product mea-
sure @, which to each sequence of the form e € W assigns the proba-
bility Q(e1 =€) ==k, if e € £, while Q(e; = 0) = 1 — k|€|, and denote
by Eq the corresponding expectation.

Now let & be the o-algebra on (Z?)Y generated by cylinder sets,
while § be the o-algebra on 2 generated by cylinder sets. Then, we
can define for fixed w the measure

pw75[Xn+1 =z + ean = Z] = ﬂ{gn:e} =+ [w(z, 6) — /i]l{eeg}].

ﬁo,w = Q & Pw,e
on the space (WY x (ZH)N, W x &), and also

?0 ::P®Q®Pw,e

on (2 x WN x (ZHYNF x W x &), denoting by Ej,, and Ej the corre-
sponding expectations. A straightforward computation makes us con-
clude that the law of {X,,} under P, coincides with its law under P,
and that its law under Py coincides with its law under P,.

Let g be a positive real number such that for all 1 <1 <d,

is an integer. Define now the vector u := (uy, ..., uq). From now on, we
fix a particular sequence € in £ of length p := |u|; whose components

sum up to u:
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together with

E1 =8y = ... =€y = sgn(ui)es,
Elur+1 = Elug|+2 = « -+ = Elug|+|uz| ‘= Sgn(u2)62
Ep—fugl+1 = --- = Ep := sgn(Ug)eq.

Without loss of generality we can assume that [; # 0. And by taking
a small enough that

£1,8148,...5p
are inside of C(0,1, ). For L € pN consider the sequence &) of length
L, defined as the concatenation L/p times with itself of the sequence
£, so that

E(L) = (51,...7§p,...,§1,...,€p).
Consider the filtration G := {G,, : n > 0} where

gn = U((EiaXi)ai S n)
Define Sy := 0,

Si:=inf{n>L: X, p-l>max{X,,-l:m<n—L},
(En—py-. . En_1) =ED}
together with
Ry := D' o0, + 5.
We can now recursively define for £ > 1,

Sgr1:=1nf{n > R : X, -1l >max{X,,-l:m <n— L},
(gnfLa sy Ep—1 = g(L)))}

and

Rk+1 = D/ e} 05k+1 + Sk-&-l‘
Clearly,

0=5<5 <R <---00,
the inequalities are strict if the left member of the corresponding in-
equality is finite, and the sequences {Sy : k > 0} and {Ry : k > 0} are
G-stopping times. On the other hand, we can check that Fy—a.s. one
has that S; < co along with the fact Fy—a.s. on the set

{lim X, - I = oo} N {Ry < oo} one has too that (57)

Sk-Jrl < 00.
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Put
K:mf{kz 1ISk<OO,Rk:OO}

and define the approximate regeneration time

) = S. (58)

We see that the random variable 7(%) is the first time n in which the

walk has reached a record at time n — L in direction [, and then the

walk goes on L steps in the direction [ by means of the action of %)
and finally after this time n, never exits the cone C'(X,,, [, a).

The following lemma is required to show that the approximate re-

newal times are Pp-a.s. finite. Its can be proved using a slight variation

of the argument given in page 517 of Sznitman [Sz03].

Lemma 5.1. Consider a random walk in a random environment. Let
1€S* M >d+1 and ¢ > 0 and assume that (PC) .|l is satisfied.
Then the random walk is transient in direction .

Proof. The proof can be obtained following for example the argument
presented in page 517 of [Sz03], through the use of Borel-Cantelli and
the fact that for any M > 0 we have that

Pylimsup X, - 1 = o] = 1.

n—oo

O
We can now prove the following stronger version of Lemma 2.2 of
[CZ01].

Lemma 5.2. Assume (CM)q4|l, (UE)|l and (PC)p. for M > 6d —
3,¢> 0. Then there exists a positive Ly € |u|1N, such that

#(Lo) + Py[D' < 0] < 1,
and 7 < 0o, Py-a.s. are fulfilled for each L > Ly, L € |u|;N.

Proof. Following the arguments in the proof of Lemma 2.2. of [CZ01]
(using u instead of 1), one has that:

Py[Ry, < 00] < (é(Lo) + Py[D’ < o0))F (59)

From the assumption (C'M ), 4|, we have ¢(L) — 0 as L — oco. On
the other hand, by Lemma 4.1,

R[D' < o] < 1.
Therefore, we can find a Ly with the property:
6(L) + R[D' < o] < 1,
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for all L > Ly, L € NJl|. B
Then, via Borel-Cantelli Lemma, one has that Py— almost surely
inf{n >1: R, =00} < o0, (60)
holds. Now, observe that Py— almost surely:
inf{n>1: R, =00} =inf{n>1: R,y <o R, =00} (61)

In turn, using (57) which is satisfied in view of Lemma 5.1, turns out
that
inf{n >1:5, <oco R, =00} =K <0

Py— almost surely. O

Finally, we can state the following proposition, which gives a control
on the second moment of the position of the random walk at the first
regeneration position. Define for x € Z? and L > 0 the o—algebra

L
3&7,L =0 {w(ya ')5 y-u<w-u-— u—|u|2} .

|uly

Proposition 5.3. Fiz [ € S** ', o > 0, M > 0 and ¢ : [0,00) —
[0, 00) such that lim, o ¢(r) = 0. Assume that 0 < o < min{g, 2;1
and that (CM)au|l, (UE)|l and (PC)arcli hold. Then, there exists a
constant cs, such that

Eo[(RLXT(L) . l)2|{§07L] S Cs. (62)

5.2. Preparatory results. Now we are in position to prove the main
proposition of this section. Before we do this, we will prove a couple
of lemmas.

Lemma 5.4. Assume that (CM ), 4|l holds. Then, for each x € Z4
one has that

B[Py 0D = 00]|§s,1] — Po[D' = o0]| < ¢(L)
holds a.s.
Proof. For each A € §, 1, we define

v[A] ;== E[P,,[D" = ool 4] (63)
and

plA] = (P[D" = oo] + ¢(L)) PIA] — v[A]. (64)
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Clearly (63) defines a measure on (€2, §,,1). We will show that (64) also.
Indeed, take an A € §, 1 and note that P, ,[D = oo| is o{w(y,-), y €
C(z,l, o) }-measurable. Therefore, by assumption (CM), 4|l one has
that

v[A] < R[D' = oo]P[A] + ¢(L)P[A].

Consequently, (64) defines a measure p on (€2,F, ). Consider the
increasing sequence {4, : n > 1} of §, r-measurable sets defined by

A, = {w eN: E[Pm,w[D/ = OO”SLL] > PO[D/ - OO] + (b(L) + %}

and define

A::UAH.

n>1
Observe that for each n > 1 we have that

0 < pu(An) = (Bo[D = oo] + ¢(L))P[A,] — E[E[Py0[D" = o0]|§x,0]14,]
< —1iP[A,).

Therefore, one has that for each n > 1, P[A,] = 0 and consequently
P[A] = 0. Observing that

A={w € Q :E[P,,[D = 00|[Fur] > Po[D' = 0] + ¢(L)},

we see that

B[Py w[D" = 00][Fe,L] — Ro[D" = oo] < ¢(L). (65)

One can prove that

—¢(L) < E[Pou[D" = o0|Fo,] = Ro[D" = o0
following the same argument used to show (65), but changing the event
{D’' = oo} by {D' < o0}
O

The second lemma that will be needed to prove Proposition 5.3 is the
following one. To state it define

M:= sup (X, — Xo) - u,

0<n<D’

D'(0):=inf{n>0: X, € C(0,l,a)},
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and for a € R
T :=inf{n>0: X,-l>a} and
T':=inf{n>0: X, 1> a}. (66)

Lemma 5.5. Let M > 4d + 1 and

1
2+1< . (67)
(0

Assume that (PC)arc|l is satisfied. Then, there ezists cg = cg(d) > 0
such that a.s. one has that

EQ[.‘.UIQ,D/ < OO|3’07L] < ¢c.

P— almost surely.
Proof. To simplify the proof, we will show that the second moment of

M = sup (X, — Xo) -1

0<n<D!
is bounded from above. Note that

Eo[?, D’ < 0o|Fo.z] < Po[D' < o0 | Fo.L]
+ 30 22m+l) py[2m < M < 2+ D' < oo | For)- (68)

Therefore, it is enough to obtain an appropriate upper bound of the
probability when m is large

Bol2" <9 < 2™ D' < oo | Fo.L)-
Note that,

Po[2m <V < 2"+ D' < 00 | Fo.L]
S PO[XTzlm g 8+B2m762’m7l (0)7T21"L < D/ <00 | 507[’]
+P[Xq, € 9" Bom cam 1(0), Thnir © 01, > D'(0) 0 Or,,, | Fo,]-(69)

Using (PC)ae|l, we get the following upper bound for the first term
of the rightmost expression in (69),

BolX 1y i) & 9% Bam gm 1(0), (Xn)o<n<ty, o) C (Hog)[Hoy]
< 27 Mm, (70)
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As for the second term in the rightmost expression in (69), it will be
useful to introduce the set

Fm = 6+Bgm762m,l(0).

Now, by the strong Markov property we have the bound

Bo[ X1y, ) € 9" Boym am (0), Thyis © Or1,, > D'(0) 0 0p1 | So,r]
< > yern Dyl Tomes > D'(0) | Bo,r]. (71)

In order to estimate this last conditional probability, we obtain a lower
bound for its complement as follows. To simplify the computations
which follow, for each = € Z? we introduce the notation

B:c = B2m71702m7171($>.

Now, note that under the assumption (67) we have that

c (2™ + 2™ < cot(B8)2m 7,

which implies that the boxes B, and B,, for all y € F,,, and z € 0" B,,
are inside the cone C(0,[, ) (see Figure 3).

BQ"’ =2m 1 (0)

FIGURE 3. The boxes B, and B, are inside of C'(0,[, «).
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Therefore, fixing y € F,,, it follows that
Py[T} < D'(0) | For] >
> corn, BlPyw[ X1y, € 07 By,
Xy, =2, (Xr,, €07B;)o HTBy]|SO7L]. (72)

To estimate the right-hand side of the above inequality, it will be con-
venient to introduce the set

F, = 0[Uyer, B,] N {R(]2" 7 + 2™, 00) x R},

and the event

Gp, ={weQ: P [Xr, €0"B.]>
M(m—1) =
1-27"=2 ", forall z € F,}.
Using the strong Markov property, we can now bound from below the
right-hand side of inequality (72) by
_ M(m—1) .

(1= 27"57) (P, [Xry, € 9" ByISos] = BI(Gr,)IB0r]) - (73)
In turn, by means of the polynomial condition and the fact that the
boxes B, and B, are inside the cone C'(0, [, o) we see that (73) is greater
than or equal to

M(m—1)

(1—2"5 ) (1=27 M) _ PGy VIR0s]) . (T4)
Now, note that
PG, ) Sor) < Soer, 2 2 Po[Xay, & 0% BulFo.]

M(m—1)

<|Ea277 2 < (4e)ttomdg

_ ]VI(n;—l) (75)
where in the first inequality we have used Chebyshev inequality, in the
second one the assumption that (PC')y.|; is satisfied and in the third
one the bound |Fy,,| < (4c)d~12mld-1),

Consequently inserting the estimates (75) into (74) and combining
this with inequality (72) we conclude that

M(m—1)

P13 <D'0) | For] > (1-27"2 )X
(1—2- "5 — (4¢)t-1om(@-1 )
> 1 — 3(de)d-1omld-1)g- 5= (76)

Using the bound (76) in (71), together with the estimate |F,,| <
(2c)?~12md=1) | we see that

_ M(m-1)
2
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Bo[ X1y, ) € 0F Bym 9m 1(0), Tymsr 0 071, > D'(0) 0 01 | o,

M(m—1)
- 2

< 3(40)2(d—1)22m(d—1)2 (77)

Combining the estimates (77), (70), (69) with (68) we conclude that

Eo[I*, D' < o0|Fo.z)]
<1+ 4(4e)?@D Y7 22m A g2m(d=1))
<1+ 4(4e)? @D 027 < e

_ M(@m-1)
2

where in the second to last inequality we have used the fact that M >
4d+ 1 and ¢4 is a constant that does not depend on L. This completes
the proof of the Lemma. O

5.3. Proof of Proposition 5.3. To simplify the computations, we
introduce the notation

b="b(L) = Po(D' < o0) + (L),
W = (L) := Py(D' = 00) + ¢(L)

and Epgq := EEg. Furthermore, it will be necessary to define for each
j > 0and n > L+ j the events

D;, ={c€ WY (emy oo Emyn1) 7 g8 forallj <m < Jj+n—L+1}.
The following lemma, whose proof is presented in Appendix A, will be

useful in the proof of Proposition 5.3.

Lemma 5.6. There exists a constant ¢; such that for all n > L? one
has that

Q[Don) < (1 — @L%ﬂ[ﬁ],

We now present the proof of Proposition 5.3, divided in several steps.
For the sake of simplicity, we will write 7 instead of 7(%),

Step 0. We first note that
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Eo[(X; - u)® | o] =

co k—1

ZZEO[(XSMH ) u)2 - (Xsk’ ) U)Q’ Sy, <00, D' 0 Os, = 00 | 30711]'

k=1k'=0

(78)
Throughout the subsequent steps of the proof we will estimate the
right-hand side of (78).

Step 1. Here we will prove the following estimate valid for all £ > 1
and 0 < k' < k.

E'O[(Xsk/+l ' U)2 - (XSk/ : U)Q, Sk < 0, D/ o QSk = 00 | SO,L]
< VB (Xs, 0 — (X, - 0 S < 50 | Fugl. (79)

Furthermore, define the set

Then, for each 0 < k' < k, one has that
EO[(XS,C/+1 ' U)2 - (ng, : U)Q, Sk < 00, D'o QSk =00 | SO,L]
= Z Epsq[Buwel(Xs,,, - u)* = (Xs, -u)?, Sk =n,
n>1,xcHL
Xs, =x,D" 00, =00 | Fo,L]
= Y EBegolBucl(Xs,,, - u)® — (Xs, ), Sy =n, X, = 2]
n>1,xcHL
Pﬁzw, Gna[D, = OO] ’ SO,L]

= > E[Eu[(Xs,,, -u)* — (Xs, -u)’, Sk < 00, Xg, = 2]

zeHL
Px,w[D/ = OO] | gO,L]?
(80)

where here for each z € Z?, 9, denotes the canonical space shift in Q so
that ¥,w(y) = w(x +y), while for each n > 0, ,, denotes the canonical
time shift in the space W so that (6,,€), = €,4m, in the first equality
we have used the fact that the value of Xg, -u > Xg, - u, in the second
equality the Markov property and in the last equality we have used the
independence of the coordinates of ¢ and the fact that the law of the
random walk is the same under P, and under EgPy, . g,
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Moreover, by the fact that the first factor inside the expectation of
the right-most expression of (80) is §, r-measurable, the right-most
expression in (80) is equal to

> E[Eou[(Xs,,, - u)* — (Xs, -u)’, Sk < 00, Xg, = 1]
zeHL

E[P;u[D" = 0] | §a,.1] | So.]- (81)
Applying next Lemma 5.4 to (81), we see that
>wenr ElEow[(Xs,,,, -u)® — (Xs,, - u)?, Sy < 00, Xg, = ]
XE[P;u[D" = 00] | §u,r] | Fo.z]
<V Ey[(Xs,,,, - u)® — (Xs, - u)? S, < 00| Forl (82)
Next, observe that for k' < k one has that

EO[(XSsz -u)? — (Xs, -u)?, Sy < 00 | Fo,L]
= E0[<Xsk/+l cu)? — (Xg, - u)?, Rp—y < 00 | §o,r]
= ienL E[Eo,w[(XSk/+1 cu)? — (Xg, - u)?, Sy < 00, Xg, , = 1,
D'ofs, , < oo] | oz
= eHL E[Eg}w[(Xsk/H cu)? — (Xg,, - u)?, Sp—1 < 00, Xg, , = 1]
P, [D' < o] | Fo.L]
= > senr ElEow[(Xs,,,, -u)* = (Xs,, - u)?, Sp_1 < 00, X5, | = 7]
E[P;u[D" < 0] [ §a1] | So,r]- (83)

By Lemma 5.4, we have that E[P, ,[D’ < o0] | §21] < b= B[D' <
oo| + ¢(L). Using this inequality to estimate the last term in (83), we
see that

EO[(XSk/+1 cu)? — (Xs,, - u)?, Sk < 00| Fo,r
S bEO[(XSk/+1 : u)2 - (XSk/ : U)Q, Sk*l < 0 | gO,L]-
By induction on k we get that

EO[(XS,C/+1 'U)2 - (Xsk, 'U)27 Sk < 00 | SO,L]
< VFFTUE (X, w)? — (X, - w)?, Sk < oo | Forl  (84)
Combining (84) with (82) we obtain (79).
Step 2. For k > 1 we define
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My := sup X, -u. (85)

0<n<Ry

Define also the sets parametrized by k and n > 0

An,k = {6 e Wl (gtin)’gtinbrl’ e 7€t1(cn)+L*1> = g(L)} (86)

and
— N | —(L .
B, = {E e W+ (61‘/’({]'),8 €t§vj)+L71) =+ 1) for all 0 <j3<n-— 1},
(87)
where we define the sequence of stopping times [c.f. (66)] parameterized
by k and recursively on n > 0 by

NONSTERS

t,(go) = T]lwk

and the successive times where a record value of the projection of the
random walk on [ is achieved by

t,(fnﬂ) = T)l{(

t )

k

In this step we will show that for all £ > 0 one has that

EO[(XSk+1 -u)2 — (X, ~u)2, Skt1 < 00|Fo,1]
2.1 & n
< SE T El(Xsyy, u)? — (X, - w)? HY < 00, Ay | oz
+ > o2 Bo[(Xsy - w)® — (X, 'U)Q,t/(fn) < 00, By, An i | $o,0]{88)

To prove (88), we have to introduce some further notations. Now, note
that on the event A, , N B, ; one has that

Sk+1 == t,(cn) + L

Thus, as a consequence of the definition of Sy, one has that Py-a.s.

{Ste1 < 00} € |t < 00, Bug, Ani}- (89)

n>0
Display (88) now follows directly from (89).
Step 3. Here we will derive an upper bound for the two sums appearing

in the right-hand side in (88). In fact, we will prove that there is a
constant cg such that for all £k > 1 one has that
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S Eo[( Xy, - u)? — (X, - w)? Y < 00, Auy | oz
S CgHL (L4bk_1 + L2E’0[Xsk - Uu, Sk < OO|307L]> (90)

and

S e Bol(Xs,, - u)? = (Xs, - u), 8" < 00, B, Aui | Bo.c]
<cgd e k(1 - c7/<L)[ﬁ] ((n+ L)?p**
+(n+ L)Ey[Xs, - u, S, < |Fo,z]) - (91)
Note that for all n > 0 one has that

Xt(n+l) cu < Xt(n) - U+ |u|007
k k

and hence by induction on n we get that

th(cn) cu < Mk + (n + 1)|u|oo
Therefore, if we set
L
L= Llul + |t]oo < 9L, (92)
|uls
where cg is a constant depending on [ and d, we can see that Fy-a.s on
the event {t\") < 0o, A,,} one has that

X5k+1 U S Nkz,n = Mk+n|u|oo+L' (93)
Therefore, for all 0 < n < L? — 1 one has that

EO[(XSk+1 : ’LL)2 - (ng ' u)27t](gn) < OovAn,k | SO,L]
< Bo[NE, — (Xs, - w)? 1" < 00, Any | Bo.1)
= Zji[) ZxEZd EP@Q[EME[NI?,TL - (ng ’ u)27

t,(c") =75,X,= a:]ll{(ej 77777 ejip_1)=2)) | So,L]
< KLEG[NE, — (Xs, - w)?, Ry < o0 | o), (94)

where in the equality we have applied the Markov property and in
the second inequality the fact that () is a product measure and that
R, < t,gn). Similarly for all n > L? one has that



ASYMPTOTIC DIRECTION FOR RWRE. 42

EO[(XSk+1 ' u)2 - (Xsk ' u)27t](<;n) < 0, Bn,k'7 An,k | SO,L]
< EO[NI?,n - (XSk 'u)27tl(cn) < 00, Bn,ka An,k ’ SO,L]
< Zjio Z;'o:j-i-n ZyEZd EP@Q [Ew,a[N]in - (Xsk ’ U)Q,

0 _ . n
Xyo = Yty = j1Ps,0,e[ Djm ty = Iy p=ery] | So.L]

.....

< RLQ[DO,H]EO[NIin - (XSk ’ 'U,)2, Rk < 00 ‘ SO,L]
< k(1 — e L2RE) B By [N2, — (X, - w)?, Ry < 00 | B0, (95)

where in the second inequality we have used the Markov property, in
the third one the fact that R, < t,(f) and in the last one Lemma 5.6.

Now, by displays (94) and (95), to finish the proof of inequalities
(90) and (91) it is enough to prove that there is a constant c¢jo such
that

Eo[N{ = (X, - u)?, B < 00 | Fo,L]
S C10 ((n + L)zbk_l + (n + L)E()[Xsk - Uu, Sk < OO|8‘VO’L]) , (96)

using the fact that n < L? — 1 in the left-hand side of inequality (90).
To prove (96), the following identity will be useful

Nl?,n — (Xg, -u)? = (M — Xg, - u)?
+2(n|u|oo + L) (My, — X, - u) + 2(nju|oe + L) Xs, - u
+2(My, — X, - u)Xg, - u+ (n|u|ls + L')?. (97)
We will now insert this decomposition in the left-hand side of (96) and
bound the corresponding expectations of each term. Let us begin with

the expectation of the last term. Note that by an argument similar to
the one developed in Step 1 we have that

Eo[(n|u]oe + L')?, Ry < 00|Fo.2] < c11(n 4 L), (98)

for some constant c¢q;. Similarly, the expectation of the first term of
the right-hand side of display (97) can be bounded using Lemma 5.5,
so that

Eo[(M), — Xg, - u)?, Ry < 00| Fo.z]
= Y E[Pu[Sk < 00, Xs, = 2] B[, D' < 00 | Forr] | oozl

xcHL

< C6bk71. (99)
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Again, for the expectation of the second term of the right-hand side of
display (97), we have that

Eol2(n|ulos + L) (M, — X, - u), R, < 00 | Fo,z]
< Clgbk_l(n + L), (100)

for some suitable positive constant c15. For the expectation of fourth
term of the right-hand side of (97), we see by Lemma 5.5 that

Eo[2(M), — X, - u) X, - u, Ry, < 00 | §o,1]
< 2\/C_GE0[XSk - Uu, Sk < 00 | SO,L]' (101)

Finally, for the expectation of third term of the right-hand side of (97)
we have that

E[)[2(TL|U|OO + L/)Xsk - U, Rk} < o0 | SO,L]
< Cnb(ﬂ + L)EO[XSk < U, Sk < 0 | SO,L}- (102)

Using the bounds (102), (101), (100), (99) and (98) we obtain inequality
(96).

Step 4. Here we will derive for all £ > 1 the inequality

Eo[Xs, - u, Sk < 00|F0.L]
< SRl b (St BolNww — X -t < 00, Aw | o]+
S 0 Eo[Nuw — Xs,, - t, 87 < 00, Byr, Ao | SO,LD . (103)
Note that

Eo[Xs, - u, Sk < 00| Fo,z]
= >0 Bo[(Xs,,,, — Xs,) -, Sk < 00 | Fo.z)- (104)

By an argument similar to the one used in Step 1 we see that for &’ < k
one has that

EO[(XSk,+1 - ng) ‘U, S < 00 | SO,L]
< bk*k/flEO[(XSk/H — Xg;) -, Spra < 00 | Fo,z- (105)
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Now, we can use inclusion (89) in order to get that

EO[(XS,C/+1 - XS,;) U, Spry1 < 00 | SO,L]
2 n n
S 27[;:01 EO[(XSk/+1 - XS,’C) " u, té/) < 00, Bn,k’a An,k” | %O,L]
+ ZZO:LZ EO[(XSk’+1 B XS;/@) U, tl(:) < 00, B, A"»k' | 30,L]7 (106)

where the events A, ;s and B, are defined in (86) and (87). Using
the fact that on the event {t,(:) < 00, By g, An g } one has that Pp-a.s.

(X5, — Xs,) - u < Ny — Xgr -1,

we see that the right-hand side of (106) is bounded by the right-hand
side of (103), which is what we want to prove.

Step 5. Here we will obtain an upper bound for the terms in the first

summation in (106). Indeed, note that on Ry < t,(;), by an argument
similar to the one used to derive inequality (94), we have that for all
0<n<L?and0<Kk <k-1

Eo[Ny . — Xs,, - u, t;(;) <00, Ani | Fo,L]
< K,LED[Nklm — ng, - U, Ry < o | -SO,L]. (107)

Step 6. Here we will obtain an upper bound for the terms in the second
summation in (106), showing that for all n > L? and 0 < k' < k — 1,

Eo[Nprm — X, - u, t/(:) < 00, By s An e | So,1]
< b (1 - erL268) EL By [Ny — X, -, Ry < o0 | B0, (108)
Now note that

EO[Nk/’n - Xsk’ - U, t](;/l) < oo, Bn,k’7 An,k’ | 307[/]
S Z;io Zj/Zj"Fn ZyEZd EP@Q [EUJ75[N/€/,71 - XSk/ - U,
= &LQ[DO,n]E[EO,w[Nk/,n — XSIc’ . U,tl(g) < OO] | SO,L]' (109)

Using Lemma 5.6 to estimate Q[ Dy ,,] we conclude the proof of inequal-
ity (108).

Step 7. Here we will show that there exist constant c¢i3 and ¢4 such
that
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-1
EO[Nk’,n — Xsk, - Uu, t](j) < oo, An,k’ | 870’[/] S ClgliLL4bk/_1 (110)

n=0

and

Z EO[Nk’,n - XSk/ © U, t](gT/L) < 00, An,k’a Bn,k’ | %’O,L] < 4614"{/7Lbk/71-
n=L2
(111)
Let us first note that by an argument similar to the one used to derive
the bound in Step 1 (through Lemmas 5.4 and 5.5), we have that

EO[Nk’,n — Xsl/c - u, Ry < OO] < (TL|U|OO + L + Cw)bk/_l, (112)

where ¢;5 := /cg. Let us now prove (110). Indeed, note that by Step
5 and (112) we then have that

2.1 1 n
EjﬁzolﬁbfA%xn-)(&d'lhtég < 00, Ap i | So,L]
2 1 -
< kPSP B[N — X, -y Ry < 00 | o,z
< 13 L* kPOF 1, (113)

for some suitable constant c;3. Let us now prove (111). First note that

S o Eo[ N — X, -, 14 < 00, Ay, Bug | So.s)
<32 k(1 — e LB EL B[Ny — X, - u, Ry < 00 | o]
<SS it (1= PR El (nful + 1+ )
< er6h TP k(1 — ess L2RE) 22, (114)

for some constant ci6, where in the first inequality we have used Step
6 and in the second we have used inequality (112). Finally notice that
using the fact that for n > L? one has that n < 2L2 [%], we get that

Oo:2n’iL1—67L2IiL [L%]SQKLLQ OO:2 % ].—C7L2/£L [L%]
n=L el 7

=2L%E Y m(l — ¢ LPrE)™ < (Cf)Qlﬁ_L.

Using this estimate in (114) we obtain (111).

Step 8. Here we finish the proof of Proposition 5.3 combining the
previous steps we have already developed. Combining inequality (103)
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proved in Step 4 with inequalities (110) and (111) proved in Step 7, we
see that there is a constant cy7 such that

EO[XSk - Uu, Sk < 0 ’ 8'07[/] S Cl7kbk72l€7L. (115)
Thus, by inequality (90) proved in Step 3, we have that

L?—1
Z EO[<XSk+1 'u)Q - (XSk 'u>27 tl(cn) < 00, An,k | 30,L] < 018L4kbk72'
n=0

(116)
for certain positive constant c¢;g On the other hand, combining inequal-
ity (91) proved in Step 3 with (115), we see that there exists a constant
C19 such that

ZZO:LQ EO[(XSk+1 : u>2 - (XSk : u)Qvtl(gn) < 00, Bn,k:y An,k: | %O,L]
< cigy o e kE(1 — c7L2/{L)[%] ((n + L)2p*!
+(n+ L)kb*257L) . (117)

Now, note that for some constant cyy one has that

S a(n+ L)*(1— e L2eM) 2] < ey k73 and (118)
S0 pa(n+ L)(1 — er L2RE)22) < egg k722, (119)
Substituting (118) and (119) into (117) we see that
Soipe Eol(Xs )’ = (X, ).t < 00, Bup, Aug | Bo) <
cor ki 2EbE 2, (120)

for some suitable positive constant cg;. Substituting (117) and (120)
into inequality (88) of Step 2, we then conclude that there is a constant
Coo such that

E()[(Xsk+1 . U)2 — (Xsk . U)Q, Sk+1 < OOlS()’L] < CQQI{_QLbk_QkJ. (121)
Substituting (121) into (79) of Step 1, we get that

EO[(XSk/+1 : U)Q - (Xsk/ : U)2, Sk; < 00, D/ o QSk =0 | 3/07[/]
< BOFHIE (122)

From the fact that Y37, ST5_' 0"k < oo together with (122 and
(78) of Step 0, we conclude that

Eol(Xr - u)*Fo,L] < casr™ ",
for some constant cy3 > 0, which proves the proposition.
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6. PROOF OF THEOREM 1.1

In this section we will prove Theorem 1.1 using Proposition 5.3
proved in Section 5. First in Subsection 6.1, we will define an ap-
proximate sequence of regeneration times. In Subsection 6.2, we will
show through this approximate regeneration time sequence, that there
exists an approximate asymptotic direction. In Subsection 6.3, we will
use the approximate asymptotic direction to prove Theorem 1.1.

6.1. Approximate regeneration time sequence. As in [CZ01], we

define approximate regeneration by the recursively by Tl(L) =7 [c.f.(58)]
and for ¢ > 2

TZ-(L) = Tl(L) 00 )+,
i—1

We will drop the dependence in L on Tl(L) when it is convenient for us,

L)

(L)
Ny

using the notation 7; instead Ti( . Let us define o-algebras correspond-
ing to the information of the random walk and the € process up to the
first regeneration time and of the environment w at a distance of order
L to the left of the position of the random walk at this regeneration
time as

Hl = O'(Tl(L), Xo, EQy e - - ,87_1(L)_1, X7'1<L)’
{wly,): y-u<u-X w = Llu|/lul1}).
Similarly define for k£ > 2

Hk = U(TI(L), e ,T,EL),XO,EO, e ,ETIEL)_I,XTIEL),
{wly,) s y-u<u-X o = Llul/lul1}). (123)

Let us now recall Lemma 2.3 of [CZ01], stated here under the condition
Py[D" = 00| > 0 [c.f. (32)] instead of Kalikow’s condition.

Lemma 6.1. Letl € S** !, o > 0 and ¢ be such that lim,_, o(r) = 0.
Consider a random walk in a random environment satisfying the cone-
maxing assumption with respect to o, | and ¢ and uniformly elliptic
with respect to l. Assume that L is such that

¢(L) < Py[D' = <.
Then, P—a.s. one has that
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|p0[{X7'k+' - XTk} €A | Hk’] - pO[{X} S A|D/ = OOH < ¢/(L)7

or all measurable sets A C (Z4N, where
I ,

Proof. For k = 1, the argument given in page 890 of ([CZ01]) still
works without any change. With the purpose of showing that the result
continues being true under the weaker assumptions here, we complete
the induction argument in the case £ = 2. To this end, we consider a
positive Hy— measurable function h of the form h = hy - (hy) 0 6., (-
denotes usual function multiplication), such that hq, is H;— measurable
and hy is H'; measurable, where the o— algebra H'; is defined as :

I (L)
7‘[1 L= U(Tl ,X0,€0,...,éT(L)il,XT(L),
1 1

U
{wly,): v-y<u- XTI(L> — L||u_]|’ y € C(Xo,l,a)}).
1

We let A be a measurable set of the path space, for short we will write
1,4 := ]]‘{(Xn_XO)nZOGA}' By the strong Markov property and using that
71 < oo within an event of full F, probability, we get:

Eo[h]lA @] 97-2] S Z Eo[h]lA o 97—2]
n>1

Eolhl 400, 1g_p o0, , 17 < x|
ZEO[h]lAOHTQ , T = t]

t>1
ZE(]VH '<h2o'97—1)]lA097—2 ,St < OO,D/OGSt :OO] (124)

t>1

Now, notice that for given t € N,m € N,z € Z?, we can find a random
variable hq 4, , measurable with respect to o({w(y,) :y-u < z-u—

LY 11X }icm) such that it coincides with /; on the event {r, = S, =

[ul1



ASYMPTOTIC DIRECTION FOR RWRE. 49

m, Xg, = x}, therefore (124) equals

Z EO[hl,t,m,z(hQ o 97—1)]114 o 07—2 ]lst:m,D’OGm:oo,Xm::v]

t>1,m>1,z€7Z%

Z EO [hl]lst:m,Xm:xD’OGm:oo]lA o (97'2 h2 o (97'1]

t>1,m>1,z€Z

Z EIP@Q [EO,w,s [hl,t,m,x]lst:m,Xm::cﬂD’oémzwﬂA o 97’2 h2 o 671]]

t>1,m>1,z€Z4

Z E]P’@Q [EO,w,a[hl,t,m,az]lst:m,Xm::c]EGIw,GmE[1D’=wﬂA o 07'1 }1(21125)

t>1,m>1,0€Z4

We now work out the following expression
Ewa,Gma[]lD’:ooﬂA o 071 hQ]

Z Eexw,eme[]lD’:oo]lA o 67'1h2a Sn = jv XSn =z, D/ o 9]' = C(<1]26)
zeC(z,l,a)
n>1,j>m+1
Observe that, as in the case of hy, for fixed z and m, we consider the
probability measure Fp,,g,.. Then we can find a measurable func-
tion hg;, . with respect to o({w(y,:) : y-u < z-u — L% y €
C(z,l,0)}, {X;}icj) , which coincides with hy on the event {ry = 5,, =
J, Xs, = z,D" = oo}, furthermore note that D’ = oo depends up to
(7 — 1) coordinate in e (recall that {D’ = oo} € H;), hence we can
apply the Markov property to get that the last expression in (126) is

equal to:

Z Eezwﬂma[hlj,n,za ﬂSn:j,Xsn:z,D’:oo]Pezw,Gja[A N {D/ = OOH

zeC(z,l,a)
n>1,j>1

(127)
Using (127), it follows that (124) is equal to:

Z Z E]P’@Q [EO,w,s[h/l,t,m,x]lst:m,Xm:x]'

t>1,m>1,x€Zd zeC(x,l,a)
n>1,5>m—+1

Eel-wﬂma[hQ,j,n,za ]lSn:j,XSn:z,D’:oo]Pﬁzwﬁja[A N {D/ = OO}H

Following [CZ01], we can write down the expression above as

E E Epel[Eowelhtmels=m, X,n=z]]"
t>1,m>1,0€2d 2€C(z o)
n>1.4>m41

Ep,e00me M2, 15,5 x5, ==, 0/—00||Po| AN {D" = co}] + p(A),
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where
p(A) = > " Covesglfrmajme 95,
t>1,m>1,2€Z¢ zeC(z,l,a)
n>1,j>m+1
with:

Jrmajmz = Eowelhimals,—m Xm=2)E0,0,0me M2jn,z> Ls,=j. X, —2.D'—cc)
and

9j2 = Po.we,[AN{D" = oo}].
On the other hand, since assumption (C'M )4 4|l, the estimate

p(A) < o(L) > > ErsqlBowelhiimalsi—m x,—al
t>1,m>1,x€Z? zeC(z,l,x)
n>1,j>m—+1

EOZw,Oma [h2,j,n,z 1 Sn=3,Xs, :z,D’:oo]]

holds for all measurable set A in the path space, in particular applying
this for A = Z? turns out the estimate:

§ E EP@Q [EO,w,e[hl,t,m,x]lst:m,Xm:a:]'
t>1,m>1,2€Z¢ z€C(z,l,a)
n>1,5>m-1

Eﬁxwﬂms[hQ,j,n,z]lSn:j,Xsn:z,D’:oo]] S
(Po[D’ = o0] — ¢(L)) " Eo|h].

From now on, we can follow the same sort of argument as in ([CZ01]),
in order to conclude that

| Pol{Xryn — X} €+ | Ho] = PO[{X0} € - | D" = 00] [[our< ¢/'(1).

Therefore the second step induction is complete. U

6.2. Approximate asymptotic direction. We will show that a ran-
dom satisfying the cone mixing, uniform ellipticity assumption and the
non-effective polynomial condition with high enough degree has an ap-
proximate asymptotic direction. The exact statement is given below.
It will also be shown that the right order in which the random variable

X,, grows as a function of L is kL.

Proposition 6.2. Let | € S*, ¢ be such that lim,_. ¢(r) = 0,
c>0, M >6dand0 < a < min{%, ﬁ} Consider a random walk
i a random environment satisfying the cone mixing condition with
respect to a, | and ¢ and the uniform ellipticity condition with respect
to l. Assume that (PC)arc|l is satisfied. Then, there exists a sequence
0y, such that limy_,.ony, = 0 and Py-a.s.
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L

X,
lim sup |[——" — A | < 1, (128)
n—o0o n
where for all L > 1,
A o= Eo[kb X, | D' = o). (129)
Furthermore,
ALl2 > carorF, (130)

for some constant carg.

We first prove inequality (128) of Proposition 6.2. We will follow the
argument presented for the proof of Lemma 3.3 of [CZ01]. For each
integer ¢ > 1 define the sequence

71' = KL(XTi - XTi71)7
with the convention 75 = 0. Using Lemma 6.1 and Lemma 3.2 of
[CZ01], we can enlarge the probability space where the sequence {X; :
i > 1} so that there we have the following properties:

(1) There exist an i.i.d. sequence {(X;,A;) : i > 2} of random
vectors with values in (k£Z%, {0,1}), such that X, has the same
distribution as X; under the measure Py[-|D’ = oo] while Ay
has a Bernoulli distribution on {0, 1} with Py[A; = 1] = ¢/(L).

(2) There exists a sequence {Z; : i > 2} of random variables such
that for all 2 > 2 one has that

X:i=(1-A)X:+ A Z. (131)
Furthermore, for each i > 2, A; is independent of Z; and of
Gii=o{X;:j<i—1}.

We will call P the common probability distribution of the sequences
{(X;:i>2} {X;:9>2},{Z :i>2}and {A; :i > 2}, and E the
corresponding expectation. From (131) note that

1~ 71 1 e ~ 1 <& _ 1

Let us now examine the behavior as n — oo of each of the four terms
in the left-hand side of (132). Clearly, the first term tends to 0 as
n — oo. For the second term, note that on the event {D’ = 0o}, one
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has that | X, |2< cou(X; - 1)? for some constant cyy. Therefore, by

Proposition 5.3, and the fact that X, has the same distribution as X,
under Py[-|D" = o], we see that

B[ Xal3] = Bo[|X121D' = 00] < eaa EBo[(X1 - 1)*| D' = o0] < c25, (133)

for a suitable constant co5. Hence, by the strong law of large numbers,
we actually have that P-a.s.

ol
lim —~ Z;X = AL (134)

For the third term in the left-hand side of (132) we have by Cauchy-
Schwartz inequality that

1 1

1 n . 1 n . 2 1 n 2

Z AX < | = |2 z .

2 A < (an) (WZAl) (135)
=2 2 =2 =2

Again by (133) and Proposition 5.3, we know that there is a constant

o6 [c.f. (62)] such that P-a.s.

: En )( 2 E )( 2 D/
T}l N ‘ 'L|2 OH 1|2| ] = ©26-

1=2

As a result, from (135) we see that
I~ =

lim sup |— E ANX;| < ewed (L). (136)

n—oo [T %

=2 2

For the fourth term of the left-hand side of (132), we note setting
7" .= B[Z| 6] that

AL =T e
M) .= i v >2, 5€e{,2,...,
1m S AEEI s e )
is a martingale with mean zero with respect to the filtration {G; : i >
1}. Thus, from the Burkholder-Gundy inequality [W91], we know that
there is a constant cy7 such that for all j € {1,2,...,d}

2
(sup MTJL) ] < cyr B

Now, since (131), note that for all i > 2, |A;Z;| < |X;|. Tt follows that
there exists a constant cog such that

E (137)

i \A{(Zi — Z,)|3
—2

72
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E(|Z;316:] < Eo[| X3, D" = oolFo.z] < (138)

1
= oD - cb’( oL
where we have used Proposition 5.3 and Lemma 5.4 in the second
inequality. So that by (137) we see that the martingale {MJ : n > 1}
converges P—a.s. to a random variable for any j € {1,2,...,d}. Thus,
by Kronecker’s lemma applied to each component j € {1,2,...,d}, we
conclude that P-a.s.

1 -
lim — > Ai(Z; - Z;) = 0. (139)
Now, note from (138) that there is a constant cyg such that

Zils < E[|Zi|2 | Gi]? < cagdy (L) 2. (140)

Therefore, P-a.s. we have that

lim sup,, _, ‘% 22;2 Ai?i‘Q < e/ (L)~ 2 lim SUPp—00 7 Ez 1A
< epod/(L)2. (141)
Substituting (141), (136) and (134) into (132), we conclude the proof
of inequality (128) provided we set 7, = c30¢/(L)? for some constant
C30-

Let us now prove the inequality (130). By an argument similar to
the one presented in [CZ01] to show that the random variable 7 has
a lower bound of order k=%, we can show that X, - is bounded from
below by the sum S := -~ U;, where {U; : i > 1} are ii.d. random
variables taking values on {1,2,...,L} with law P[U; = n] = k" for
1 <n<L,while N:=min{i >1:U; = L}. It is clear then that

E[X,, -] > E[N] = ca15*,

for some constant cs;.

6.3. Proof of Theorem 1.1. It will be enough to prove that there is

a constant csgp such that for all L > 1 one has that

Xn AL c nL
- 2607

| Xnla [Azl2

lim sup (142)

n—0o0

<
2 AL
Indeed, by compactness, we know that we can choose a sequence {L,,, m >
1} such that
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— 9, (143)

exists. On the other hand, by the inequality (130) of Proposition 5.3, we

know that lim,, . Zi: = 0. Now note that by the triangle inequality

and (142), for every m > 1 one has that

Mo
AL, |2

Taking the limit m — oo in (144) using (143) we prove Theorem 1.1.

Let us hence prove inequality (142). Choose a nondecreasing se-
quence {k, : n > 1}, P- a.s. tending to +oo so that for all n > 1 one
has that

(144)

lim sup
n—oo

< +
| TL|2 2 )\Lm ' 2

They <N < Tk 41-

X, X, — X, Xk,
— ( ’“”) + ( kn ) : (145)
|Xn|2 IXn|2 kn |Xn|2
On the other hand, we assume for the time being, that for large enough
L we have proved that

Notice that

X, — X,
lim sup Xo = Xn, |2 =0. (146)
n—oo kn
Note first that (146) implies that
. ’Xn - XTk ’2
limsup ————"=— = 0. 147

Indeed, note that [X,|s > X, -1 > X, 1> k;nL% which in combi-
nation with (146) implies (147). Also, from (146) and the fact that

|X7'kn|2 . |Xﬂ _XTkn‘Q < |Xn|2 < |XTkn|2 + |Xn _XTkn|2

14
k, ky, -k, Tk, ky, , (148)
we see that
L
Xn
lim sup w1 Xl — | Azl2| < e (149)
n—o0 kn 2

Combining (147) and (149) with (145) we get (142). Thus, it is
enough to prove the claim in (146). To this end, note that
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|X(Tkn+j)/\7kn+1 B XTkn |2

‘Xn - XTk |2
kn o jzg kn
(150)

We now consider the sequence )?kzl = (K" sup;sg [ X (e i)atmenn) — X, |)k>1,
a coupling decomposition as in the proof of Proposition 6.2 turns out;
in a enlarged probability space P if necessary, the existence of two
iid. sequences (Xi),~;, (Ax),s; and a sequence (Yy),~,, such that P
supports the following: - -

e For £ > 1, the common law of X; is the same as )?1 under
P[- | D' = o0], and one has that Ay is Bernoulli with values in
the set {0,1} independent of G, and P[A, = 1] = ¢/(L).

e P- almost surely for £ > 1, we have the decomposition:

X = (1 — Ap)Xp + ALY,

Furthermore, quite similar arguments as the ones given in the proof of
Proposition 6.2 allow us to conclude that:

"X —~

E u—>EHX1||D':00]<OO,
n

j=1

Z—Aj(y} —Y) — 0 and
: n
7j=1
= |A}Y]] rod
Z < a0 (L)2. (151)
="
(152)
where }7] = E[Y; | G;]. Therefore, using the following inequality
X Xi A -Y) | AY
R _ TR 1
? ? + ? + T (153)
implies that
X
T oo 0 (154)

The proof is finished.
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APPENDIX A. PROOF OF LEMMA 5.6

Here we will prove Lemma 5.6. Let us first remark that it will be
enough to show that there exists a constant c33 > 0 such that for all
Le |U‘1N

Q[Dy 2] <1 — ez3L?k". (155)

Indeed, using this inequality and the product structure of @), for all
n > L? one has that

QDo) < (1-— c7L2/~gL)[ﬁ]_

In order to prove (155), for j = L? — L and i = 0,1, ..., j consider the
events

A; = {6 : (Ei, o 75i+L71) — g(L)}.

Then, by the inclusion-exclusion principle we have that

QDo) > > QA= D QA NA (156)

0<j1<s 0<j1<j2<g

Now, note that

> QAL NAL] <M (- DM 4
0<j1<52<]

o+ =L+ D)+ (- L)+ + (= (5 —1))k?*E

L
1—
Sj'{LE :lin_'_I{QL(j_L)Q < L2kF 1f/{ L AR2L
n=1
< 634L2I€L7 (157)

for some constant csy. Since Q[A;] = k¥ for all 1 < i < j, we conclude
from (156) and (157) that there is a constant ¢33 such that

QDo 2] =1—-Q[(Dor2)] <1 — c3s LKL
This finishes the proof.
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