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Abstract. This work is motivated by the study of some two-dimensional random
walks in random environment (RWRE) with transition probabilities independent
of one coordinate of the walk. These are non-reversible models and can not be
treated by electrical network techniques. The proof of the recurrence of such RWRE
needs new estimates for quenched return probabilities of a one-dimensional recur-
rent RWRE. We obtained these estimates by constructing suitable valleys for the
potential. They imply that k£ independent walkers in the same one-dimensional
(recurrent) environment will meet in the origin infinitely often, for any k. We also
consider direct products of one-dimensional recurrent RWRE with another RWRE
or with a RW. We point out that models involving one-dimensional recurrent RWRE
are more recurrent than the corresponding models involving simple symmetric walk.

1. Introduction

Since the early works of Solomon Solomon (1975) and Sinai Sinai (1982) (see
also Kesten (1986) and Golosov (1984)), one-dimensional random walks in random
environment (RWRE) have been studied by many authors. For an introduction
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to this model, we refer to Zeitouni (2004). In the present work, we consider a
one-dimensional RWRE (X,,),, with random environment given by a sequence w =
(wg)zez of independent identically distributed (i.i.d.) random variables with values
in (0,1) defined on some probability space (Q, F,P). Let z € Z. Given w, under
Pz, (X,)n>0 is a Markov chain such that PZ(Xo = z) = 1 and with the following
transition probabilities

P Xppi=2z4+1Xp=2)=w,=1-P(Xp11 =2 - 11X, =2). (1.1)

For i € Z we define p; = p;(w) := 1;2‘" and we assume throughout the paper that
Eflog po] =0, Var(logpo) > 0, (1.2)
Ple<wy<1—¢)=1forsomee € (0,5). (1.3)

The first part of (1.2) ensures that the RWRE is recurrent for P-a.e. w, its second
part excludes the case of a deterministic environment. Such RWREs are often
called “Sinai’s walk” due to the results in Sinal (1982). Assumption (1.3) (called
uniform ellipticity) is a common technical condition in the context of RWRE. Our
main results on the one-dimensional RWRE (X,,),, are the following. We write P,
for PY.

Theorem 1.1. For 0 < a <1 and for P-a.e. w, we have

D Pu(Xon =0)-n~* = o0. (1.4)
neN

Theorem 1.2. For all a > 0 and for P-a.e. w, we have

[e%
3 (PW(X% - 0)) = . (1.5)
neN
In particular, d independent particles performing recurrent RWRE in the same
environment (and starting from the origin) are meeting in the origin infinitely often,
almost surely.

Remark 1.3. Tt was shown in Gallesco (2013) that d independent particles in the
same environment meet infinitely often, and the tail of the meeting time was in-
vestigated (more precisely, the random walks considered in Gallesco (2013) are on
7Z7%). We show here that the d particles even meet infinitely often in the origin.

For the next statement, we consider d independent environments.

Corollary 1.4. For d € N, consider d i.i.d. random environments w™, w® . ..
WD fulfilling (1.2) and (1.3). Then, for PP _g.e. (w®,w® . w @), we have

d
Z H P, (X2p =0) = 0. (1.6)
neN k=1
In particular, d independent particles performing recurrent RWRE in i.i.d. envi-
ronments (and starting from the origin) are meeting in the origin infinitely often,
almost surely.

We point out that a proof of Corollary 1.4 can also be found in Zeitouni (2004)
after Lemma A.2. The proof there uses the Nash-Williams inequality in the context
of electrical networks.
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In Comets and Popov (2003), Comets and Popov also consider the return prob-
abilities of the one-dimensional recurrent RWRE on Z. In contrast to our setting,
they consider the corresponding jump process in continuous time (£7);>0 started
at z € Z and with jump rates (w;',w; )zez to the right and left neighbouring sites.
One advantage of this process in continuous time is that it is not periodic as the
RWRE in discrete time. They show the following (under two conditions on the
environment (w), w; )zez):

Theorem (cf. Corollary 2.1 and Theorem 2.2 in Comets and Popov (2003)) We

0_,
have FI‘;S; =0) 17 —a, in distribution where d. has the density f given by

fz)=2—2—(2+2)-e®if2€(0,1) and f(2) = (2 —1]-2—2)-e 2 if 2 > 1.

Since we can embed the recurrent RWRE (X, )nen, in discrete-time into the
corresponding jump process in continuous time, we can expect the return proba-
bilities to behave similarly as in the continuous setting. In particular, for P-a.e.
environment w, we expect

P,(Xs, =0)=: n=*@")  with liminf a(w,n) =0, limsup a(w,n) = .
n—00 n—00

Theorem 1.1, 1.2 and Corollary 1.4 allow us to establish the recurrence of the
multidimensional RWRE (M,,),, in the cases (I)-(III) below. Except model (I)
(which is the direct product of (X,,), with a RW), the models considered here
are 2-dimensional RWRE with transition probabilities independent of the vertical
position of the walk. The study of such models was initiated by Matheron and de
Marsily in Matheron and de Marsily (1984) to modelise transport in a stratified
porus medium (see also Bouchaud et al. (1990)) and also by Campanino and Petritis
in Campanino and Petritis (2003).

Let § € (0,1). We establish recurrence of the RWRE (M,,),, on Z? in the three
following cases:

(I) d =2 and (M,,),, is the direct product of the Sinai walk (X,,),, and of some
recurrent random walk on Z; more precisely

Pw(Mn+1 = ($+ Ly+ Z)|Mn = (x,y)) = Wg - V<{Z})

and  Py(Mpi1 = (= 1Ly +2)|My = (z,y)) = (1 —wa) - v({2}),
where v is a distribution on Z (with zero expectation) belonging to the
domain of attraction of a S-stable random variable with 8 € (1, 2].

(IT) d =2 and (M,,), either moves horizontally with respect to the Sinai walk
(with probability §) or moves vertically with respect to some recurrent
random walk (with probability 1 — §):

P,(Mpy1 = ($+1>?J)|Mn = (x7y)) = 0wy = 6—Pu(My 11 = ($_17y)|Mn = (x,y)),

Po(Mpy1 = (z,y + 2)|[ My, = (z,y)) = (1 = 0) - v(2),
where v is a probability distribution on Z (with zero expectation) belonging
to the domain of attraction of a S-stable distribution with g € (1, 2].

(III) An odd-even oriented model: d = 2 and (M,,),, either moves horizontally
with respect to Sinai’s walk (with probability d) or moves vertically (with
probability 1 — §) with respect to v if the first coordinate of the current
position of the walk is even and to U := v(—-) otherwise; i.e.

Pw(MnJrl = (x+1,y)|M = (x,y)) = 0wy = 5_Pw(Mn+1 = (x_]-7y)|Mn = (x,y)),
Po(Mpy1 = (z,y + 2)| My = (z,y)) = (1 = 6)v((—1)"2),
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where v is a probability distribution on Z (admitting a first moment) be-
longing to the domain of attraction of a stable distribution.

y=0

0 (1—w_q) 0wy j
: 1-4

FIGURE 1.1. Transition probabilities in case (III)
in the particular case where v = §;. This is an
example of an oriented RWRE. Every even vertical
line is oriented upward and every odd vertical line
is oriented downward.

If w, is replaced by 1/2 (i.e. if we replace Sinai’s walk by the simple symmetric
walk), the walks given in (I)-(III) are transient when v is in the domain of attraction
of a f-stable distribution with 5 < 2. Hence, in this study, Sinai’s walk gives rise
to more recurrent models than the simple symmetric random walk does.

The structure of our paper is the following: In Section 2, we introduce the
potential of the one-dimensional RWRE and we recall some known results. Section
3 contains the proofs of our main results for one-dimensional RWRE. In Section 4,
we state our recurrence results for multidimensional RWRE involving the RWRE
(X,)n (models (I)-(II1)) and we compare our results with the case when (X,,), is
replaced by a simple random walk.

2. Preliminaries

As usual, we use P? instead of PY and will even drop the superscript o where no
confusion is to be expected. We can now define the potential V' as

;logpi forx=1,2,...
V(z): =<0 . forz =0 (2.1)

> —logp; forx=-1,-2,....
i=x+1
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Note that V(z) is a sum of i.i.d. random variables which are centered and whose
absolute value is bounded due to assumptions (1.2) and (1.3). One of the crucial
facts for the RWRE is that, for fixed w, the random walk is a reversible Markov
chain and can therefore be described as an electrical network. The conductances are
given by Ci 441y = e~V(®) and the stationary reversible measure which is unique
up to multiplication by a constant is given by

fi(z) = eV @) 4 e Vie—l) (2.2)
The reversibility means that, for all n € Ny and «,y € Z, we have
(@) - PE(X0 = y) = o (y) - PL(Xn = ). (2.3)
For the random time of the first arrival in z
7(x) :=inf{n >0: X, =z}, (2.4)

the interpretation of the RWRE (X,,),, as an electrical network helps us to compute
the following probability for < y < z (for a proof see for example formula (2.1.4)
in Zeitouni (2004)):

y—1

> eV (@)
PY(r(z) < 7(2)) = . (2.5)

)

j=z
Further (cf. (2.4) and (2.5) in Shi and Zindy (2007) and Lemma 7 in Golosov
(1984)), we have for k € Nand y < z

PY(r(z) < k) <k-exp <— max [V(z—1) - V(z)]) (2.6)

y<i<z

and similarly for x <y

PY(r(z) < k) <k-exp ( max [V(z+1) - V(z)]) . (2.7
r<i<y

To get bounds for large values of 7(-), we can use that for x < y < z we have (cf.

Lemma 2.1 in Shi and Zindy (2007))

B ) Tiscrcrion] < G - e (o (V) -V@)). @8)

Further, the Komlés-Major-Tusnddy strong approximation theorem (cf. Theorem 1
in Komlés et al. (1975), see also formula (2) in Comets and Popov (2003)) will help
us to compare the shape of the potential with the path of a two-sided Brownian
motion:

Theorem 2.1. In a possibly enlarged probability space, there exists a version of our
environment process w and a two-sided Brownian motion (B(t))icr with diffusion
constant o := (Var(log p))? (i.e. Var(B(t)) = o2|t|) such that for some K > 0
we have
V(iz)-B
P <lim sup 7‘ (z) ()]

<K)=1 2.9
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3. Dimension 1 : Proofs of Theorem 1.1, 1.2 and Corollary 1.4

For L € N and 0 < § < 1, we introduce the set T'(L,d) of environments defined
by
I'(L,6) := {Ry (L) < 6L, Ry (L) < 6L, T*(L) < L*},

where
TH(L) :=inf{z>0: V(2) — min V(y) > L},
0<y<z
T7(L):=sup{z<0: V(z) — min V(y) > L},
n<y<z
L) = - i 1 (L) :=— i
Ry (L) oo, in V), Bi(D) oo (pin V),

T,F (L) :=inf{z > 0: V() = =R (L)}, T, (L):=sup{z <0: V(z) = —R; (L)},
R (L) := max V(y), Ry(L):= max V(y).
0<y<T (L) T, (L)<y<0

We then consider the valley of the potential V' between T~ (L) and T (L) (see
Figure 3.2). Here, the +-sign and the —-sign indicate whether we deal with prop-
erties of the valley on the positive or negative half-line, respectively. Note that the
definition of the set I'(L, §) is compatible with the scaling of a Brownian motion in
space and time.

Vi(x)

FIGURE 3.2. Shape of a valley of an environment in I'(L, )

Remark 3.1. We have constructed the valleys in such a way that the return proba-
bility of the random walk to the origin is bounded from below (for even time points)
as long as the random walk has not left the valley. If w € T'(L, §), the random walk
(Xn)nen, in the environment w satisfies the following:



Recurrence of some multidimensional RWRE 489

(1) Since we have V(T~(L))—V(T, (L)) > L and V(T*(L)) -V (T, (L)) > L,
the random walk (X,,)nen, stays within {7 (L),T(L) + 1,...,T*(L)
with high probability for at least exp((1 — 2d)L) steps (cf. (3.8)).

(2) Within the valley {T~(L), T~ (L)+1,...,T" (L)}, the random walk prefers
to stay at positions  with a small potential V' (z), i.e. at positions close to
the bottom points 7, (L) and T, (L).

(3) The return probability for the random walk from the bottom points 7, (L)
and Tb+ (L) to the origin is mainly given by the potential differences Ry (L)+
Ry (L) < 26L and R§ (L) + R{ (L) < 26L respectively, i.e. by the height
of the potential the random walk has to overcome from the bottom points
back to the origin (cf. (3.3)).

Proposition 3.2. For every ¢ € (0, %), there exists C = C(0) such that, for every
L, for every w € T(L,8) and every n satisfying e** < n < e =201 we have

PS(Xa, =0) > C -exp(—30L). (3.1)

Proof of Proposition 5.2: The return probability to the origin for the time points
of interest is mainly influenced by the shape of the “valley” of the environment w
between T~ (L) and T (L). For the positions of the two deepest bottom points of
this valley on the positive and negative side, we write by := TI;—L(L) and we assume
for the following proof that we have (cf. (2.4) for the definition of 7(-))

PS(r(by) < 7(b-)) > (3.2)

DN | =

(Due to the symmetry of the RWRE, the proof also works in the opposite case if
we switch the roles of b and b_). We have

PY(Xop = 0) > P (X9, =0, 7(by) < 3, 7(by) < 7(b-))

> P (r(b) < B, 7(04) < 7(0)) -0, gy

.....

= PO (o) < 3, 7(b4) <7(b-)) u/iw(gi)) 'mAfZe{(%Wm-,zn}P‘S(Xf =b+)
(3.3)

where we used (2.3) in the third step and with the short notation

inf P2 (X, =y).

inf,_¢ran P(Xy =y) =
Ze{“ ]2"} ‘ ) ze{(%]7...,2n}m(2z+(x+y))

3

Let us now have a closer look at the factors in the lower bound in (3.3) separately:
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First factor in (3.3): We can bound the first factor from below by

PS5 (r(by) < 22, 7(by) < (b))
=1- P (r(by) > %, 7(by) <7(b-)) — PI(7(by) > 7(b-))
> 1= 5 B [1(b4)  Lrpy<roon] — P2(r(by) 2 7(0-))

1
3y b 2. S vy ) oL
>1— 5 (by —b_)*-exp (b_srggfsm (V(5) V(l))) 5

where we used (2.8) and assumption (3.2) for the last step. Therefore, we get for
w € I'(L,6) and exp (36L) < n that

P (r(02) < %, 02) < 70) 2 - 7o s L (5L (34

> % —6-L*-exp(—6L). (3.5)

Second factor in (3.3): Due to Assumption (1.3) and to (2.2), we get for w € I'(L, 0):
ps(0) o o

po(by) e VOO 4 e VoD~ VOO (14 pp, )
s> _I-e V) & V) s €
14 1= ¢ 1—¢ © ~1-—¢

€

Here we used that V(by) > —dL holds for w € T'(L, §).

-exp(—0L). (3.6)

Third factor in (3.3): For the last factor in (3.3), we can compare the RWRE with

the process (X, )nen, which behaves as the original RWRE but is reflected at the po-
sitions T~ := T~ (L) and T" := T*(L), i.e. we have forx € {T~, T~ +1,...,T"}

PI(Xg=1)=1,
P(Xpn1 =y £ X, =9) = PY(Xun =y £ 11X, =),
Vye (T~ +1,...,T* —1},
P (Xnp1=y+1X,=y)=1 fory=T",
P Xpp1=y—1|Xpn=y)=1 fory=T".

Therefore, we have for £ € { [%"] et ,2n} N (QZ + b+)
P°(Xy =by) > P°(Xy = by, min{r(T7),7(T")} > 2n)
P°(X; = by) — Po(min{r(T7), 7(TH)} < 2n)

>
> Pi(Xe=by, 7(by) < g, 7(by) < 7(b-)) = P(min{r(T7),7(T")} < 2n)
> Po(r(bs) < §, 7(by) < 7(b-)) - inf {[q 11111 }P£+()~(k =by)

—P°(min{7(T7),7(TT)} < 2n). (3.7
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Using (2.6) and (2.7), we see that the last term in (3.7) with the negative sign
decreases exponentially for n < e(1=20L e

P2 (min{r(T™), 7(T*)} < 2n) < P° (min{T(T*),T(Tﬂ} < 2e<1*25>L)
< P2 (7(T7) < 2e07205) 4 pg (7(TF) < 2607201

< 4612k — yo=20L, (3.8)

In order to derive a lower bound for the first term in (3.7), we first notice that the
analogous calculation as in (3.5) shows for w € T'(L, §) that

1
PS(r(by) <&, T(by) <7(b)) > 1-— % A T4 2L _ "

1
> 56 L*e oL (3.9)

since ¢ > [%"] > %e%L for n > e39L. For the second factor of (3.7), we show the
following
Lemma 3.3. Forw € I'(L,0) and for all ¢ € 2N, we have

~ 1 1
P+(X,=b,)>-.— 9L
S Xe=bo) 25 o e

Proof of Lemma 3.3: Using the reversibility (cf. (2.3)) of (X¢)een,, we get

T+
> Ph(Xypp =) PE(Xy2 = by)

x=T-

PY(Xe=1by)

T+
by (Y, — .IJ’UJ(b+)_ by (Y, 1
w;ﬁ P+ (Xy)p = ) =@ Pl (Xy0 =), (3.10)

where [1,,(-) denotes a reversible stationary measure of the reflected random walk
(Xn)nen, which is unique up to multiplication by a constant. To see that (X)een,

is also reversible, it is enough to note that ()Z’g)geNo can again be described as an
electrical network with the following conductances:

Grin(w) = | Com @) =7V for o =T7. 1" + 1., T ~1
A ) fore=T"-1,T".

Therefore, a reversible measure for the reflected random walk is given by (cf. (2.2))

po(x) =e V@ e Ve for g =T~ +1,7- +2,..., Tt -1,
() = e V(T forz=T",
e VT for x = TT.

Since 0 < by < TT, this implies

T (D) N e V(by) L o= V(b+-1)

To(z) = V@ Va1
e—V(MJ e—6L
2 L CmnVOOVEOD = 3 (3.11)




492 Gantert et al.

for 7= <2 <TT and for w € I'(L, §). By applying (3.11) to (3.10), we get

T+
~ 1 - 2
b b —5L
PirXe=b) > 5 3 (Pr(Rip=m) -
x=T-
1 1 —5L
> . . 12
= 2 T+t +1 ¢ (3.12)
by the Cauchy-Schwarz inequality since ZZLT_ ph (Xg rp=1)=1 O

We can now return to the proof of Proposition 3.2 and finish our lower bound
for the third factor in (3.3). By applying (3.8), (3.9) and Lemma 3.3 to (3.7), we
get that there exists Ly = I~/0(6) such that for all L > Ly, for e3°L < n < ¢(1720)L
and w € I'(L,d) (since |[T~|, T < L?), we have

inf@e{ {4?"]"“’2n}P£(Xg = b+)

1 1 1 3
> *—6'L4' —6L ) . —6L_4. —25L> —§§L. 3.13
= (2 ¢ 2 202+ 1° ©c o =c (3:.13)
To finish the proof of Proposition 3.2, we can collect our lgwer bpunds in (3.5),
(3.6), and (3.13) and conclude with (3.3) that there exists L; := L1(d) such that
for every L > Ly, for e3%F < n < (1=20L and for w € I'(L,d) we have

1
P,(X2,=0) > (2 —6- L4e_‘sL> . %_86_’” e 30L

This shows (3.1) since we have P,(Xa, = 0) > &2 > 0 for all n € N due to
assumption (1.3). |

Proposition 3.4. For 0 < § < 1, we have
Pw: weTl(L,9) for infinitely many L) = 1. (3.14)

Proof of Proposition 3./: Let (B(t)):cg be the two-sided Brownian motion from
Theorem 2.1. Since I'(L,§) is increasing in &, we can assume that 0 < § < i. For
y € R we define

f*‘(y) :=inf{t >0: B(t) =y} and f_(y) :=sup{t <0: B(t) =y}

as the first hitting times of y on the positive and negative side of the origin, re-
spectively. Additionally, for L € N, i € N, y € R, we can introduce the following
sets

Fi(y) ={T"(y-L) <T" (~y- L)} and Fy(y):={T" (y-L)<T (—y-L)}

on which the Brownian motion reaches the value y - L before —y - L. Further we

define
G (i) = {B(t) > (20— 1)- ~L)},
L)}

= =
h

oK

=

j)

=

%)

~.

+

~ .
i

h

N—

IN

-~

IN

j)

—~

%)

-~

PSP N[ %)

G ()= {B(t)= (2i-1)-



Recurrence of some multidimensional RWRE 493

on which the Brownian motion does not decrease much between the first hitting
times of the two levels of interest. Using these sets, we can define the sets

AT(L,6) := Fj(é)m{f*(LyL) < LA min B(t) > 0 -L},
T+(5-L)<t<T+(1.1.L) 4
A~ (L,8) :== F; (§)n{ =T~ (1.1-L) < L?, min B(t) > L) :
T (1.1-L)<t<F— (6-L) 4

DT(L,§) = GE(0)NGL(1)NGL(2)

N{TH(1.2-L) <0.9- L2, min B(t) >
7+ (32 .L)<t<Pr(r2.D)

D=(L,8) == G7(0) N G7 (1) NG (2)

N{-T"(1.2-1) <09- L, min B(t)> = .
7-(2n<t<?- (2.1) 4

which will be used for an approximation of our previously constructed valleys w
belonging to I'(L,d) which we illustrated in Figure 3.2 on page 488. Here, we
added the factors 1.1, 1.2 and 0.9 in contrast to the construction before in order to

have some space for the approximation. For the Brownian motion, we can directly
compute that we have

P(D*(1,6)NnD~(1,6)) > 0. (3.15)

Thereby, for all L € N, due to the scaling property of the Brownian motion,
(B(L? - t)/L)ter is again a two-sided Brownian motion with diffusion constant
o, this implies

P(D*(L,8) N D~ (L,5)) = P(DT(1,86) N D~ (1,4)) > 0. (3.16)

First, we notice that for Ly € N we have

P< ﬁ (A+(L,5)0A—(L,5))C> < P( ﬁ (A*(Lk,é)ﬂA_(Lk,d))c>

L=L, k=0+1

for arbitrary ¢ € Ny, where we define
L; ;= max {107 [%W} (Lp_1)?

for k£ € N inductively. Note that for n > ¢ 4 1 with

Fni=0 ((B(t))_(L,,L,1)2§t§(wl)2) '
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Setting O (8) := {(B(t + (Lu-1)?) = B(£(Ln-1)?)),oq & D* (Ln,é)}, the follow-
ing holds:

P( ﬁ (A+(Lk,5)mA(Lk,5))c>
k=0+1
n—1

<e| ]I 1(A+(L,€,5)m,ar(L,c,ci))c ' 1{

k=0+1 max 2 |B(t)|<(Ln—1)2}

—(Lp_1)2<t<(Lp_1

. . > 2
E [1@?5(5)0% <5>‘}—”ﬂ P (—(LM)gnsat}é(LmP BO] 2 (Ln) )

< (1-P(D* (Ln,8)N D" (Ln,é)))-P< nﬁl (A+(Lk,5)mA‘(Lk,5))c>

k=0+1

> 2
i i <_(Ln1)£n£?f}é([1nl)2 |B(t)| et (Lnfl) )
n—+¢
< (1-p(p*@0)nD=(1,9)))
+ P ma, B(t >L2>' i1
k:ze;d (_(Lk1)2§t);(l/kl)2| O] = (Lr-1) (3.18)

To see that the first step in (3.18) holds, note that for

w 6{ max |B(t)] < (L”—1)2}
—(Lp-1)2<t<(Ln-1)?)

N {(B(t + (La1)?) = B((Ln-1)?)) .5 € D (Ln,é)} (3.19)
we have
min _B(t) > min  B(t)
0<t<(Ln)? 0<t<(Ln-1)?

i B L,_1)%) — B((L,_1)?
o min B+ (L)) = B(Baea)?)

o

> —(Lp_1)*— 1 -L,>—-0-L,

since (L,,_1)? < 6L, /2 and
max _B(t) > B((Ln-1)?)

0<t<(Ln)? o

B(t+ (Ln_1)?) — B((Ly,—1)?
YIS . S (t+ (Ln-1)7) = B((Ln-1)")

> —(L,_1)*+12-L,>11-L,



Recurrence of some multidimensional RWRE 495

since (Ln_1)? < L,/10. In particular, we have T+(5 - L,) < T+(=6 - L,) and
TH(1.1-L,) < (L ) on the considered set. Similarly, again on the set in (3.19),
we see that we hav

TH©G-Ly) > inf{t > (Ln1)”: (B(t+ (Ln1)?) = B(Ln1)?) > 5 - La},
TH(-L,) < inf{t> (Ly-1)?: (Bt + (Ln-1)?) = B((Ln_1)?) > %2 - Ly},

since (L,,_1)?> < 0L, /2, this implies

min B(t) > 2. L,
T+(5-L)<t<T+(1.1-1) 4

by construction of Dt (L,,d). Altogether, we can conclude that w € AT (L,,Jd)
holds for our choice of w in (3.19). The argument for the negative part runs com-
pletely analogously. Further in (3.18), we used the Markov property of the Brownian
motion in the second step. Additionally, we iterated the first two steps n — ¢ — 1
times and used (3.16) for the last step. To control the last sum in (3.18), let us
recall that due to the reflection principle (see e.g. Chapter III, Proposition 3.7 in
Revuz and Yor (1999)), we have

N

B(t) 1 e %
VT,z >0, P| max >z P(Z|>xz)=2P(Z>2)< —-
te0,T] o T T /27

for a random variable Z ~ N(0,1) (the last estimate can be found for example
in Lemma 12.9 in Appendix B of Morters and Peres (2010)). Due to this upper
bound, we can conclude that

i i B 2 (L)’ 3.20
kze-:i,-l < (Li—1)2<t<(Li— 1)2| ()| > (L-1) ) (3.20)
=4 Z P < max Bét) > Lk1>
k=0+1 0<t<(Lp-1)2 0 - Lj_1 o
- 1 (L _1)2 -
<. Y L. .o 22 (3.21)

ki1 L1 V27

By combining the upper bounds in (3.17), (3.18), and (3.21), we get for all £ € Ny

P (w ¢ (A'*'(L7 N A_(L,é)) for all L > LO)

< lim (1 - P(D+ (1,6) N D~ (1,5)))H

n—oo

P p( e B0 () 220

(L 2<t<(L 2
k1 k—1) (Lk—1)

Since Lg € N was chosen arbitrarily, we can conclude that for 0 < § < % we have

P(w: we (AT(L,6) N A™(L,d)) for infinitely many L) = 1.
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Using the Komlés-Major-Tusnddy strong approximation Theorem (cf. Theorem
2.1), we see that for 0 < § < 3 we have

{w: we (AT(L,6) N A~ (L,0)) for infinitely many L}
C {w: weT(L,29) for infinitely many L},

which is enough to conclude that (3.14) holds for all 0 < § < 1. [ |

With the help of Proposition 3.2 and Proposition 3.4, we can now turn to the
proofs of Theorems 1.1 and 1.2 and Corollary 1.4:

Proof of Theorem 1.1: For a fixed 0 < o < 1, we choose 0 < § < % such that

a < (1-59)/(1—26). For we I'(L, §), the inequality in (3.1) implies that
> Pu(Xan =0)-n > > P,(X5, =0)-n~®

neN [e30L]<n< |e(1—26)L |

> (6(1725)L _ 30 _ 1) O e 3L (6(1725)L> e
—C. (e(1—55)L 1 6—36L) L e—a(1=28)L Looo,

Since Proposition 3.4 shows that for P-a.e. environment w we find L arbitrarily
large such that w € T'(L, §), we can conclude that (1.4) holds for P-a.e. environment
w. |

Proof of Theorem 1.2: Given a > 0, we choose § such that 0 < § < min {ﬁ, %},

which yields 1 — 26 — 3ad > 0 and 1 — 2§ > 3§. For w € I'(L, ), the inequality in
(3.1) implies

3 (Pw(in - 0))a > > (Pw(X2n = 0))a

neN [e30L]<n< |e(1-20)L |

> (6(1725)L _ 3L _ 1) ) (C ) 6735L)a

25— _ _ L—
— oo (6(1 26-3a8)L _ ,(36-3ad)L _ 3a5L) LN

Again since Proposition 3.4 shows that for P-a.e. environment w we find L arbi-
trarily large such that w € T'(L, ), we can conclude that (1.5) holds for P-a.e.
environment w. |

Proof of Corollary 1./: Due to the independence of the environments w, w® ...,
W@ we can extend the proof of Proposition 3.4 to get

ped (For infinitely many L € N, we have w® € I(L,6) for i = 1,2, ... d) =1
(3.22)
for all 0 < 6 < 1. Indeed (3.18) becomes
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P(szg-i-l, ,n, Ji, w; €A+(Lk7(5)ﬂA_(Lk,5))
< (1 - P(Vz‘, B € D* (Ln,8)N D~ (Ln,d)))
P (Vh=C+1, n—1, Fi, w; & At(Ly,0) N A (Ly, )

P BO®| > (Lo_1)? ).

* ( a1 BT O (L)

Now, using Proposition 3.2, we have for (w™,w® ... w®) with w® € I'(L, ) for
i=1,2,...d

ZHPW (Xa, = 0) > > HPW (X2, = 0)

neN k=1 [e30L]<n< |e(1-20)L | k=1

> (8(1725)L _ 3L _ 1) .1 . p—33dL

25— _ _ L—
— . (e(l 26-38d)L _ ,(36-33d)L _ 35dL) o

for 0 <6 < 2+3d Since (3.22) holds for arbitrarily small d, we can conclude that
(1.6) holds for P®%a.e. environment (w® w® ... w@®). |

4. Recurrence properties of the RWRE (I)-(III)
4.1. Direct products involving a one dimensional RWRE.

Proposition 4.1 (Case (I)). Fiz a random environment w which fulfils (1.2) and
(1.3). Let (Xn,Yn)nen, be a 2-dimensional process where (X, )nen, and (Yn)nen,
are independent with respect to P,, (X, )nen, being a RWRE in the environment w
(in the sense of (1.1)) and (Yn)nen, a centered random walk such that Yo = 0 and
(Y,/An)n converges in distribution to a (-stable distribution with 8 € (1,2] (for
some suitable normalization A, ).

Then, (Xn, Yn)nen, s recurrent for P-a.e. environment w.

Proof of Proposition /.1: We denote by P the annealed probability measure of the
2-dimensional random walk. Due to the local limit theorem (see Ibragimov and
Linnik (1971, Chapter 4)), we have P(Yy,, = 0) ~ C(A4,)~! for some C > 0 and
for do := ged{m > 1, P(X,, = Y;n = 0) # 0}. Recall that A, = n?L(n) with L a
slowly varying function. Due to the independence of the two components, we have

> Pu((Xn, Ya) = (0,0)) = Y Po(Xagn = 0) - Py(Yagn = 0) = 00
neN neN

where the last equation is due to Theorem 1.1 applied with % < «a < 1. This proves
the recurrence of the process (X, Y, )nen, for P-a.e. environment w. O

Observe that, if we take (X,,), to be the simple symmetric random walk on Z
in Proposition 4.1 instead of Sinai’s walk, we have P(Xs, = 0) ~ cn~z and hence
we lose the recurrence as soon as < 2.
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4.2. Other two-dimensional RWRE governed by a one-dimensional RWRE. We
study now the cases (IT) and (IIT). We consider a process moving horizontally with
probability ¢ and vertically with probability 1 — §. We assume that the horizontal
displacements follow Sinai’s walk and that the vertical ones either follow some re-
current random walk (case (II)) or depend on the parity of the first coordinate of
the current position (case (III)).

Proposition 4.2 (Case (II)). Let 6 € (0,1). Let w = (w;). be a random environ-
ment which fulfils (1.2) and (1.3). We assume that, given w, (My,)nen, s a Markov
chain with values in 72 such that

P,(My=(0,0)) =1
Pw(MnJrl (:L‘—l— 1 y ‘M y)) =0 Wy,

Py(Mpy1 = (z — l,y)‘Mn = (z,y)) =6 (1 —w,),
Pw (Mn+1 = (if,y + Z)|M = (as,y)) = (1 - 6) ' V(Z)a

where v is a probability distribution on Z with zero expectation such that (V" (An-))n
converges to a B-stable distribution with S € (1,2] (for some suitable increasing
sequence (Ayn)n of positive real numbers). Then, (My)nen, 8 recurrent for P-a.e.
environment w.

Let us recall that v*"(A,,-) is the distribution of (7, +---+ Z,) /A, if Z1, ..., Z,
are 1.i.d. random variables with distribution v.

Proof of Proposition /.2: Let us write M, = (X’n,ffn) We look at the process
(M) nen, whenever it has moved in the first component. For this, we define induc-

tively 79 := 0 and 73 := inf {n > 71 Xn #* kafl} for k > 1. Additionally, we
define X,, := Nm and Y,, := Y/m for n € Ny. Note that (X, )nen, is a usual RWRE
on Z with environment w. Further, we have

Tn—"n To—4

=2 s > Y 4
=1 k=7p_1—£+2
where (Zj)1 is a sequence of i.i.d. random variables with distribution v. We know
that the random variables (Zy :== Y ;* Tiilf 112 Zr)¢ are identically distributed and
centered. Let us prove that their distribution belongs to the domain of attraction of
a [(-stable distribution. We know that (3., ; Zi/Am)m converges in distribution

to a [-stable centered random variable U and that A,, = m%L(m), L being a
slowly varying function. Observe that (Y, /A, _,)n converges in distribution to U

and that (A, _,/Ap), converges almost surely to (E[r] — 1)%. Hence (Y,,/An)n
converges in distribution to (E[r] — 1)%U. Therefore, (since P(Z; = 0) > 0) we
conclude that P, (Y, =0) ~ C’(An)_l. Hence, for P-a.e. environment w, we have

> Pu((Xan, Yan) = =) Pu(Xpn =0)- Py(Yan = 0) =
neN neN

(due to Theorem 1.1 applied with % < « < 1). This implies the recurrence of
(Xn, Yn)n and so of (M,)s,. ]
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Finally we consider the case (III). We suppose now that every vertical line is
oriented upward if the line is labelled by an even number and downward otherwise.
We consider again a process moving horizontally with probability § and moving
vertically with probability 1 — §. We assume that the horizontal displacements
follow a Sinai walk (as in the previous example) but that the vertical displacements
follow the orientation of the vertical line on which the walker is located.

Proposition 4.3 (Case (III), odd-even orientations of vertical lines). Let d € (0,1)
and let w be a random environment which fulfils (1.2) and (1.3). Given w, (M,)nen,
is a Markov chain with values in Z* such that

P, (Mo = (0,0)) =1,
Pw(Mn+1 =(z+ 1ay)|M = ((E,y)) =0 wy,

Py(Myiy = (= 1,9)| My, = (z,y)) =0 (1 —wa),
Pw(Mn—i-l = (x,y—kz)‘Mn = (Jf,y)) = (1 - 5) ’ V((_l)mz)a

with v a probability distribution on Z admitting a first moment and belonging to
the domain of attraction of a stable distribution of index § > 1. Then, (My)nen,
is recurrent for P-a.e. environment w.

Proof of Proposition J.3: The proof follows the same scheme as the previous one
and uses the same notations (Xn,ffn)n, 7o and (X,,Y,). Again (X, )nen, is a
RWRE on Z with environment w. Let us write T}, := 7,, — Tp_1, 7'5'_ =171 =0,
=y To—1 and 7,7 := >, Toe. Observe that 7,7 —n (resp. 7,, —n) is
the number of vertical moves on an even (resp. odd) vertical axis before the 2n-th
horizontal displacement. We have

n TZ' —/L T, —£
Yon = 2[525—1 — &), with &g = Z Zog—1, Eo0= Z Lok,
=1 k=1 —0+2 k=1, —0+2

where (Zy), is a sequence of i.i.d. random variables with distribution v. With these
notations Zoi11 (resp. —Zog) is the k-th vertical displacement on an even (resp.
odd) vertical axis.

The random variables €9y 1 — &9¢ are i.i.d.. We already know that & — & is
centered. Let us prove that its distribution belongs to the domain of attraction of
a f-stable centered distribution, i.e. that Y5, suitably normalized converges to a
[-stable random variable. We observe that

+ —

T —n T, =N
Yo=Y Zok1— Y, Zar=Un+V, =V, + Wy,
k=1 k=1
with
nE[r1—1]
U= Y (Zok—1— Zox),
k=1
r—n nE[r; —1]

Viii= > (Zawa —E[Z]) = ) (Za —E[Z]),

k=1 k=1
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T, —N nE[r—1]
Vo= Y (Zak —EB[Z1]) = ) (Za —E[Z4)),
k=1 k=1

W, = (r;F — 7,)E[Z4].

We know that there exists an increasing sequence of real numbers (4,), (regularly
varying of index 1/f) such that (V,, :== >, _,(Zr — E[Z1])/A,)» converges in dis-
tribution to a S-stable random variable V. This implies that (U, /A, ), converges
in distribution to a [-stable random variable U.

By tightness of (V},), for every € > 0, there exists K. > 0 such that for every n
we have P(|V. | > KA £ gpy,) < e (with the convention A_,,, = Ay,). Moreover

(£ — nE[r])/n*/* — 0 almost surely and so At o) < An almost surely. It
follows that (V,F/A,), converges in probability to 0.

If E[Z;] = 0, we conclude that (Y2, /A, ), converges in distribution to U.

Assume now that E[Z;] # 0. Then (W,//n), is independent of (U,), and
converges in distribution to some centered normal variable W (assumed to be in-
dependent of U).

Hence, if 1 < 8 < 2, we conclude that (Ya,, /A, ), converges in distribution to U.

If 8 =2 and E[Z;] # 0, we can choose A,, such that U and W have the same
distribution and we conclude that (Y2, /+/n + A2), converges in distribution to a
U.

Hence, for P-a.e. environment w, we have
Z Pw((X2n>Y2n) = (070)) = Z Pw(X2n = O) . Pw(YVQn = O) = 00,
neN neN

due to Theorem 1.1 applied with @ > 1/8 and due to the local limit theorem
for (Ya;,),. This implies the recurrence of (X,,,Y,,), and so of (M,),, for P-a.e.
environment w. ([l

Proposition 4.4. If we replace Sinai’s walk by the simple symmetric random walk
onZ (i.e. if we replace w, by 1/2) in the assumptions of Propositions /.2 and /.3,
then the walk (My,),, is recurrent if and only if ), %\/ﬁ = 0.

In particular it is transient as soon as 8 < 2.

Proof: We follow the proofs of Propositions 4.2 and 4.3 and we use the fact that
P(X2, = 0) is equivalent to ¢/y/n for some ¢ > 0 as n goes to infinity. We have

K
> P(M, =0)=> P(Xa, =0)P (3[( €0, =1}, Vou + > Zi = 0> ,

k=1

where 7 has the same distribution as 71 and where (Z)x is a sequence of i.i.d.
random variables with distribution v such that Ys,, 7 and (Z;) are independent.
Now observe that

K
C
]P’(HKE 0,7 =1}, You + > Z :0) > P(Yan = 0) ~ A—l
k=1 "

for some C7 > 0 due to the local limit theorem for (Ya,), and that

K T—1
P (ElK € {Oa vy T 1}7 Y2n + sz = 0) < P <|Y2n| < Z |Zk|>

k=1 k=1
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T—1
< > P(|You| =m)P (Z | Zi| > m>
m>0 k=1
02 T—1 02
< == < =
S (E ;|Zk| +1> < An(l+E[T]E[Ile]),

for C5 > 0 using the uniform bound given by the local limit theorem. Hence

K
1
P (3}( € {0,..,7—1}, YQ,L+ZZ,C = o) N
k=1 n
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