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AN EFFECTIVE CRITERION AND A NEW EXAMPLE FOR
BALLISTIC DIFFUSIONS IN RANDOM ENVIRONMENT

BY LAURENT GOERGEN
ETH Zurich

In the setting of multidimensional diffusions in random environment, we
carry on the investigation of condition (7”), introduced by Sznitman [Ann.
Probab. 29 (2001) 723-764] and by Schmitz [Ann. Inst. H. Poincaré Probab.
Statist. 42 (2006) 683-714] respectively in the discrete and continuous set-
ting, and which implies a law of large numbers with nonvanishing limiting
velocity (ballistic behavior) as well as a central limit theorem. Specifically,
we show that when d > 2, (T”) is equivalent to an effective condition that can
be checked by local inspection of the environment. When d = 1, we prove
that condition (7”) is merely equivalent to almost sure transience. As an ap-
plication of the effective criterion, we show that when d > 4 a perturbation
of Brownian motion by a random drift of size at most ¢ > 0 whose projection
on some direction has expectation bigger than €271 5 > 0, satisfies condi-
tion (T’) when ¢ is small and hence exhibits ballistic behavior. This class of
diffusions contains new examples of ballistic behavior which in particular do
not fulfill the condition in [Ann. Inst. H. Poincaré Probab. Statist. 42 (2006)
683-714], (5.4) therein, related to Kalikow’s condition.

1. Introduction. Diffusions in random environment emerged about 25 years
ago from homogenization theory in the study of disordered media; see, for in-
stance, [3]. Within the rich field of “random motions in random media,” they are
closely related to the discrete model of “random walks in random environment”;
see [9, 22].

In the one-dimensional discrete setting a complete characterization of ballistic
behavior, which refers to the situation where the motion tends to infinity in some
direction with nonvanishing velocity, was established already in 1975 by Solomon
[15]; see also [6, 10]. In the multidimensional setting, however, such a characteri-
zation has not been found yet, but a great deal of progress has been made over the
last seven years: the so-called conditions (7') and (7") introduced by Sznitman (see
[18, 19]) for random walks in random environment seem to be promising candi-
dates for an equivalent description of ballistic behavior when the space dimension
d > 2. In essence, one possible formulation of condition (7') [see (1.12)] requires
exponential decay of the probability that the trajectory exits a slab of growing
width through one side rather than the other. These conditions have interesting
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consequences such as a ballistic law of large numbers and a central limit theorem.
Their analogues in the setting of diffusions have been developed by Schmitz (see
[11, 12]), and he used a previous result of Shen [13, 14] to show that they im-
ply the same asymptotic behavior as mentioned before in the discrete setup. The
drawback of the definitions of conditions (T') or (T"’) as they were stated in [11]
[see (1.10)] is their asymptotic nature which makes them difficult to check by local
considerations. To remedy this problem, we provide in the first part of this article
an effective criterion, in the spirit of [19], which is equivalent to (T”) (see Theo-
rem 2.6), and which can be checked by inspection of the environment in a finite
box.

In the second part of this work, which is related to [20] in the discrete setting,
we use the effective criterion to show that when d > 4, Brownian motion perturbed
with a small random drift satisfying the assumption (1.16), fulfills condition (7”);
see Theorem 3.1. As we will see below, this class of diffusions contains new ex-
amples for ballistic behavior beyond prior knowledge.

Before we discuss our results any further, we first describe the model. The ran-
dom environment is specified by a probability space (€2, 4, P) on which acts a
jointly measurable group {z,; x € R?} of P-preserving transformations, with d > 1.
The diffusion matrix and the drift of the diffusion in random environment are sta-
tionary functions a(x, ), b(x, w), x € R?, w € Q, with respective values in the
space of nonnegative d x d matrices and in R¢, that is,

a(x +y, o) =a(x, tyw),
(1.1)
b(x +y,w) =b(x, tyw) forx,yeRd,a)eQ.

We assume that these functions are bounded and uniformly Lipschitz, that is, there
isa K > 1, such that for x, y € R weQ,

(1.2) b(x, )| +la(x, w)| < K,
: 1b(x, w) — b(y, w)| + |la(x, w) —a(y, w)] < K|x — yl,

where | - | denotes the Euclidean norm for vectors and matrices. Further, we assume
that the diffusion matrix is uniformly elliptic, that is, there is a v > 1 such that for
allx,yeRd,we Q:

L s 2
(1.3) Ulyl <y-alx,w)y <vly|.

The coefficients a, b satisfy a condition of finite range dependence: for A C R?,
we define

(1.4) Ha=o(a(x,-),b(x, );x € A),

and assume that for some R > 0,

(1.5) H4 and Hp are independent under P whenever d(A, B) > R,
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where d(A, B) is the mutual Euclidean distance between A and B. With the above
regularity assumptions on a and b, for any w € , x € R?, the martingale problem
attached to x and the operator

d d
(1.6) Lo=7% Y aij(.0)0]+ Y bi(-,0)d;
i,j=1 i=1

is well posed; see [17] or [2], page 130. The corresponding law Py, on
C (R, R%), unique solution of the above martingale problem, describes the diffu-
sion in the environment @ and starting from x. We write E, , for the expectation
under P, ., and we denote the canonical process on C (R, R9) with (X r=0- Ob-
serve that Py ,, is the law of the solution of the stochastic differential equation

dX[ = U(X[, a))d,Bt + b(X[, a))dt,
(1.7)
Xo=rx, Py ,-as.,

where, for instance, o (-, ®) is the square root of a(-, ) and g is some d-dimensio-
nal Brownian motion under Py ,. The laws Py, are usually called “quenched
laws” of the diffusion in random environment. To restore translation invariance,
we consider the so-called “annealed laws” Py, x € R¥, which are defined as semi-
direct products:

(1.8) PY¥pPxp,,.

Of course the Markov property is typically lost under the annealed laws.

We now come back to the object of this work. We start by recalling the definition
of conditions (T') and (T’) as stated in [11]. These conditions are expressed in
terms of another condition (7), defined as follows. For a unit vector £ of R,
d > 1, and any u € R, consider the stopping times
(1.9) 7! =inf{t > 0; X, - £ > u}, T' =inf{t > 0; X, - £ <u).

For y € (0, 1], we say that condition (7'), holds relative to £, in shorthand notation
(T)y | £, if for all unit vectors ¢’ in some neighborhood of ¢ and for all b > 0,
(1.10) limsup L™ log Po[T%,; < T} 1<0.

L—o00

Condition (7”) relative to ¢ is then the requirement that
(1.11) (1.10) holds for all y € (0, 1),
and condition (7") relative to £ refers to the case where
(1.12) (1.10) holds for y = 1.

It is clear that (7') implies (7”) and we show in Theorem 2.6 that (7”) is equivalent
to (T),, when y € (%, 1). Moreover, it is conjectured that the conditions (T),,
y € (0, 1] are all equivalent.
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Let us also mention that for y € (0, 1], condition (7'),, relative to £ is in essence
equivalent to almost sure transience in direction £ together with finiteness of a
stretched exponential moment of the size of the trajectory up to a certain regener-
ation time; see [11], Theorem 3.1 therein or [19] for a similar result in the discrete
setting. The latter formulation of condition (7”) is especially appropriate to study
the asymptotic properties of the diffusion. Indeed Schmitz showed in [11], Theo-
rem 4.5 (see also [18]) that when d > 2, it enables us to verify the sufficient con-
ditions of [13, 14] for a ballistic law of large numbers and a central limit theorem.
However, the more geometrical expression (1.10) is better suited for our present
purpose.

Despite the interest of the two above mentioned formulations of condition (7”),
they are not “‘effective conditions” that can be checked by local inspection of the
environment. Concrete examples where (7”) holds, besides the easy case where the
projection of the drift on some unit vector is uniformly bounded away from O (see
[11], Proposition 5.1), originate from a stronger condition going back to Kalikow;
see [7, 21]. For instance, it is shown in [11], Theorem 5.2, and [12], Theorem 2.1
that there exists a constant ¢, > 0 depending only on K,v, R,d [see (1.2)~(1.5)],
such that condition (7") holds when

(1.13) E[(5(0, w) - )41 = c.E[(b(0, w) - £)—].

In the first part of this work we derive an effective criterion in the above sense.
We show (see Theorem 2.6) that when d > 2 for any direction ¢, (T/)|£ is in
essence equivalent to

(1.14) . aig(% 1]{c(d)id”L3<€’*1>+1E[pg]} <1,

with
_ PoulXr, ¢ 04B]

(1.15) pB = ,
Po,w[XT15 € 04+ B]

provided in the above infimum, B runs over all large boxes transversal to £ con-
sisting of the points x with x - £ € (=L + R + 2, L + 2) and other coordinates
in an orthonormal basis with first vector £, smaller in absolute value than I:, for
L>cdd),R+2< L < L3. In the above formula for pg, Tp denotes the exit time
from B and 04 B is the part of the boundary of B where x - £ = L 4 2. The proof
of Theorem 2.6 follows the strategy of Sznitman [19] and the sufficiency of the
effective criterion is obtained by an induction argument along a growing sequence
of boxes By that tend to look like infinite slabs and in which suitable moments of
pB, are used to control moments of pp, . This allows us to deduce the asymptotic
exit behavior (1.10) from slabs. As a first application of the effective criterion, we
show the equivalence between (7”) and (T),, when y € (%, 1). Note also that pp
in (1.15) reminds us of the decisive quantity appearing in the one-dimensional the-
orem of Solomon [15]. We will see in Section 2.1 that when d = 1, the box B is
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replaced with an interval (—L, L) and the existence of ana € (0, 1] and a L > R
such that E[p?_ L. L)] < 1 is equivalent to (T’) and (T') as well as to almost sure
convergence to +00. Hence in opposition to the multidimensional case, condition
(T) does not imply ballistic behavior when d = 1.

In the second part of this article we use the effective criterion to construct a new
class of ballistic diffusions. We show (see Theorem 3.1) that when d > 4, for any
n > 0, Brownian motion perturbed with a random drift b(-, ) such that

(1.16) sup  |b(x,w)|<e and E[bO,w)-e1]>e>"  fore >0,
xeR?, weQ

satisfies the effective criterion with £ = e if ¢ is small enough. The conditions
(1.16) allow for laws P of the environment such that (1.13) does not apply. In-
deed, since the constant ¢, is larger than 1, as one can see from an inspection of
the proof of [11], Theorem 2.5, (1.13) requires that E[b(0, w) - e1] is larger than
(ce — DE[(b(0, w) - e1)_] which can be chosen to be of order ¢ under (1.16). Note
that in the discrete setting, Sznitman (see [20]) obtained similar results under con-
ditions significantly weaker than (1.16). Indeed, he showed that a discrete version
of the effective criterion is satisfied by randomly perturbed simple random walk

on Z4 with a drift d(0, ) & Eo,[X| — Xo] of size & such that E[d(0, w) - €]
is larger than £/~ when d = 3, respectively larger than £>~7 when d > 4. The
strength of this result in contrast to ours is that it includes expected drifts of an
order not larger than &2, which enabled him to construct examples for condition
(T") where Kalikow’s condition (see, e.g., [20], (5.3) therein) fails. Considering
condition (5.23) of [11] as a continuous analogue of Kalikow’s condition, we be-
lieve that such examples also exist in our setting. Since, however, the continuous
setup with the finite range dependence tends to complicate the arguments, we did
not attempt to retrieve the full strength of Sznitman’s result.

Let us now briefly describe the proof leading to the new example. In order to
verify the effective criterion (1.14) under (1.16), we slice a large box B [as defined
below (1.14)] into thinner slabs transversal to e; and propagate good controls on
the exit behavior out of these slabs to the box B using a refinement of the esti-
mate (see Lemma 2.3 and Proposition 3.3) that was instrumental in the induction
argument leading to the effective criterion. The heart of the matter is then to prove
these good controls for the thinner slabs. To this end, we express the probability
that the trajectory exits through the right side of a slab with the help of the Green
operator of the diffusion killed when exiting the slab; see (3.23). This quantity is
linked to the Green operator of killed Brownian motion via a certain perturbation
equality; see (3.40). For Brownian motion, however, an explicit formula obtained
by the well-known “method of the images” from electrostatics [see (3.30)] allows
us to compute all necessary estimates.

Let us finally explain how this article is organized. In Section 2, we first in-
troduce some notation and then we show the equivalence between the effective
criterion and condition (7”) when d > 2; see Theorem 2.6. The key estimate for
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the induction step is given by Proposition 2.2. In Section 2.1, we discuss the one-
dimensional case. In Section 3, we use the effective criterion to show that a certain
perturbed Brownian motion satisfies condition (7”) when d > 4. In Section 3.1, we
state the main Theorem 3.1 and a refinement of Lemma 2.3; see Proposition 3.3.
In Section 3.2, we define the Green operators and Green’s functions for which we
provide certain deterministic estimates in the case of Brownian motion; see Lem-
mas 3.7 and 3.9. We also prove a perturbation equality; see Proposition 3.8. In
Section 3.3, we use the results from the previous sections to prove the main Theo-
rem 3.1. In Appendix A.1, we give the proof of Lemma 2.3 which is similar to that
of [19], Proposition 1.2. In Appendix A.2, we prove Lemma 3.9 using a technique
similar to [20], Lemma 2.1.

Convention on constants. Unless otherwise stated, constants only depend on the
quantities d, K, v, R. We denote with ¢ positive constants with values changing
from place to place and with cg, c, . . . positive constants with values fixed at their
first appearance. Dependence on additional parameters appears in the notation.

2. An effective criterion when d > 2. In this section we show that condition
(T") [see (1.11)] is equivalent to the effective criterion [see (2.53)] which controls
the exit probability from some finite box. By an induction argument we propagate
this control to larger boxes that tend to look like infinite slabs. Then one can infer
the fast decay of exit probabilities from slabs through “the left” side as required by
condition (7).

We first need some notation. For A, B C R? an open and a closed set, we denote
with T4 = inf{r > 0; X; ¢ A} the exit time from A and with Hp = inf{t > 0; X, €
B} the entrance time into B. For any stopping time S, we call So =0, Sg+1 =
S o0, + Sk, k > 0, the iterates of S. Here, 6; denotes the canonical time shift. We
consider a direction £ € S9! and a rotation R of R such that R(e;) = £. The
vectors ¢;, I =1, ...,d, constitute the canonical basis. As a shortcut notation for
the stopping times in (1.9), we write 7, = Tf and Tu = Tf, u € R. Moreover, we
introduce

2.1) 2l =max|z - R(e;)] for x € R.
J=

For positive numbers L, L', I:, we introduce the box

2.2) B=B(R.L.L. L)Y R((-L,L) x (=L, L)*™"),
and the positive, respectively negative, part of its boundary

(2.3) a,B=0BN{xeR:t.x=1L"} d_B=090B\d,.B.
We also define the following random variables: for w € €,

(2.4) (@) = Po,u[ X753 €94 B]l=1—¢gp(w),

(2.5) pp(@) = L2 ¢ 10,00,

pB(w)
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In the sequel we will use different length scales L, Zk >0,k=0,1,..., and the
following shortcut notation [cf. (1.5) for the definition of R]:

Bi=B(R,Ly—R—1,Ly+1, Ly fork >0,
(2.6)
Pk = DBy qk = 4By, Ok = PBy-

Finally let us set for £ > 0,
_ L Ly

2.7) Ni = , ng = | NiJ, Ny = ——.
& L. k= [ Nk] k i

We start with an easy lemma, introducing the counterpart of a discrete ellipticity
constant.

LEMMA 2.1. Let Cy, be the tube {z € RY : —}1 <z-e1 <L,sup, j4lz-ej| <
%}. There exists a constant 0 < k < l, such that for any L > 1, w € 2, and any
rotation R,

P(),w[TLﬂ(el) < TR(CL)] > KL+1 and
(2.8) - Reen) 1
Po.o[T [ < Tri—cp] = k"

PROOF. We define the function ¥ (s) = %{R(el)s, for 0 <s < 1. With the sup-
port theorem (see [2], page 25), we obtain that there is a constant ¢ > 0 such that for
allx e RY, w € Q, Py u[supg,<; 1Xs — Xo— ¥ (s)| < 3] and Py o[sup,<; | X5 —
Xo+v(s)| < %] are both larger than c. Then we set « = min{c, %}. The claim fol-
lows by applying the Markov property [L] times. [

We are now ready to prove the main induction step which in essence bounds
moments of p; in terms of moments of py.

PROPOSITION 2~.2. (d> 2)~There existcy > R+2, ¢z, c3 > 1, such that when
No>3,Lo>c1, No> 150Ny, Lo > R+ 2, for any a € (0, 1]:

. 3. No/(12Ng)
_ d—2
E[p¢] < Cz[K 10, (ch§ ’L—;LOE[qo])

(2.9) 0

+ Z (C3i§d_1)E[,0§a])(n0+m_l)/2}.

0<m=<ng+1
PROOF. Fori € Z and Ly > R + 2, we introduce the slabs of width R:

R R
(2.10) 5,‘2{XERdIiLQ—ESX-ESiL0+§}
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and denote by 7 (-) the function on R? suchthat I (x) =i ifx-£—iLg € [—%, %),

i € Z. In particular, I takes the value i on 4§;, for all i € Z. We define the successive
times of visit to the different slabs 4; as the iterates Vi, k > 0, of the stopping time
(2.11) V =inf{t > 0: X; € 81(xp)—1 Y 81(x0)+1}-

We also need the stopping time

(2.12) T=inf{t > 0:|X,|L > L}.

In a first step we obtain a control on E[p{] using the following quantities: for
we,ie’Z,

nl. q(x,w) -
(2.13) p(i, w) = supy = x €48, |x|L <Ly,
p(x, w)
where
(2.14) c}(x, a)) = Px,w[XV1 € /sl(x)—l] =1- ﬁ(x, a))

The first step then comes with the following lemma.

LEMMA 2.3.  Under the assumptions of Proposition 2.2,

2.15)  E[p{] <k ““tDP[ger42 3 [T ElpG )1,

0<m=<ng+1 —no+l<i<m

where

(2.16) G={weQ:PolT<T [ 1r1 AT 1] <M1,

The proof of this lemma is similar to the proof of [19], (2.39) in Proposition 2.1,
or [20], Lemma 1.2. For the reader’s convenience, we include the argument in
Appendix A.1.

We now complete the proof of Proposition 2.2. Except for a few modifications
due to the continuous setup, we follow the steps in the proof of [19], Proposi-
tion 2.1. We first bound P[4¢] in terms of E[go]. In the next section, we infer a
different bound on this probability; see (3.13). By Chebyshev’s inequality, we find
that

(2.17) PG <k L1 P[T<T 1,4 re1 ATL 4],

and our task is to derive an upper bound on the right-hand side. We introduce for
u € R, j > 2, the stopping times

(2.18) o) =inf{t > 0: +X, - R(e;) > u},

hl|{:”

(2.19) L=2(no+2)(Lo+1)+R, J:{

|
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Since L1 = NoLo > 150n9Lo, no > 3 and Lo > 2 + R, it follows that J > 15.
On the event {T'< T_1,+g+1 A T +1}, Po-a.s., at least one of the projections
|X; - R(ej)|, j =2, reaches the value J L before X, exits the box B;. Hence:

2200 PIT<T prrpi ATl <Y Polo)t) <Tp 1+ Polo, ;) < Tp].
j=2

Let us write oy, in place of O‘u+ 2 and bound the term Py[o ;i < T, ], the other terms

being treated similarly. The strong Markov property yields that

(2.21) PO[G][ = TBI] =< EEO,w[G(J_l)i = TBlv Px, a)[o'ji = TBl]]-

J-DL’

We define the auxiliary box
(2.22) B'=B(R,Lo— R, Lo, Lo+ 1);

see (2.2) for the notation and let H', i > 0, denote the iterates of the stopping time
H' = Tp, A Tx,4p- Then for any o € Q, x € By with x - R(e2) = (J — 1)L, we
have

2(no+1)—1
(2.23) Px,w[aji > TBl] = Px,w|: m 9];1}{1'1] < TBB/+X0}1|’

k=0

because on the event in the right-hand side, the trajectory either exits By before o
right away on {H'! < Tj_ B/+X,} or it exits the box B; through “the right,” since
for every k > 0, on G;E{H Loy B'+X,} the trajectory Py ,-a.s. moves between
time H¥ and H**! at most a distance I:o + 1 into direction R (e) and at least a
distance L into direction £ until it leaves Bj, and since

(2.24) 200+ D(Lo+1)=L—-2(Lo+1)—R <L

and 2(ng + 1)Ly > 2L — R, the width of B; in direction £. In order to obtain a
lower bound on the right-hand side of (2.23) with the help of the strong Markov
property, we cover the set G(J — 1) def {x €By:lx-R(ex) — (J — 1)L| <2(ng +
1) (ZO + 1)}, which contains the trajectories up to Tg, described by the event in the
right-hand side of (2.23), with a collection of disjoint and rotated unit cubes C,,
with centers x,,. The cardinality of this collection is proportional to the volume of
GWJ—1).
For any k, m > 0 and any w € €2, we have that on {X gy« € Cp,}, Po o-a.s.,

(225)  Px0lX1y,, €048 + X0l = Py, ol X1y .., €01 Bo+xul,

+Xq

as for any x € Cy,, it follows from the definitions of B’ [see (2.22)] and By
[see (2.6)] that 8+Bo + x, C (B’ +x)¢,0_B +x C Bo + x,, and x € By + X5
see Figure 1. Here U denotes the closure of U C R?. Therefore any piece of tra-
jectory contained in Bg + x,,, connecting x € Cy, to 91 By + X, has to exit B’ + x,
but cannot touch d_B’ + x.
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FIG. 1. Graphical explanation of (2.25).

As a consequence, we deduce from (2.23) using the strong Markov property
that for any w € 2, x € By withx - R(ex) =(J — 1)L,

2ng+1)
Px,w[dji > TBl] > <1'£11fxlerg,1 Px,w[XTB()+xm €0+ By +xm])

(2.26)
L6 -1, 0),

and thus, in view of (2.21), we find
(2.27) PO[G]L = TBI] = E[PO,w[U(j_z)i = TB1]¢(J -1, a))]

From (2.24), we see that G(J — 1) C{x € B1:x - R(ex) = (J — 2)L +2(I:0+ 1)+
R}, and therefore the random variable ¢ (J — 1, ) is H|_ g (,,)> (s —2)[ 4 gy-MeASUI-
able whereas Po,.[o( J-L = Tpg,11s J(’{Z. Rien)<(J—2) Z}—measurable. Thus the finite
range dependence property implies that

(2.28) Polo;; < Tp 1 < Poloy_oi < Th | El#(J — 1,0)].

Using the notation (2.26) and observing that 1 — p* <k(1 — p) fork > 1, p >0,
we obtain

229) El¢(J—-1,0)]<2no+ 1)E|:sup sup szw[xTBo+xm € 0_By —I—xm]i|.
m xeCy

We now observe that the cardinality of the collection of cubes C,, is proportional to

~ ~ ~ 2 .
2Ly -4(ng+ D (Lo+1)- 2L 2 < cL‘li_Zé—éLo. Then translation invariance and
an application of Harnack’s inequality to the harmonic function x = Py [ X1, €
d_ Byp] yield that

- L3
(2.30) Elp(J — 1, )] <c'L? ZL—;LOE[qo],
0
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where we used the notation (2.4). Coming back to (2.28), we see that

Polo; < T 1 < Po[og;_p; < Tg]

I
(2.31) X cL‘ll_zL—; LoE[go], and by induction
0

. L3 B m J
< {CLW—;LOE[CIO]} forall 0 <m < L—J
L§ 2
Similar bounds hold for each term in the right-hand side of (2.20) and since! L%J >

1;\,—1310 from our assumptions on Ny, ]\70 and io we conclude from (2.17), (2.20)
and (2.31) that
3 No/(12No)
232) PGl <k b2 - 1){cL‘f—2L—; LoE[qo]}
0

So far we found an upper bound for the first term of the right-hand side of (2.15).
To complete the proof of (2.9), we are now going to bound the second term.

For any i € Z, we cover the set {x € §; : |x|. < L1} [appearing in the definition
of p(i, w); see (2.13)] with a collection of disjoint and rotated unit cubes C’k with
cardinality at most (R + 1)(2Z1 + l)d_l. Asaresult,forO<a <1,

SUp, ¢, 4(x, co)z"]

] A 2a
1nfxeck plx, )

(2.33) Blj(i.)) < Y B|
k

By Harnack’s inequality, there is a constant ¢ > 1 such that

U6, A6 (a0)
infxeékﬁ(x,a))_ P (xk, @)

forevery 1 <k, w € Q.

Moreover, observe that g (xx, @) < go oty, w; see (2.6) for the notation. Using trans-
lation invariance, we see that the second term on the right-hand side of (2.15) is
less than or equal to

(2.34) 2 Z ((R+ 1)(2Z1 + l)d—lC4uE[pga])(m+no—l)/2.

0<m=<ng+1

Choosing ¢3 > (R + 1)3¢71¢* sufficiently large completes the proof of Proposi-
tion2.2. [J

Similarly to [19], we are going to iterate (2.9) along an increasing sequence of
boxes By, which tend to look like infinite slabs transversal to the direction £. For

No
TN,

=

o1

%_12 NOZO~ — — 1> 1> 0(1
4(no+2)(Lo+1)+2R 4(5/3n0)(3/2)Lo+noLo

2|
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the definition of these boxes, we consider

(2.35) ug € (0, 1], v=2_,, o = 240,
and choose two sequences L, ik, k > 0, such that
Lo>c, R+2<Ly<L}, andfork>0,
(2.36) o 3 N
Li+1 = NiLyg, with Nkz—vk and L4 INEL]{.
uo

As a consequence we see that for £ > 0:

o \K
(2.37) Ly= (-) F D2,

uo

8 L\’ -

(2.38) Ly = < ) Lg.

Lo

~ LEMMA 2.4. There exists c4 > c1, such that when for some Lo > c4, R+ 2 <
Lo <L}, ape (0,11, up € [xLo/d 1],

(2.39) 90 & 3 LYV LoE[p0] < ioko,

then for all k > 0,

(2.40) gok = C3I:k+1 LiE[p;*] < kL with ax = ap2™, ux = ugv=*.

As the proof is purely algebraic and hence identical to the proof of [19],
Lemma 2.2, we omit it here. We now use the induction result to control the exit
behavior from a slab.

PROPOSITION 2.5. There exists c5 > c4,ce > 1, such that when for some
Lo>cs, R+2<Lo<L},

1N D i 3@—1)+1

(2.41) c6(10g —> LD L@ DH ing E[,OO] <1,
K ae(0,1

with By, po as in (2.6), then for some ¢ > 0,

(2.42)  limsup L~} exp{c(log L'/ log PolT_pr <Tr]1 <0 forall b > 0.

L—o0
PROOF. In view of (2.37), (2.38), we see that (2.39) is equivalent to
(2.43) ua3(d71)/c_“°L003a3(d_1)l~,(()d71)LOE[paO] <1.

The minimum of the function [k%0/?, 1] 3 ug +— ua3(d_1)/c_”0L° is ¢/(Lg %

)3(d 1)

log -- , provided Lo > ¢5. Hence choosing cg = 2¢’ c3a3@=D  we can make
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sure that whenever (2.41) holds, for some Lo > c¢5, R +2 < l:o < Lg, then (2.39)
holds for some ag € (0, 1], ug € [«%0/¢ 1]. By Lemma 2.4, (2.40) holds for all
k > 0. For any b > 0, we are now looking for a bound on Po[T_pr < Tr) when L
is large. For every large enough L, we can find a unique k with

(2.44) Ly < bL < Lk+1 .

We then introduce the auxiliary box B, = B(R, Ly — R, Ly, ik + 1), and use an

argument similar to (2.23)—(2.26) to find a lower bound for PO,w[T—b 1 > T]; that
is, we require in essence that the trajectory successively exits certain translates of
the box Bj, through the “right” side, LLLJ + 1 times. We therefore cover the set

G & (x eRY, x| < (L + D)(Lg+ 1), x - £ € (=bL, L)}, playing the role of

former set G(J — 1), with disjoint and rotated unit cubes C/ with centers x . The
cardinality of this collection is at most m def (b+1)L+ 1)(2(& + 1)(£k +1)+
1)@=D _For L large, we introduce the event

245) T &ef {w € Q:sup sup Px [ X1

Y €O Bt x)]> K(l/szk}_
J xeC kT

Then, for any w € I'°, we obtain by arguments as before that

(2.46) PoolT—pr > To1> (1 — i 1/Duiliy(E/Lik D)

On the other hand, using translation invariance, Harnack’s inequality and Cheby-
shev’s inequality, we find that there is a ¢ > 0 such that

(2.47) P[] < cmyx TV/P4ELeE g, ].
Since g < ,o,‘j" and because of (2.40), we obtain that
(2.48) PIT] < ¢ —— ok (/2L
(d-1) ’
c3lyyy Lk

and a simple computation using (2.44) and (2.36) shows that for large L,

me_ (b+ DL+ 1DQL/Lr+D(Lg+ 1) + 121

F(d-1) - 3 d-1)7d-1
Ly Ly NVL L,

(1/b+2>Lk+16<d D(Lygy1/(bLy) + 1) 1LE!

(2.49)
Nk(d I)Ld lL

1 1y d ny—3(d—1) /
< — J— <
< c(b)(b + Nk) NN, <c'(b),

since d > 2. As a consequence, we obtain from (2.48) that

(2.50) P[] < c(b)icV/PukLk
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Assembling (2.46), (2.50) and using 1 — p™ <m(1 — p), p, m > 0, we see that for
large L:

7 L
25D PolT-pr < Tp] < (e(b) + ot 1)K1/2uwk,
k

~ ug 2k CAD 3 o
From (2.40), (2.36), we obtain ug Ly = 2v""Lgy1 > v~ ~"bL, and so the

right-hand side of (2.51) is less than ¢/(b) Nxk '/ 2u5/0v"*DL Brom the inequality
Ly <bL and (2.37), we deduce that if L is large, then k < c(log bL)'/2, and we
obtain

= / 1 “(2) 1 172
(2.52) PolT-pr <Tr]1<c'(b) exp{—zg(log z)bL exp(—c(log(bL)) )},

for large L. This implies the claim (2.42). [

We are now ready to prove the main result of this section.

THEOREM 2.6. There exists a constant c¢7(d) > 1, such that for £ € S4~! the
following conditions are equivalent:

() There exist a € (0,1] and a box B = B(R,L — R —2,L + 2, i) with
R(e1)=0,L>c5,R+2<L < L>with
1\3d—1) _
(2.53) 7 (log —) Ld_1L3(d_1)+lE[p%] <1,
K

(ii) (T’) holds with respect to € [see (1.11)],
(iii) (T'), holds with respect to £ for some y € (%, 1) [see (1.10)].

PROOF. The implication (i) implies (ii) is proved in the same way as the cor-
responding statement in [19], Theorem 2.4. Indeed, we define ¢; = 2@=D¢e and
observe that as a result of (2.53),

3d-1) _
(2.54) c6 (log —> LD 3d=DFgd) <,
K
with L' = (L +2) A L3 € (L,2L). If B’ denotes the box B(R',L — R— 1, L +
1, L) and if the rotation R’ is close enough to R,

(2.55) pe < pp andhence pp < pp.

As a result, whenever R’ is sufficiently close to &R, we can apply Proposition 2.5
to the box B’, and find that

limsup L™ log Po[T%,;, <T1<0
(2.56)
forany y € (0, 1), b > 0 with £’ = R(e}).
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(L’ 1-b_ y/_14b )

2cosa’? 2sin
L
0.<a
o
bL'
B
L—2—-R L+42
F1G. 2.

This proves (ii). It is plain that (iii) follows from (ii).

We now show that (iii) implies (2.53). The neighborhood appearing in the de-
finition of (7'), contains for some small « > 0 and all j =2,...,d, the vec-
tors E’j = cos(a)f + sin(@) R (e;), Z’j/ = cos(a)¢ — sin()R(e;). For large L’ and
0<b<1,wechoose L +2= L/ZClo_sf)a) and L = L’zgi:(ba). (In particular L<L3
if L" is large enough depending on « and b.) As a consequence, if we set B =
B(R,L—2—R,L+2,L),then d_B is included in the region where x -E/j < -—-bL’

or x - E/Jf < —bL’ for some 2 < j <d (see also Figure 2). In other words,

d
(2.57) Elgg] < Py [there exists ¢ € U e, Z/J{} : Tf,bL, < Tf:}
j=2
and from (1.10), we see that for some ¢ > 0:
(2.58) Elgpl <2(d — l)e_“Ly if L is large enough.
Hence for large L, fora € (0, 1) and ¢’ > 0:

(2.59) Elp3] <Elp§. ps = e X' 1+ Elp§. ps <e 1,
so that using the definition (2.5) and Jensen’s inequality to bound the first term
and pp < kL3 because of Lemma 2.1 to control the second term, we find for
large L,a € (0, 1) and ¢’ > 0:

Elpgl < e““FElgpl’ +x ““HIPgp > 1— et

14

]
(2.60)

2.58 :
“2® (2(d — 1))@= 4 pe=alltIp (g — q)e~L”,
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If we choose a = L™!/? and ¢’ > 0 sufficiently small, we obtain

(2.61) limsup L=~/ 1og E[pk "] < 0.

L—o0

This implies (2.53) and thus finishes the proof of Theorem 2.6. [

REMARK 2.1. As mentioned in the Introduction, it is conjectured that the
conditions (7'), (T') and (T), foray € (0, 1) are all equivalent and Theorem 2.6
proves part of it. An improvement of the rather crude bound on the second term on
the right-hand side of (2.59) is likely to yield the equivalence of (7") and (7, ) also
for y smaller than 1/2. Moreover, the latter theorem together with Proposition 2.5
strengthen the belief that (7)) and (T’) are equivalent. Indeed, we have in fact
obtained the equivalence of (7')|¢ and

(%) limsup L~} exp{c(log L)l/z} log Po[ff/bL < Tf,] <0 forall b >0
L—o00

and ¢’ close to ¢ [cf. (2.42)], which is just slightly weaker than (7)|¢, since
exp{c(log L)'/} grows more slowly than any polynomial. Also note that using
[11], (3.36) therein, (x) actually holds for £’ € S¢~! satisfying £’ - v > 0, where
v =lim; s % denotes the limiting velocity which has been shown to be deter-
ministic and nonzero (ballistic behavior) under (77)|¢ when d > 2; see [11, 13]
and also [19] in the discrete setting.

2.1. The one-dimensional case. We introduce here the one-dimensional coun-
terpart of the effective criterion and show that condition (7') is equivalent to (7")
and to Pp-a.s. transience; see Proposition 2.7. Unlike the multidimensional case,
condition (7”) does not imply ballistic behavior when d = 1, since one can con-
struct one-dimensional diffusions in random environments that tend to infinity,
hence satisfy (7”), and have zero limiting velocity. A natural question to ask is
then whether directional transience, that is, convergence to co into some direction,
or at least ballistic behavior implies (7”) also in higher dimensions.

We first adapt the definitions (2.4), (2.5), (2.10), (2.13) to the one-dimensional
setting. Instead of boxes or slabs, we now consider intervals. For any L > 0, pp
[see (2.5)] is replaced by

_ PoolT-L <Ti]
PoolT-1 > T ]

For Ly > 1,i € Z, we redefine 4; [see (2.10)] as 8; = i Lg. The definition of the
stopping times Vi, k > 0 [see (2.11)], remains unchanged. Then we set for w € €2,
ieZ:

(2.62) oL

_ q(iLg, w)

,5(1,0))— A k)
p(iLo, w)



AN EFFECTIVE CRITERION AND A NEW EXAMPLE 1109

where
G, w) = Py o[Xv, € 8100)-1] = Pr.olT-Lytx < TLytx] = 1 — p(x, ).

PROPOSITION 2.7. (d = 1) The following conditions are equivalent:

(i) There exists a € (0, 1], L > R, such that E[p]] < 1.
(i1) There exists L > R, such that E[log pr] < 0.
(iii)) Condition (T) holds relative to e;.
(iv) Condition (T') holds relative to e .
v) lim; o0 X; - €1 =00, Pp-a.s.

PROOF. The fact that (i) implies (ii) follows from Jensen’s inequality since
by Lemma 2.1 E[p]] < k~LFD < 60, We now show that (ii) implies (iii). We
have from (ii) that —u def E[log pr,] < 0 for some Ly > R. We are going to use

a similar argument as in Appendix A.1 or as in [18], Proposition 2.6 therein. For
any b > 0 and any real L > 4L(/b, we define

, bL L
(2.63) n=|—/| andset no=|—|.
Lo Lo
[In the spirit of Appendix A.1, —n’ plays the role of —ng + 1; see, e.g., (A.2)
or (A.3).] We define the function f on {—n’,—n’ +1,...,n0 + 2} by (A.1) and
modify the definition of 7 [see (A.3)] as follows:

(2.64) T =inf{k > 0; Xy, € 8y12 U S_p}.

Since —p(Xv,,)+q(Xv,)p( (va))*1 vanishes Py ,,-a.s. for all m > 0, we obtain

by an argument similar to (A.4)—(A.7), that for all w € Q and L > 4%

Poo[T-pr < T1]
(2.65)

-1 -1 -1 -1
f(o) H—n/,no—H _ l—l—n’,O + l—[—n’,l +oet 1_[—n/,no—i-l
= f_ -1 - -1 -1
f( l’l/) H_n/7n0+1 1 + H—n/,—n’—i—l + te + l_[—l’l,,l’l()-i-l
We then take the expectation with respect to P of the left-hand side and split it

according to the sets where supy—x <41 1_[:;, « 18 smaller, respectively larger, than

1 def ub .
nor2¢ u = gL, As a consequence:

<l

—aul with ¢

PolT_pr < T1]

: L
(2.66) <e ol 4 (— + 2)
Lo

k
X sup IP’[ > log,é(j)z—cuL—log(n0+2):|.
Ofkfi’lo-‘rl j:—n/—I—l
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Then we decompose the sum appearing in the second term into three sums of
independent random variables 6(j), j =i mod3 where i = 0, 1 or 2. Moreover,

since ng < "/TH and by the choice of ¢;,, we observe for all n” large enough that for
any 0 <k <no+1, we have n++k (cuL+log(np+2)) < /4. Hence the probability
on the right-hand side of (2.66) is less than

3
3 .
(2.67) ZP[ , > (—logp(J)—M)f—M/4]-
i=0 L" +k—n/+1§j§k
j=imod3

Asforany j € Z,w e 2, |logp(j)| < (Lo + l)log(%), by (2.8), it follows from
an Azuma-type inequality (see, e.g., [1]) that for any 0 <k <ng+ 1, (2.67) is less
than

3 / 2

1/pun +k . . -

= 2 :CXP{—§<% 3 ) [{j €e[—n"+1,k]| j =imod3}| !
i=0

(2.68) x ((Lo+ D logr™" + u)‘z}

bL
< 3exp{—c(u, LO)<L—0 — 1) }

In view of (2.66), this implies condition (7'); see (1.12).

The implication (iii) = (iv) is clear. To show (iv) = (i), we follow the argument
of the corresponding multidimensional statement [see Theorem 2.6, (iii) = (i)],
that is, in place of (2.58) and (2.60), we have PolT_ <Tr]<e L and Elpf] <
el¢=0all 4 p—a(L43)p=cL” for [, large.

We now come to the implication (v) = (ii). We follow the arguments in [4],
Theorem 2, point (b) in the case of a line. This theorem applied to the dis-
crete Markov chain Xy,, kK > 0, under Py, for an Lo > R in fact shows the
equivalence of (ii) and (v). For the reader’s convenience, we extract and present
here the ideas which are relevant for the implication (v) = (ii). For o € €,

Lo > R, n € Z, we introduce the shortcut notation p, = p(nLg, w) =1 — ¢, and

def
& =

(2.69) P[ép > 0] =1.

Indeed, let us assume by contradiction that there exists some @’ in the set of full
measure {w € Q: P_y, »[X; — 00] = 1} such that 8o(w’) = 0. Then repeated use
of the strong Markov property shows that Py ., [liminf, X; < —Lo] =1, a contra-
diction.

Next, we see that for n € Z,

nLo,a)[T(n—l)Lo = o0] défl — nn. We claim that

(2.70) M = Pury,0[Tn—1)L, < 00] q
n

=qn + pnn+1Mn and thus n, = ———.
I — puint
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As a consequence, forall w € 2, n < —1,

@20, 1=pn

6,=1—
" 77n I — punns1

= ﬁ(n)_lnnénH, and by induction
2.71)

= (A + 1) p(=1) " Dttt - 1-180.

Taking the logarithm of the latter expression and splitting the resulting sum into
sums of i.i.d. random variables [similarly as below (2.66)], we obtain from the law
of large numbers:

1
(2.72) nlirrolo —log$, = E[—1log 6(0)] + E[log nol, P-as.,
—oop

since lim,, %log 80 =0, P-a.s. by (2.69).

On the other hand, by translation invariance of P, we see that for any & > 0,
273)  Plllogs,| > en] = P[|log | > en] "= P[5y = 0] 22V 0.

In other words, %log 3, converges to 0 in probability, so the right-hand side
of (2.72) vanishes and E[log p(0)] = E[log o] which is strictly negative because
of (2.69). This proves the implication (v) = (ii).

To show the converse implication, we use the fact that (ii) implies condi-
tion (7). Following [11] [see the proof of (3.1) = (3.2) therein], we observe that
Py[T;, = o0] < PO[T_L < T ], since Po[f_L = T7, = oo] = 0 as in every time unit,
the trajectory can escape from the interval [—L, L] with a probability bounded
away from 0. Observe that the left-hand side increases with L while the right-hand
side tends to 0 by condition (7')|e;. Hence Py-a.s., limsup,_, ., X; = co. From the
strong Markov property and translation invariance of P, we obtain for any L > 0:

(2.74) PolTp2 007, < Taryz00r,1= PolT-1/2 < Tss6l.

Under condition (7)|e;, the right-hand side decreases exponentially and hence
an application of Borel-Cantelli’s lemma yields that Py-a.s. for large integer L,
Tarss < 1t 2007, + Tp. As aresult, we can Py-a.s. construct an integer-valued
sequence Ly 1 00, with Liy1 = [5Li] and Tr,,, < Tr, /2001, +Tr,, k > 0. This
shows (v). U

REMARK 2.2. Let us mention that for any L > 0,
(2.75) Ellog pr1= —2LE[b(0)/a(0)],

and as a consequence, if conditions (i) or (ii) above are satisfied for some
L > R, they are in fact satisfied for all L > 0. Indeed, using the scale function
s(x,w) = [y exp{—foy 2b(u, w)/a(u, w)du}dy, for x € R, w € Q (see, e.g., [2],
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pages 78 and 88), we can write p;, = _igf)L) It follows that for L > 0, E[log pr ]
equals

L I3 2b(u,w)/a(u,w) du
E log/O e 0 ’ ’ dy
(2.76) 0
_ E[log/ Le—jEL2b(u,w)/a(u,w)duejfL 2b(u,) a(u o) du dy].

Because of translation invariance of [P, the second term becomes

L, 0
]E[logf e_fd 2b(u,w)/a(u,w)du dy:| +E|:/ Mdu],
0

-L a(u,w)
so that the first term of (2.76) is canceled out. Fubini’s theorem then yields
Ellogpr] = —fEL E[%]du, and the claim follows from translation invari-
ance of P.

3. An example of a ballistic diffusion.

3.1. Main result and preliminaries. In this section, we use the effective crite-
rion to show that a Brownian motion perturbed by a small random drift which is
bounded by & > 0 and whose expectation in direction £ = e; is of order €27 with
n > 0 satisfies condition (7")|e;. The interest of this class of diffusions stems from
the fact that it contains new examples of ballistic diffusions which in particular do
not fulfill the criterion of [11], Theorem 5.2 therein, which states that there exists
a constant ¢, > 1 such that if

(3.1 E[((0, ) - e1)+] > cE[(b(0, ®) - e1) ],

then (7)|e; holds. Before we give further explanations on this matter (see Re-
mark 3.1 below), we introduce the family of perturbed Brownian motions studied
in this section. For any ¢ € (0, K], n >0 and w € 2, we consider the class of
diffusions attached to an operator of the form

(3.2) L=1A+b(x, )V,

where we require that for all x e R, w € €,

(3.3) bx,0)| <e,  AEEDO 0)-e]=.
Note that the constant K, the ellipticity constant v and the dependence range R
[see (1.2)—(1.5)] do not depend on . We keep the convention concerning constants
stated at the end of the Introduction. Moreover, when we write that an expression
holds “for large enough L” we mean that the expression holds for all L larger than
some c(n).

The main result of the section is
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THEOREM 3.1. When d > 4, for any n € (0, 1) there is eo(n, d) > 0 such that
whenever (3.3) holds for 0 < & < g, then condition (T")|e; is satisfied.

REMARK 3.1. Clearly, (3.1) is equivalent to
(3.4) E[b(0, ®) - e1] > (ce — DE[(b(0, w) - €1)—].

An inspection of the proof of Theorem 5.2 in [11], reveals that ¢, > 1, and
hence (3.4) fails when ¢ > 0 is small, if E[b(0, ®) - e;] is of order £2~" with
0 <n < 1andsup,.q(b(0,w)-er)_ is of order ¢ under an adequate choice of PP.
With this observation one can rather straightforwardly produce examples where
(3.3) holds with ¢ < gg(n, d), but (3.1) or (3.4) fails.

The rest of the section is devoted to the proof of Theorem 3.1. We will verify
the effective criterion (2.53) when ¢ is smaller than some g¢(n, d) fora = 1/2 and
abox B=B({d,NL'— R —-2,NL' +2, %(NL/)3) [see (2.2)], where

R 1
3.5 N=L> and L=L— B is an integer such that L = L‘—J
&
The starting point to estimate E[pllg/ 2] is (2.15). Here we set [cf. (2.6)] L1 =
NL, L= i(NL/)3, Lo=L',ng =N and a = 1/2. With these choices, the box
B defined above, on which we want to check (2.53), equals B + e;. In order to
apply (2.15) we use the following.

LEMMA 3.2. Fora € (0,1] and By a box as in (2.6) with =e;, L1 >R +3
and R =1d,
(3.6) E[03, 1¢,]1 < c“Elpg, 1.

PROOF. Since for every w € €2, Px,w[XTBI € 94 B1] is harmonic on (-2, 2)¢,
Harnack’s inequality implies that

P—el,a)[XTgl € 8—B1]
=< CPB,; (a))
P—el,w[XTB1 € a—i-Bl]

The claim then follows from translation invariance of P. [

For the purpose of this section, we need a bound on P[§¢] appearing in (2.15)
which differs from (2.32) and which is essentially the same as the estimate in [20],
Theorem 1.1. We now follow [20] to introduce the notation used for this bound.
Let i, H, M be positive integers with

(NL)?
32

3.7 2h<H <

(NL')? J
32H |

and M:{
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Later on [see (3.51)], we will choose H and % to be of order (NL')?* and L2,
respectively. We introduce the exit time S from a tube:

(3.8) S:inf{t > 0; [(X; — Xo) -e1| = L or sup [(X, — Xo) -¢j| > h}
j=2

and the expected displacement
(3.9) A(x,0) = Ey o[Xs] — x, xeRY weQ.
Moreover, for 0 < y < 1, later chosen to be of order ¢! =" [see (3.51)], we define

(3.10) pr = inf Plforall z € B/, A(z,w)-e1 > yLl,
Jjz

where for 2 < j <d,
(3.11) B/ ={yeB,|y ej| <H)}.
Let us now state the analogue of Theorem 1.1 in [20].

PROPOSITION 3.3. There exists a constant cg > R + 3 such that when L > cg
and

N)| 10N N/ H 4\?
(3.12) 5—1d=°fexp{ re }+— p{ re ( —) }<1,
128 y 2hN  y /4
then for any 0 <a <1

) M 10N L logk—1\?2
Elo0%1 < ¢ faNLZd {_ < _ ) }
lPpl=cx exp 2 pr M logé /4

(3.13)
o 2E[H(0, w)> N2

1 —Ep0, 0)2a]1/2),

Since the proof is very similar to the one of Theorem 1.1 in [20], we only
make a few comments here. Because of (3.6), we can estimate E[o% ] with the help
of (2.15). We bound the second term on the right-hand side in the latter expression
using translation invariance of I’ and obtain the second term on the right-hand side
of (3.13). The intuitive idea behind the estimate on P[4°] in the first term on the
right-hand side of (2.15), leadlng to the first term on the right-hand side of (3.13),
is to consider nested boxes By = (—NL' + R +2, NL' +2) x (—k4H, k4H)?~!
for 0 <k < M contained in the big box B. Then in order not to exit through “the
left or right” of B, the trajectory has to reach the boundary of box By before exit-
ing B and then move from box By to box Bk+1 without exiting B. The probability
of this last step is related to the quantity 1 — py.

Note that the coefficient in the first term of §~! differs from the result in [20]
as the width of B is a multiple of L’ while the definition of the time S uses the
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quantity L = L' — g. This affects the right-hand side of the expression below
(1.24) in [20].

Despite the finite range dependence, the remark in [20] below (1.29) still holds
since (in the notation of [20]) the random variables Z;(e) and Z;_(e) are measur-
able respectively in H(,cpd. ;.osap—p—pn) aNd I Hepd. ;o<ae—1)H+H+n)- ThE
involved half-spaces are separated by a distance 2(H — h) which is larger than H
by (3.7). Hence (Z;)o<k<m are independent if H and thus L are large enough.

3.2. Bounds on the Green operator. The main Theorem 3.1 will follow after
choosing / and H as in (3.51) once we show exponential decay in L oc e~ ! of
both terms on the right-hand side of (3.13) for a = 1/2. Therefore the goals of
this section are to find a tractable expression for p(0, w) (see Lemma 3.5) that
involves the Green operator of the diffusion killed when exiting the open slab
4 def {x eR¢:|x-e| < L}, and then investigate its relation with the Green operator
of killed Brownian motion; see Proposition 3.8. Certain deterministic estimates on

the latter operator and its kernel (see Lemmas 3.7 and 3.9) will then be instrumental
in the proof of the desired exponential decay of E[pllg/ 2]; see Proposition 3.10.
Throughout this section, we use the shortcut notation b Cl=efb - e1 and we set

| flloo = sup,cg|f(x)|, for any function f on 4. For any bounded measurable
function f on 4§ and any x € 4, w € Q, let us denote with

® def Ts .
sfx) = Ex’w[/o f(Xs)ds}, respectively

(3.14) .
Gsf(x) défE[/o e Ws)ds],

the Green operator of the diffusion, respectively Brownian motion, killed when
exiting the slab 4. (Here E denotes the expectation with respect to some measure
under which Wj is a Brownian motion.) Note that by (3.16) below, these operators
acting on L> have norm bounded by 2L2. Moreover, the semi-group P of the
diffusion in environment w killed when exiting 4 is defined as

(3.15) POf(x)=E,olf(X,).1 <Ts] forxed, 1>0.

In a similar fashion, we denote with P; the semi-group of a Brownian motion killed
when exiting 4.

The following lemma states basic bounds on the expected exit time from the
slab 4 and on the supremum-norm of the operator P*.

LEMMA 3.4. Forwe Q,e€(0,1/4), x € 8, under the assumption (3.3) and
with the definition (3.5),
(3.16) L2 = (x-e1)?) < Ex ol Ts] <2(L7 = (x - e1)?).
For any bounded measurable function f and any w € Q,
(3.17) IP? flico < croll fllooexp(—c11t/L?)  fort>0.
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PROOF. To show (3.16), we consider for x € 4, w € Q2 the P, ,-martingale

tATg
(3.18)  (Xia1y -€1)* — (Xo-e1)? —fo 2b1(Xg, w)(Xg - e1)ds —t ATs.

After taking expectations and using the monotone convergence theorem, we ob-
tain (3.16) from our assumption |b(,-)| < & [see (3.3)] and the choice L < %
[see (3.5)].

We now turn to (3.17). By the support theorem (see [2]) applied to the rescaled
diffusion %X 12, and the fact that |Lb;| < }t, the probability under P, ., that the
trajectories leave the slab within time L? when starting in x € § is bounded away
from O by some constant c1;. Hence the strong Markov property yields for any
t>0,xe€d,we 2, that P ,[t <Ts] <cio exp(—cllt/L2), and (3.17) follows
from the definition (3.15). [

REMARK 3.2.

1. For Brownian motion starting at x € 4, the expected exit time from the slab 4§
equals L% — (x-e1)%. The analogue of (3.17) for Brownian motion is also valid.

2. We point out that since T has a finite moment under P, , by (3.16), Fubini’s
theorem applied to (3.14) yields for any bounded measurable function f and
any w € Q, x € 4 that

(3.19) @ f(x) =/0 PY f(x)dt.

Of course, the same relation holds for the killed Brownian motion.

Let us now introduce the following shortcut notation for the set appearing in the
definition of p(0, w) [see (2.13)]:

R ]
(3.20) "Vdéf{xeRd;|x-el|§§,|x|J_§Z(NL’)3}.

For later purposes, we observe that (3.16) and our assumption (3.3) on A imply
that there are constants c12 > 0 and Li(c12, ) such that when L > L, then for
any x € V, w € €2,

(3.21) G{A(x) =MEx [Ts] > c1oL".
The next lemma provides a tractable expression of p (0, ®) in terms of the Green
operator G¥.

LEMMA 3.5. For L > 3R, w € 2, with (3.3) and (3.5),

. L—x el —G(bi(w)(x)
3.22 = .
(3:22) PO ) = D e ¥ G b1 () )

[See (2.13), (3.20) for the notation.)
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PROOF. Forany x € 8, w € Q, X;a1y-€1 — Xo-e1 — féAn b1( X5, w)ds is a
P, ,-martingale. Hence, after taking expectations, we obtain from the dominated
convergence theorem that [see (2.14) for the notation]

x-e1+L+GE(b1(-, w)(x)
2L '

Inserting this expression into the definition (2.13) of (0, ) yields the claimed
equality. Using (3.16), (3.5), we see that for all L > 0,

(3.23) plx, @)=

L
(3.24) 1GE(b1(, ) (%) < 5

and thus the inequality in (3.22) follows when L > 3R. [

In order to explore the relationship between the Green operators of the diffusion
and Brownian motion [see (3.40)], we need to collect a few facts about the semi-
group of Brownian motion. From [16], Theorem 8.1.18, we have that whenever
f is a continuous and bounded function, then (¢, x) — P; f(x) is bounded and in
C12([0, 00) x 4, R). Moreover,

9 1
(3.25) S Pf=ZAPf  in(0.00) x 8,
(3.26) lim P f(x) = f(x),  xes.

Since every point on the boundary of 4 is regular according to [16], (8.1.16)
therein, we have the following continuity property at the boundary (see [16], The-
orem 8.1.18):

(3.27) lim P f(x)=0 for (s,a) € (0, 00) x 048.
(t,x)—(s,a)
(t,x)€(0,00)x §

Our next step is to express P; and G g in terms of kernels using “the method of
images” from electrostatics.

PROPOSITION 3.6. Let f be a bounded measurable function on R?. If we
define fort > 0;x,ye 4§

o0
(3.28) p(t.x.y)= > palt,x,y+2k2Ley) — pa(t,x,y* + 2k + 1)2Ley),

k=—o00

where py(t,x,y) def Qrt)~4/? exp{lx — y|2/2t} is the d-dimensional heat kernel
and y* is the image of y under reflection with respect to {z € R? : 7 - e; =0}, then

(3.29) Pf(x) = f5 p(t.x.y) () dy.
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Moreover, when d > 4, if we define Green’s function for distinct x,y € 8 by

o
(330) g E Y ga(x.y+2k2Ler) — galx. y* + 2k + 1)2Ley),

k=—o00

where g4(x,y) def Jo° palt, x, y)dt = yq|x — yI1>~? for x # y and an appropriate

constant yq, then
(3:31) Gsf )= [ st sdy.

PROOF. The factthat p(¢, x, y) in (3.28) satisfies the equality in (3.29) follows
from [8], Proposition 8.10, after mapping the interval [0, a] to [—L, L] and after
multiplying with py_;. It is well known that g4 (x, y) equals y4|x — y|>~¢ for an
appropriate constant y; when d > 3 and x # y (see, e.g., [16], (8.4.10)). To see that
the expression in (3.30) is indeed the kernel of G g, we observe that p(t, x, y) is
integrable over ¢ for x # y, since by the monotone convergence theorem, we have
Joop(t,x, y)dt <Y 22 8a(x,y +2k2Ley) + ga(x, y* + (2k + 1)2Ley), and
since the latter series converges absolutely when d > 4. Moreover, with dominated
convergence,

(3.32) glx,y)= /(; p(t,x,y)dt for x # y.

Then we insert (3.29) into (3.19) and since (¢, y) — p(¢, x, ¥) f(y) is product in-
tegrable by Tonelli’s theorem and (3.17), we obtain (3.31) from Fubini’s theorem
and (3.32). O

The next lemma provides gradient estimates on the semi-group and the Green
operator of killed Brownian motion which play an important role in the derivation
of the perturbation equality (3.40) and in the proof of Proposition 3.10.

LEMMA 3.7. (d = 4) For any bounded, continuous function f, there exist
c13, c14 > 0 such that forall x € 8,t >0and L > 0,

(3.33) Ve Fel= (B + 9 exp( = 2Le/27) Il
“\L Jt 2
(3.34) IVGs f(xX)]| <cis5ll fllooL.
PROOF. We first show (3.33). Let (x(V, ..., x@) denote the coordinates of
a point x in R?. We estimate the partial derivatives 0;, i = 1,...,d, of P, f(x)

separately. As a consequence of the semi-group property, we have that for ¢ > 0,
xed,

(3.35) P f(x)= /;; p(t/2,x,2)Prp f(z)dz.
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We let U C 4 be a neighborhood of x. To compute 0; P;(x) by interchang-
ing derivation and integration, we need to show that |0; p(t/2, x,z) Py 2 f (2)] is
dx x dz integrable over U x 4. After an application of (3.17), we see that

sup | 19;p(t/2,x,2)Pij2 f(2)|dz
xeUJ4

(3.36)
<exp(—cnt/LY)| flloo sup | 18ip(1/2,x,2)| dz.

xeU
For i =1, according to (3.28), |01 p(t/2, x, z)| is smaller than

o0

d
[T r1(e/2.59.29) 3 Ja1pi(/2,xD, 2V + 4kL))|
j=2 k=—00
(3.37)
+opr(t/2, 2V, =2 + @k + 1)2L)).

The integral over R? of the first d — 1 factors in the latter expression equals 1 and
using monotone convergence, we find that for any x € U, ¢ > 0, the integral on the
right-hand side of (3.36) is smaller than

> pi(t/2,x WV, L+4kL) + pi(t/2,xD, —L + 4kL)
k£0

+ Y pi(e/2,xV, L+ 2k +1)2L)
k#—1
(3.38) + > pi(t/2,xV, =L + 2k + 1)2L)
k0

+/L L cnat-—22
—L /Tt

M
x =z
—|dz

+p1(t/2,xV, L) + pi(t/2,x, L).
For any x € U, the function z — pi(t/2,x, z) is monotone on (—o0, —2L]
and on [2L, 00). Therefore the first sum in (3.38) is less than %ffooo p1(t/2, x M,
2)dz = %. A similar argument yields that the second and third sums in (3 38) are
less than ;. The integral in (3.38) is less than 25 \/%e_” udu = J_ and the
last two terms can also be bounded by % Collecting our estimates, we obtain for
i = 1 that the left-hand side of (3.36) is less than

/

L)

Hence we can interchange the derivative d; with the integral in (3.35), and for any
x € 4, |01 Ps(x)| is bounded by (3.39). Similar bounds on |9; P;(x)|, for 2 <i <d,

(3.39) exp(—ciit/L >||f||oo(
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follow from an easier version of the above arguments. Indeed, in an expression cor-
responding to (3.37), the last factor containing the sum, which was more delicate
to treat, will not be affected by the derivative 9; and thus its integral over [—L, L]
equals 1. This proves (3.33). Since the latter estimate shows that V P; f (x) is inte-
grable with respect to ¢ > 0, (3.34) is an immediate consequence of (3.19). [

The link between the Green operators of the killed diffusion and the killed
Brownian motion is expressed by the following perturbation equality:

PROPOSITION 3.8. Let f be a bounded, continuous function on R . Then we
have for all x € 8, w € 2 that

(3.40) $f)=Gsf(x) = GF(b(, ) - VIG5 f(x).

PROOF. The classical idea of the proof is to take the derivative of P P,_; f (x)
with respect to ¢, which yields P”((&£L — A)P,—; f)(x). Then one integrates both
sides with respect to ¢ from O to u# and with respect to # from O to infinity. The
result then follows from Fubini’s theorem. Let us now present the details of the
proof. For w € Q,u > 0, x € 4, we claim that

u
G4 PISW =P @)= [ PbC0) VRN dr
To prove the claim, we define for 4 > 0 the function

(3.42) et, ) Py f(x)  withO<r<u,xes.

According to [16], Theorem 8.1.18, ¢ is in C12((0, u) x 8). Hence we can apply

Itd’s formula to a function e, € C2((0, u) x R?) such that e, (z, ) = e(t, -) on
D, & (x € 8, dist(x, 38) > 1/n} and e,(t,-) = 0 on 4. Because of (3.25), we

obtain for all w € 2, x € D,, after taking expectations:

Ex,a)|:e(” A TD,,» Xu/\TD”) —e(h A TDn» Xh/\TDn)
(3.43)
M/\TDn
—/ b(Xs,a))-Ve(s,Xs)ds}zo.
h

ATp,
When n tends to oo, t A Tp, increases to t A T, and it follows from the dominated
convergence theorem and (3.27) that for any w € 2, x € 4,
(3.44) Exowle A Tp,. Xunty, ). = Ts]" = 0.

The same result holds for /4 in place of u. From (3.33), we have that
SUPg<;<y.xes | Ve(v, x)| is finite. Thus coming back to (3.43) and letting n — oo,
we obtain with dominated convergence that for any x € 4§,

Ex,a)[e(’/h Xy),u<Tg]— Ex,w[e(h7 Xn), h < Tg]
(3.45)

unTsy
:Ex,w[/ b(XS,(,())-Ve(S,XS)dS,h<T/Si|.
h
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We now insert the definition (3.42) into the above expression and let 4 tend to 0
using dominated convergence. This concludes the proof of (3.41).

The integral with respect to u > 0 of the left-hand side of (3.41) equals
GS f(x) — Gg f(x); see (3.19). On the right-hand side, (3.33) and (3.17) imply
that the iterated integral

fo f PO, ) -V Pucs )1 ()] <y dudt

2
< [T cell oo (2 4 Jemens @0 g
AJu—t

is finite. Hence we can integrate the right-hand side of (3.41) with respect to u, use
Fubini’s theorem and then substitute u — ¢ with u. It follows for w € 2, x € §,

(3.46)

(3.47) ?;)f(X)—G»sf(X)=/O /0 Py ((,w) - VP f)(x)dudt.

The same argument as before allows us to interchange the integrals once more.
Finally with (3.33) and a further application of Fubini’s theorem we can move the
dt-integral inside P.°(-) and interchange it with the gradient. This finishes the
proof of Proposition 3.8. [

We close this section with estimates on the Green’s function (3.30) of killed
Brownian motion and on its gradient. They are at the heart of the proof of Propo-
sition 3.10.

LEMMA 3.9. (d>4)Forall x,y € 8 and L > 0 we have
(3.48) g(x,y) < ciglx — y*~ exp(—ci7lx — y|1 /L),
(3.49)  |Ve(x, )| < (c1lx — y|"™ +croL ) exp(—c17]x — y|1L/L).

Moreover, for any bounded Holder continuous function f, G g f is twice continu-
ously differentiable on 8 and

(3.50) INGsf(x)=—f(x) forxes.

The proof is included in Appendix A.2 and the arguments showing (3.48)
and (3.49) are similar to the proof of [20], (2.11), (2.13) therein.

3.3. Proof of Theorem 3.1. The starting point for the proof is (3.13) with
a= % We first specify the quantities &, H, y involved in the first term on the
right-hand side of (3.13) [see (3.7), (3.10)]:

hEL? HE WL,

(3.51)
‘)/ déf %C]ZLH_I-
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It is clear that the main Theorem 3.1 follows from the effective criterion once we
show exponential decay in L oc £ ~! of both terms on the right-hand side of (3.13).
We first examine the second term. It suffices to show that for large enough L

A 12 ,
(3.52) E[5(0, )] < exp(—;L )

where ¢y is defined in (3.21). Indeed, since we assumed N = L3 [see (3.5)], the
second term of (3.13) then becomes smaller than cL exp(—%Lz), which will be
more than sufficient for the application of the effective criterion (2.53).
To prove (3.52), we use (3.22) and write E[0(0, w)] as
IE[ L—x-e1—GY5(b1(-, w)(x)

) e rn
S L rx e GO ) () Ay O3 ROES L]

(3.53)

. C12
5P| inf GS (b1 (-, —L"|.
+ 52| inf G501 o) < T
When L is larger than some c(n), the first term becomes smaller than 1 —
%L"_l < exp(—‘%L”_1 ). Hence (3.52) follows from the next proposition which
estimates the second term of (3.53).

PROPOSITION 3.10. (d > 4) For any n € (0, 1), under the assumption (3.3)
and with (3.5), we have that

(3.54) limsup L~ 2/3"10gIP’[1nfG (b1 (-, a)))(x)<7L’7} 0,

L—o00

where 'V and c1» are defined in (3.20) and (3.21).

Before proving the proposition, we show that (3.54) together with our choices
in (3.51) also yield exponential decay of the first term on the right-hand side
of (3.13), which then finishes the proof of the main theorem. Using (3.5), we find
that

(3.55) 87! <exp(—cL*>™) + ¢/L* Mexp{—c"L* (L3 — " L'7M)?y,

which tends to 0 as L goes to oo, so that (3.12) holds when L is large. If in addition,
we know that [see (3.10) for the notation]|

(3.56) liminf p; =1,
L— o0

an easy calculation using (3.51) and M > c;3NL [see (3.7) for the definition]
shows that for L large enough, the first term on the right-hand side of (3.13) is less
than cexp(—cN L), and the effective criterion (2.53) is satisfied for large L.
_ We now prove that Proposition 3.10 implies (3.56). First we cover the sets
Bj,2 < j <d [see (3.11)] with a collection of disjoint cubes of side length 3 R
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The cardinality of this collection is for large L at most L" where v only depends
on d. Translation invariance then yields

(3.57) pL>1— sup c/L”IP’[ inf Ax, ) -e] < yL}.
2<j<d x€[—R/2,R/2)4

In this expression we will in essence replace A(x, w) - e; with G§(b1(-, ))(x).
More precisely, we claim that for large L and for all w € Q, x € [—g, g]d

(3.58) |A(x, @) -er — GF(b1(, 0))(x)] < c20.

Then with our choice of y [see (3.51)] and with (3.57), Proposition 3.10 implies
(3.56) since [—g, g]d C V. We now prove (3.58). The martingale argument lead-

ing to (3.23) also shows that for any x € 8, w € Q
(3.59) $D1(¢, 0)(x) = Ex o[X7, - 1] — x - €1.

The support theorem (see [2]) applied to the rescaled diffusion %X 12; yields a
lower bound ¢ > 0 (uniform in x € R?, w € Q) for the probability under Py ,, that
X exits a cube of side length L centered at x through the “left or right.” Hence
with the strong Markov property, for all w € Q, x € R¢,

(3.60) ProlS < T fire; ATotae] <2(d— 11 —o)F,

which becomes smaller than L~! for large enough L. Since |Xs - e1| < L + |x -
e1], Py o-a.s. we obtain from (3.59) and (3.60) that for large enough L and for all
weQ,xe[—% 219, the left-hand side of (3.58) is less than

(3.61) |Exol(Xs — X7,) €1, S =T-[ixe; A Toixe )l +c.

On the event {S = T_L+x.gl ANTpgx.e;} N{(Xs - e1)(X1y - e1) > 0}, the trajectory
Py ,-a.s. leaves the slab 4§ and the box [—L, L] x [—h, he4-1 4+ x “through the
same side.” Hence on this event, [(Xs— X7,)-e1| < g, Py ,-as. forx e [—g, %]d.
It remains to show that for all w € 2, x € [—g, g]d,

|Ex,w[(XS_XT5) -eq,
(3.62) B
S=T_Ltxe; NTLyx.e» (Xs-€1)( X7y -€1) <0]| <c.

When x - e; = 0 the above quantity vanishes. We now consider the case where

O<x-e < g. The remaining case is treated analogously. We find that for
O<x-e1 < g

>

ProlS=T Lixe; A Titxe (Xs-e))(Xzy - 1) < 0]
(3.63) B 5 5
< PeolTL < T [yxe < TL+x~e1] + Px,w[T—L+x-e1 <Tp <T_L].
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We estimate the first term on the right-hand side. The strong Markov property
implies that forall w € 2,0 <x -e] < 5,

Px,w[TL < 7~LL+)€-61 < TL+x~el]
(3.64)

<Eyo[TL < T—L+x~ela PXTL,a)[T—L—l-R/Z < Tr4rp2]]-

The function e(x) Ll ptexeen + e (LHR/2) satisfies Le(x) < 0 since |b(-, -)| < €.
Hence e(X;) is a supermartingale under Py ,, for any x € R, w € Q. Since e(x) is
nonnegative when x-e; < L+ g, Chebyshev’s inequality and the stopping theorem
yield for any y € R? with y - e; = L,

Ey ole(X5 )]

~ T_r+rp2ATL4R)2
PyolT-r+r2 <TLtrp2] = o4e(L+R/2) _ p4e(—L+R/2)

(3.65) e

=< | 8L =ce SC/Lil,

for large enough L. Inserting this bound into (3.64) and repeating the same type
of argument for the second term on the right-hand side of (3.63), we obtain that its
left-hand side is of order L~!. This finishes the proof of (3.62) since (Xs— X7y)-€1
is of order L, Py (-a.s. for x € [—g, g]d. Thus (3.58) follows in view of (3.61).
As a consequence, Proposition 3.10 implies (3.56) and the main theorem follows
as we explained below (3.56).

PROOF OF PROPOSITION 3.10. The idea of the proof is to decompose the e}
projection of the drift b1 (x, w) into its expectation [E[b] - 1] = A and a mean-zero
term b(x, w). As a consequence, the Green operator applied to by splits into two
terms: a leading term G§A which is larger than twice the bound imposed on the
Green operator in the event of interest in (3.54) by our choice of constants and
by (3.21); an error term G‘gl; that we decompose using the perturbation equal-
ity (3.40) and which turns out to make no substantial contribution to the leading
term with high probability. Hence the event of interest in (3.54) is very unlikely.
We now give the details of the proof. Let us introduce the box

(3.66) UL (x eRY [x-e| <L —1,|x]L < J(NL) + 12

which will be useful later in a discretization step where we need to restrict our-
selves to points located at a constant distance of d4. As mentioned above we define
[see (3.3)]

(3.67) bLb — 1.

[For the sake of simplicity we drop the w dependence of by, b from the notation.]
Then the perturbation equality (3.40) applied to G§b together with (3.21) yields
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that for large enough L,
. c12
P| inf G§ —L"
iz a0 < )

< P[inf Gsb(x) — GS(b- V)G sb(x) < — 221",
xeV 2
(3.68)
sup [VGsh(y)] < L—Hﬂ
yeu

+P[sup IVGsb(y)| > L_1+’7/3]
yeu

The proposition obviously follows once we prove the following three claims:
there exist v/, v”” > 1 depending only on d such that for large enough L,

on the set {w € Q; sup |VG55(y)| < L—1+n/3}’

eU
(3.69) =
sup [G§(b - V)G sb(x)| < cL"?,
xey
(3.70) P[sup VG sb(y)| > L—“"/ﬂ < L exp(—c'L>),
yeu
P|: inri; GgI;(x) < —Cél‘—ani| < Y exp(_C/L621+277)
3.71) e

where c21 =1 whend =4 and ¢c1 =2 when d > 5.

We now show (3.69). In view of (3.34) and (3.5), we have that sup, . ¢ |VG51;(x)| <
c152¢L < c15/2. Therefore for any w € Q satisfying SUpy ey IVGsb(y)| <
L~141/3 and any x € 'V we find that

IG5 (b-V)Gsb(x)| < eL™"3GY1y(x)

cis
(3.72) + 87G(gl{ze&dist(z,a&gl}(x)

C15
+e—"Gsles ez s Ly +02 ().

The first term on the right-hand side is smaller than A—I‘L_2+’7/ 3 Ey »[Ts] < %L”/ 3
by (3.16).

To bound the second term on the right-hand side of (3.72), we define for
L > 4(1 + R) the auxiliary set 5= {x € §; dist(x, 04) < 2}. With a martingale
argument similar to (3.18), (3.16), we obtain that for any w € Q and x € 4,
ExolTgl < (1— 2¢)~1 < 2. Then we introduce the successive times of entrance in
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{xeR% |x-e|>L—1}and departure from {x eRY |x-er| > L —2):

Ri=Tr A T—L—H, D = T{xeRd;|x~e1|>L—2} o00g, + Ry,
(3.73) and by induction for k > 2,
Ry =R;o 9Dk71 + Di—1, Dy = T{xeRd;lx-e1|>L—2} © ORk + Ry.

With the help of these definitions we now express the Green operator appearing in
the second term on the right-hand side of (3.72): for any w € 2, x € 'V, we have

G5 () zes:dist(z.08)<1)

Dy NTy
= Z Exw[/ Lizes:dist(z,08)<1}(Xs) ds, Ry < Tzs}
k=1 Rk

<Y EvolExg olT;l, R < Ts]
k>1

<2 Pro[Ri < Tyl
k>1

(3.74)

The sum is bounded by a constant since the strong Markov property and the sup-
port theorem imply that fork > 1,x € V, Py ,[Ry < Ts] < (1 — c)k_l. Hence the
second term on the right-hand side of (3.72) is less than ¢’ L=

We now examine the last term on the right-hand side of (3.72). We call U the
set {z € 8;|z]L = 1/4(NL’)> + L?} appearing in that term. For any w € Q, x € V,
the Markov property yields

Ty
C/gl[/(x)zEx,a)[EXHU,w[‘/ lﬁ(Xs)dS],H0<T5:|
(3.75) ‘
= sup Ez,a)[TJ]Px,w[H[j < Ty].
zed

Using (3.16) and a scaling argument similar to the one leading to (3.60), we find
that the latter expression is smaller than cL? L Asa consequence, the last term
on the right-hand side of (3.72) is smaller than L~' for large enough L. This
proves (3.69).

Next we turn to the proof of (3.70). In order to deal with the supremum
over the set U, we cover U with disjoint cubes of side-length &* and centers

vi,i € I, where |J| < cL12d-8 1f Q is such a cube with center y;, then ac-
cording to Lemma 3.9, —%Gglg(y) is twice continuously differentiable on Q’ def

yi + (—%, %)d C 4 and satisfies the equation Au = b on Q’. Therefore [5], (3.20),
page 41, applies and we find that for any y € Q

IVG sb(y) — VGsb(y))|
(3.76)

C/
log( )’-ﬁ-l).
ly = il

<cly— m(sup G sB(2)] + sup |l5<z>|)(
zeQ’ zeQ’
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Since the bounds in (3.16) also hold for Brownian motion, we have that
Sup_ ¢ |G5l;(z)| < 2L%2¢ < L. Thus the right-hand side of (3.76) is less than
cL™2%" for large enough L. With this discretization step we obtain for large
enough L:

P[sup IVGsb(y)| > L‘*W}
yel
(3.77) _

<Y PlIVGsb(yn)|> L7 '73].

ied

To bound the terms of the sum on the right-hand side of (3.77), we separately
estimate P[3;G sb(y;) > 2 L™17/3] and P[9;G sb(y;) < —57 L~ 1H7/3] for j =
1, ..., d with the help of an Azuma-type inequality. Therefore we cover the slab 4§
with disjoint cubes of side-length R and assign these cubes to 2¢ disjoint families
of cubes that are spaced by a distance R. We denote with Q' = x,,, x + [— g, g)d ,
1 <m <29 k> 1, the cubes associated to the mth family and define for i € {,
1<j<d wet,

(3.78) o= [ disnobeodz k=1

k

For fixed m € {1,...,2¢} and i € 4,1 < j < d, these random variables are
P-independent (as k varies) and have mean O by Fubini’s theorem. Moreover, it
follows from (3.49) that for all w € Q; m, i, j, k> 1,

Y4 (@) < L™ (xms — yil ™ AL+ L™y exp(—ci71xmk — yil /L)

def
= Ym,k-

(3.79)

Indeed, either |y; — x; k| < JdR and using polar coordinates we obtain that
Ykl < cefp, o0 ('™ 4 L1=rd=1 g < /L7 (1 4+ L), or |y — s >

V/dR and we can bound the integral by the supremum of the integrand times the
constant volume of Q7. Using a slight variation of the proof of Azuma’s inequal-
ity wefindforl <j<d,ield,

L
P[a GbO) > 5L ”"/3} < ZP[ZYk @) > L 1*”/3}

m=1 k>1

i d—20-2(d+1) [ —2+2/3n
(3.80) < exp(— >
m=1 Zkzl(ym,k)z

<2%exp(—cL*"),
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since the following easy computation and (3.79) show that } ;> | (¥, )2 is of order
L~ 2 forallm > 1:

LY mp)?<c > (xmx—yil T AT+ L
k>1 [,k —yi| <4L

+ > L Zexp(—c|amr — yilL/L)

[%m k—yilL=2L

4L
(3.81) SCf (r—2d+2+L—2d+2)rd—1dr
1

o0
+L—2d+3/ o—Cr/L,d=2 g,
L

<c+ L7 /oo e Mudu<c
1

The same bound as in (3.80) holds for the terms P[ang;l;(y,-) < —ﬁL‘H'”B],

1 < j <d. Collecting the estimates (3.77), (3.80) and recalling that the cardinality

of { is polynomial in L, we have proved the claim (3.70).

Finally we come to (3.71). The argument is similar to the previous one. First
we handle the infimum over V by covering V with disjoint cubes of the form
X + [—g, g]d, for some adequate points x;,i € 4’ where x; - ¢; =0 and [{/| <
¢L'?@=D Then it follows from (3.34) that for all w € 2 and |x — x;| < £,

3 3 R
(3.82) |G sb(x) — Gsb(x;)| < 01528L§\/3 <c.

Hence the discretization step implies that the left-hand side of (3.71) is less than
~ C12

3.83 P|Gsb(x; <——L'7]

(3:83) > |Gabtx) ==

Then we use the same 2¢ R-disjoint families of boxes Q}' as before to cover the
slab 4 and we define fori € 4, m > 1 and all w € €,

(3.84) Y/ (w) = meﬁ

g(xi, 2)b(z, w)dz, k>1.
5
k

Again we observe that for fixed m € {1, ..., 2d }and i € 4, these random variables
are P-independent and have mean 0. Moreover, it follows from (3.48) that for all
weQm, i, k>1

m -1 2—d def -~
(3.85) Y} (@) <cL™ (Ixmx —xil™“ A exp(=c17lxmk — XilL/L) = Vim k-

A computation as in (3.81) shows that for large enough L and for all 1 <m < 2¢:

~ 2 —2|clogL, d=4,
(3.86) S ma? <t e h
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Then the same Azuma-type argument as before yields for large enough L that each
term in (3.83) is less than

exp(—cLerz'7 /log(L)) whend =4, respectively
(3.87)
exp(—cL>H21) when d > 5.

This completes the proof of (3.71) and thus of Proposition 3.10. [J

APPENDIX

A.1. Proof of Lemma 2.3. We now give the proof of Lemma 2.3. In order
to bound p;(w) on § [see (2.16)], we first construct a function which—after ap-
propriate normalization—dominates Py w[T_ Li+R+1 < T A Ty, +1]. For the con-
struction, we divide the box Bj into slabs of width Lo and consider an expression
inspired from the solution of a discrete one-dimensional Dirichlet problem for the
exit probability of a Markov chain whose states correspond in essence to the slabs
54’5 i €.

Indeed, we recall (2.13) and for integers a < b, we consider the products [[, , =
]_[lj’-ch_1 p(j, w)~! and set [l4.o = 1. Then we define the function f on {—ng +
1,—no+2,...,n0+2} x Qvia

fno+2,w) =0, fno+1,0)=1,

fGoy= Y ] for i < ny.

i<m<ng+1m,np+1

(A.1)

For simplicity we drop the w-dependence from the notation. We now show that for
w e Q,

(A.2) PoolT-r,+r+1 < TATL 1] < _JO
! T fA—no)

Let us introduce the (¥v,, )m>0 -stopping time
(A.3) T=inf{lm >0: Xy, € 8,542 U 81_p,}-

Observe that Pp ,-a.s. on the event which appears in (A.2), Xy, € §1_,, and
V; < T, and thus for w € €,

Eool fU(Xv,)), Ve <T]
(1 —ngp)

As we will see now, the numerator on the right-hand side is less than f(0): for
we,m=>0,

(Ad)  PoolT-r,+re1 <TATL+1]1<

Eo.olf(I(XVgpiyn))s Vansnar < T1

(A.5) < Eoulf(I(Xv,,.), Viurr <T,7 <m]

+ Eool fUI(Xv, ), Vi < T, 7 > m]
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and by the strong Markov property, the second term on the right-hand side equals
(A.0) Eoo[Vin <T.7>m, Ex,, ol f(I(Xy)]]-
However on {V,,, < T,7> m}, Py -a.s

Ex,, ol f(I(Xy))]
= fUXy,)) + pXy,)[f(I(Xy,) +1) = £ (Xy,))]
(A7) +aXy)[fF(1(Xy,) —1) = fUT(Xy,))]

A raxyn+ 1 =K +aXy)pU Xy 1.

I(Xv,,),no+1

Note that Py -a.s., Xv, € 8i( Xvy,)s for m > 0. Hence the expression inside the
square brackets is nonpositive; see (2.13). As a result, we obtain that the left-hand
side of (A.5) is smaller than or equal to Eg o[ f (I (Xv,,,,)), Vinar < T]. The latter
expression is hence nonincreasing with m. Since t is Py ,-a.s. finite, it follows
from Fatou’s inequality that for w € €,

(A.8) Eoolf(I(Xv,)), Ve <T]1< f(0).
Together with (A.4), this implies (A.2).
We now derive a bound on p;. Let us define for w € 2,
(A9)  A=PyolT-r,4rt1 <TATL 411+ PoolT < T 4r41 ATL 1]
Observe that q(O w) < A and since lq is nondecreasing in g, we obtain for w € 2

that p;(w) < AT A) . Using (A.2) and (2.16), it follows for w € §, that

SO + f(1 —ng)®H
(f(1=no) = f(0) = f(1 —no)?L1);

Let us for the time being assume that there is a ¢; > R + 2 such that for Ly > ¢
and w € 2,

(A.10) p1(w) <

(A.11) FO)+ (1 —no)c®1 <2£(0),

(A.12) f(l=ng) — £(0) — f(1 —no)tt > ]_[
—no+1,n9+1

Then in view of (A.10) and the definition of f(0), for Lo > c1, w € §,

(A.13) pr@) =2 ) [T 56 .

0<m<ng+1 —no+1l<j<m

Observe that by the definition (2.13), {6(j, ®), j even} and {p(j, ), j odd} are
two collections of independent random variables, as p(j, w) and p(j + 2, w) de-
pend on regions separated by a distance R. With the help of Cauchy—Schwarz’s
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inequality and (u + v)* <u + v%, for u,v > 0 and a € (0, 1], we find that for
Lo > cy,

(A.14) Elpf,91<2 ) [T EG. o)

0<m<ng+1 —no+l<j<m

From Lemma 2.1, we have that for all w € 22, p1(w) < «~L1=1 This inequality
and (A.14) immediately imply the claim (2.15).

Let us now show (A.11). Using again Lemma 2.1, we have for all w € @, —ng+
I<j=<no+1:
(A.15) Kt < p(jL ) <m0t
In view of (A.1) and since Ly + 1 < 2L, we find that

f(1=no)x?t < 2ng + D~ EotD2m0, 9Ly < (234 4 1)>0k0,
If Lo > c1 > R + 2 large enough, it follows that for all ® € 2 and all ng > 3,
(A.16) (1 = no)?tr < tmolo < 1.
Clearly f(0) > 1 and we obtain (A.11). To see (A.12), we note that
S =no)— fO) = IT + JI
—no+1,n0+1  —1,n9+1

(A.17)

(A'le) [ +xEorDmosd,

—no+1,n0+1

Since (Lo + 1)(ng + 2) < 4Lgng and because of (A.16), the claim (A.12) follows,
provided that Ly > cj. This finishes the proof of Lemma 2.3.

A.2. Proof of Lemma 3.9. We now prove Lemma 3.9. We start with the proof
of (3.49). A similar and easier argument also shows (3.48). Since for d > 4, we
have

(A18)  |8iga(x, M) <clx —y['"™ and |3;9;g4(x, )| <Jx —y|79,

the sum of the first and second derivatives of the terms with k > 2 appearing
in (3.30) converges uniformly for all x, y € 4. Hence g(x, y) is twice continuously
differentiable for x, y € 4, x # y, and interchanging differentiation and summation
yields forall x,y € 8

(A.19) IVg(x, )| <3|Vga(x, y)| +cL)™ ! and
(A.20) [0; 0;g(x, )| <3]0; 0;8a(x, y)| + c/(2L)_d, as well as
(A.21) Ag(x,y)=0 for x # y.

For any x € 4, we consider a small vector 4 with x +/4 € 4 and an point y € 4 with
|x — y|L > L. Moreover, we denote with W a d-dimensional Brownian motion
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starting at y under some measure P and with 7" the stopping time inf{¢r > 0; |W; —
L= %Ix — y|}. Since g(x, y) is symmetric in x and Yy, it is also harmonic in y
and thus g(x, WyaTA7s) is a bounded martingale under P. The stopping theorem
thus implies that

1
mlg(x +h,y)—gkx,y)l
(A.22) X

= mlEP[g(x +h, Wrary) — 8(x, Wrary)]l.
Direct inspection of g(x, y) shows that it vanishes on the boundary of 4. Hence
using the mean value theorem, the latter expression is smaller than

(A23)  sup{|Ve(x',Y)|:x" € B(x,h), |y — y|lL = 3|x — y}PIT < Tl.

Because of (A.19) the first factor above is less than c|x — y|1_d + L'~ and
a scaling argument similar to the one leading to (3.60) yields that P[T < Tg] <
exp(—c%). Letting A tend to O in (A.22), (A.23) and treating the cases |x —
y| < L and |x — y| > L separately, we obtain the claimed result (3.49). The same
martingale argument also leads to (3.48).

We now prove (3.50). For any xo € 4, we define the auxiliary set U = {x € 4;
|x —xg|1 < 1}. From (3.31) we can write the Green operator for a bounded Holder
continuous function f as follows: we define ¢ = g — g4 and for any x € U, we find

Gsf) = [ gatx. ) fdy+ [ 30 fG)dy
(A.24) v v

+[ s fody.
5\U

According to [5], Lemma 4.2, the first term on the right-hand side is twice con-
tinuously differentiable on U, and its Laplacian equals —2 f(x). With the same
argument as below (A.18), we see that g(-, y) is harmonic on U for any y € 4.
Hence Fubini’s theorem together with the mean value theorem (see [5], Theo-
rem 2.7) yield that the second term on the right-hand side of (A.24) is harmonic
on U. The same is valid for the last term, since from (A.21), g(-, ¥) is harmonic
on U forany y € § \ U. As xo € 4 is arbitrary, we obtain (3.50). This finishes the
proof of Lemma 3.9.
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