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EXIT LAWS OF ISOTROPIC DIFFUSIONS IN RANDOM ENVIRONMENT
FROM LARGE DOMAINS

BENJAMIN J. FEHRMANT

ABSTRACT. This paper studies, in dimensions greater than two, stationary diffusion processes in
random environment which are small, isotropic perturbations of Brownian motion satisfying a finite
range dependence. Such processes were first considered in the continuous setting by Sznitman and
Zeitouni [20]. Building upon their work, it is shown by analyzing the associated elliptic boundary-
value problem that, almost surely, the smoothed (in the sense that the boundary data is continuous)
exit law of the diffusion from large domains converges, as the domain’s scale approaches infinity, to
that of a Brownian motion. Furthermore, a rate for the convergence is established in terms of the
modulus of the boundary condition.

1. INTRODUCTION

The purpose of this paper is to characterize the smoothed exit distributions from large domains
associated to the diffusion in random environment determined by the generator

1< 0? d )
(1.1) B Z aij(fﬁaw)m + ;bi(%w)axi,

ij=1

where the environment, as described by a uniformly elliptic diffusion matrix A(z,w) = (a;(x,w))
and drift b(z,w) = (b;(x,w)), is indexed by an underlying probability space (2, F,P).

The family of stochastic processes associated to the generator (1.1) will be assumed to be a
stationary, isotropic perturbation of Brownian motion satisfying a finite range dependence. Specif-
ically, there exists a measure-preserving group of transformations {7,}, .gs such that, for each

z,y € R and w € Q,
Az +y,w) = Az, yw) and b(z + y,w) = b(z, Tyw).
Whenever subsets A, B C R? are sufficiently distant in space, the sigma algebras
o(A(z,-),b(z,) | x € A) and o(A(zx,-),b(z,-) | x € B) are independent.

For every orthogonal transformation r of R% preserving the coordinate axis, for each z € R, the
random variables

(A(rez,w),b(rr,w)) and (rA(z,w)r’,rb(z,w)) have the same law.
Finally, for a constant 7 > 0 to be chosen small, for every z € R? and w € €,
|A(z,w) —I| <n and |b(z,w)| <n.
Such environments were considered in the continuous setting by Sznitman and Zeitouni [20] and

correspond to the analogue of the discrete framework studied by Bricmont and Kupiainen [5].
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The exit distribution of these processes will be understood by analyzing the asymptotic behavior,
as € — 0, of solutions

1.9 3 tr(A(z,w)D*0¢) + b(z,w) - Dv* =0 on Ule,
(1.2) ve = f(ex on OUl/e,

where, in dimension at least two, the domain U C R? satisfies an exterior ball condition and
f € C(0U) is continuous on the boundary.

Writing E, ,, for the expectation describing the diffusion X; associated to the generator (1.1)
beginning from z in environment w, and 7¢ for the exit time from U/e, solutions of (1.2) admit the
representation

(1.3) v(2) = Erw(f(eXre)) on Ule.

The continuity of the boundary data f in this setting corresponds to a necessary smoothing of
the exit distribution since, and as described below, the presence of traps (which, loosely speaking,
mean portions of space where the drift has a strong effect) along the boundary preclude, in the
case of discontinuous boundary data, an almost sure characterization of the exit measures defining
the solutions v€ in the limit.

Observe, following a rescaling, that u(x) = v¢(x/e€) satisfies

(1.4) 3 (A%, w)D%u) + (b(¢,w) - Du =0 on U,
: ut = f(x) on OU,

and, in view of (1.3),
W () = Bz y(F(eXy,)) = Bz o(f(eX 2,,),

€2

2

where €77 is by definition the exit time from U of the rescaled process eX;/.2. The behavior of

this rescaled process on R¢ was characterized in [20], where it was proven that, on a subset of full
probability and for a deterministic & > 0,

(1.5) €X./e2 converges as € — 0 in law on R? to a Brownian motion with variance @.

See Section 2 for the precise statement and details.

The primary aim of this paper is to establish the analogous result for the exit distribution, and
this is achieved by characterizing, on a subset of full probability, the asymptotic behavior as ¢ — 0
of solutions to (1.4).

Theorem 1.1. There exists a subset of full probability such that, for every bounded domain U C R4
satisfying an exterior ball condition, the solutions of (1.2) converge uniformly on U, as ¢ — 0, to
the solution

(1.6) { Au=0 on U,

u= f(z) on OU.

The proof relies strongly upon the results obtained in [20], and in particular between a comparison
there obtained, with scaling analogous to (1.2), between solutions of the parabolic equation

{ u; = %tr(A(l"w)Dzue) + b(wi) -Du on R? x (O’ OO),

(1.7) — f(ex) on R? x {0},

and the parabolic analogue of (1.6) with high probability and on large scales in space and time.
The details of this argument are presented in Section 3.

The comparison is used, as it was in [20], to construct a coupling between the process defined by
the generator (1.1) and a Brownian motion with variance approximately @ along a discrete sequence
of time steps. See Proposition 5.1 in Section 5. And, this coupling allows for the introduction of
a discrete version of equation (1.2). Namely, the process is evaluated along the aforementioned
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discrete sequence of time steps and stopped as soon as it hits a neighborhood of the compliment of
the domain.

However, the approximation suggested here is typically insufficient to characterize the limiting
behavior of solutions to (1.2) and its rescaling (1.4) since the time steps are not sufficiently fine to
preclude the emergence of traps created by the drift. And, in this setting, the traps are twofold.
Considering the process associated to (1.4), and corresponding to the generator

d

1 x
(1.8) 2 Z aij( 833 830] ;b 8.7}1

3,j=1

the presence of the singular (111 =) drift can first act to confine the particle to create, in expectation,
an exponentially growing (in %) exit time. The probability that the exit time is large is first
controlled, though sub-optimally, by Proposition 4.1 in Section 4.

Second, the drift can repel the process from the boundary, and thereby make impossible the
existence (in general) of barriers which are effective at scales greater than e. This difficulty is
overcome by combining, in Section 7, the coupling obtained in Proposition 5.1 of Section 5 with
estimates concerning the exit time of Brownian motion from the slightly inflated domains

U5:{xeRd1d(m,U)<5},

where 6 — 0 as € — 0. These estimates are proven in Propositions 6.2 and 6.3 of Section 6.
Then, at points near the boundary OU, the exit of the Brownian motion from a somewhat larger
domain of the type Us is shown to compel, with high probability, the exit of the diffusion in random
environment from U. See Proposition 7.3 of Section 7. It is this fact that establishes the efficacy
of the discrete approximation and ultimately the proof of Theorem 1.1.

Finally, in Section 8, the convergence established in Theorem 1.1 is made quantitative assuming
first that the boundary data f is the restriction of a bounded, uniformly continuous function on
R?. Namely,

(1.9) assume f € BUC(R?) with modulus o satisfying |f(z) — f(y)] < os(|lz — y|)
for all z,y € R%.

Theorem 1.2. Assume (1.9). There exist constants 0 < co,c1 < 1 and C' > 0 such that, on a
subset of full probability, for all e > 0 sufficiently small depending on w, the solutions of (1.4) and

(1.6) satisfy
||UE — EHLOO(ﬁ) S C||f||Loo(Rd)€co + CO’f(ECl).

A standard extension argument then allows Theorem 1.2 to be extended to arbitrary continuous
functions on the boundary, provided the domain is smooth. In this case,

(1.10) assume the domain U is smooth,
and
(1.11) assume f € C(OU) with modulus oy satistying |f(z) — f(y)| < of(|lz —y])

for all z,y € OU.

Theorem 1.3. Assume (1.10) and (1.11). There exist constants 0 < co,c1 <1, C1 = C1(U) >0
depending upon the domain and C' > 0 such that, on a subset of full probability, for all € > 0
sufficiently small depending on w, the solutions of (1.4) and (1.6) satisfy

[0 =@l poo 7y < Cllf 20 (00)€ + Cop(Cre™).
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Diffusion processes on R? in the stationary ergodic setting were first considered in the case
b(x,w) = 0 by Papanicolaou and Varadhan [17]. Furthermore, in the case that (1.2) can be
rewritten in divergence form, these diffusions and associated boundary value problems were studied
in Papanicolaou and Varadhan [16], and further results have been obtained by De Masi, Ferrari,
Goldstein and Wick [6], Kozlov [11], Olla [14] and Osada [15]. However, for general drifts b(x,w)
which are neither divergence free nor a gradient of a stationary field, considerably less is known.

Indeed, the results of [20], which apply to the isotropic, perturbative regime described above, and
later extended by Fehrman [8, 9] are the only such available. And, to this point, the characterization
of the asymptotic behavior of boundary value problems like (1.4) has remained open. However, some
results do exist for the analogous discrete framework. Bolthausen and Zeitouni [4] characterized
the exit distributions from large balls (so, taking U = Bj) of random walks in random environment
which are small, isotropic perturbations of a simple random walk, and their work was later refined
by Baur and Bolthausen [2] under a somewhat less stringent isotropy assumption. Finally, Baur
[3] has recently obtained results concerning the exit time from large balls of processes satisfying a
quenched symmetry assumption along a single coordinate direction.

The methods of this paper differ significantly from those of [2, 3, 4], which develop an induction
scheme to propagate estimates concerning the convergence of the exit law of the diffusion in random
environment to the uniform measure on the boundary of the ball, by instead relying upon the results
of [20] obtained in the parabolic setting. Furthermore, these methods apply to arbitrary bounded
domains satisfying an exterior ball condition.

The paper is organized so that, in Section 2, the notation and assumptions are presented and, in
Section 3, the most relevant aspects of [20] are reviewed and the primary probabilistic statement
concerning the random environment is presented. In Section 4, the exit time of the process in
random environment is controlled in probability, and the global coupling between the process in
random environment and Brownian motion is constructed in Section 5. The exit time of Brownian
motion at points near the boundary of the inflated domains Uy is controlled in Section 6, and the
efficacy of the discrete approximation, as defined through the coupling, and ultimately the proof of
Theorem 1.1 are presented in Section 7. Finally, the rates of convergence in Theorems 1.2 and 1.3
appear in Section 8.

Acknowledgments. I would like to thank Professors Panagiotis Souganidis and Ofer Zeitouni for
many useful conversations.

2. PRELIMINARIES

2.1. Notation. Elements of R? and [0, 00) are denoted by 2 and y and t respectively and (z,v)
denotes the standard inner product on R?. The gradient in space and derivative in time of a scalar
function v are written Dv and v;, while D?v stands for the Hessian of v. The spaces of k x | and
k x k symmetric matrices with real entries are respectively written M**! and S(k). If M € MF*!,
then M is its transpose and | M| is its norm |M| = tr(MM?)'/2. If M is a square matrix, the trace
of M is written tr(M). The Euclidean distance between subsets A, B C R? is

d(A,B) =inf{|a —b||a€ A,be B}
and, for an index A and a family of measurable functions { fa:REXQ — R"a}a A
algebra generated by the random variables f,(z,w), for x € A and a € A, is denoted
o(falz,w) |z € Ao € A).

For domains U C R?, USC(U;R%), LSC(U;R%), BUC(U;R%), C(U;R%), Lip(U;R%), C¥8(U;R%)

and Ck(U; R?) are the spaces of upper-semicontinuous, lower-semicontinuous, bounded continuous,

continuous, Lipschitz continuous, S-Holder continuous and k-continuously differentiable functions

on U with values in R?. Furthermore, cr (R%) denotes the space of smooth, compactly supported
4

the sigma



functions on R?. The closure and boundary of U € R? are written U and dU. For f : R* — R, the
support of f is denoted Supp(f). Furthermore, Br and Bgr(x) are respectively the open balls of
radius R centered at zero and x € R%. For a real number r € R, the notation [r] denotes the largest
integer less than or equal to . Finally, throughout the paper C represents a constant which may
change from line to line but is independent of w € ) unless otherwise indicated.

2.2. The Random Environment. The random environment is indexed by a probability space
(Q, F,P). Every element w € Q corresponds to an individual realization of the environment as de-
scribed by the coefficients A(-,w) and b(-,w) on R?. The stationarity of the coefficients is quantified
by an

(2.1) ergodic group of measure-preserving transformations {7, : Q@ — Q}__pa

such that the coefficients A4 : R? x Q — S(d) and b : R? x Q — R? are bi-measurable stationary
functions satisfying, for each z,y € R? and w € ,

(2.2) Az +y,w) = Az, yw) and b(z + y,w) = b(z, Tyw).

The diffusion matrix and drift are bounded and Lipschitz uniformly for w € . There exists
C > 0 such that, for all z € R? and w € ©,

(2.3) |b(x,w)| < C and |A(z,w)| <C,
and, for all z,y € R? and w € Q,
(2.4) [b(z,w) = b(y,w)| < Clz —y| and |A(z,w) - A(y,w)| < Clz —yl.

In addition, the diffusion matrix is uniformly elliptic uniformly in 2. There exists v > 1 such that,
for all z € R? and w € ,

(2.5) 1< A@w) <ur.
14

The coefficients satisfy a finite range dependence. There exists R > 0 such that, whenever
A, B C R% satisfy d(A, B) > R, the sigma algebras

(2.6) o(A(z,w),b(z,w) |z € A) and o(A(z,w),b(z,w) |z € B) are independent.

The diffusion matrix and drift satisfy a restricted isotropy condition. For every orthogonal trans-
formation 7 : R* — R? which preserves the coordinate axes, for every z € R%,

(2.7) (A(rz,w),b(rez,w)) and (rA(z,w)r’,rb(z,w)) have the same law.

And, the diffusion matrix and drift are a small perturbation of the Laplacian. There exists 1y > 0,
to later be chosen small, such that, for all z € R? and w € Q,

(2.8) |b(z,w)| <mp and |A(z,w) — I| < ng.
The final assumptions concern the domain. The domain
(2.9) U c R? is open and bounded.

Furthermore, U satisfies an exterior ball condition. There exists rg > 0 so that, for each x € U
there exists 2* € R? such that

(2.10) B,y (z*)NU = {x}.
To avoid cumbersome statements in what follows, a steady assumption is introduced.

(2.11) Assume (2.1), (2.2), (2.3), (2.4), (2.5), (2.6), (2.7), (2.8), (2.9) and (2.10).
5



Observe that (2.3), (2.4) and (2.5) guarantee the well-posedness of the martingale problem
associated to to the generator

for each 2 € R? and w € Q, see Strook and Varadhan [19, Chapter 6,7]. The corresponding
probability measure and expectation on the space of continuous paths C([0, 00); ]Rd) will be written
P,. and E,, where, almost surely with respect to P, paths X; € C([0, 00); R?) satisfy the
stochastic differential equation

(2.12)

dXt = b(Xt,w)dt + (T(Xt,w)dBt,
XO =,

for A(z,w) = o(z,w)o(x,w)!, and for B; some standard Brownian motion under P, with respect
to the canonical right-continuous filtration on C([0, c0); R?).

The translation and rotational invariance implied in law by (2.2) and (2.7) do not imply any
invariance properties, in general, for the quenched measures P, ,,. However, the annealed measures
and expectations, defined by the semi-direct products P, = P x P,, and E, = E x E,, on
Q x C([0,00); RY), do satisfy a translational and rotational invariance in the sense that, for all
z,y € RY,

(2.13) Boyy(Xp) = Ey(z 4+ Xy) = 2+ Ey(Xy),
and, for all orthogonal transformations 7 preserving the coordinate axis and for every z € R%,
(2.14) E.(rX:) = Erp(Xy).

This fact plays an important role in [20] to preclude, with probability one, the emergence of ballistic
behavior of the rescaled process in the asymptotic limit.

Similarly, for each n > 0 and x € R? let W/ denote the Weiner measure on C([0, c0); R%)
and E™+ the expectation corresponding to Brownian motion with variance o, beginning from
x. Almost surely with respect to W/, paths X; € C([0,00); R?) satisfy the stochastic differential
equation

dXt = andBt,
(2.15) { il l}ﬁ

for B; some standard Brownian motion under W' with respect to the canonical right-continuous
filtration on C(]0, 00); RY).

2.3. A Remark on Existence and Uniqueness. The boundedness (2.3), Lipschitz continuity
(2.4) and ellipticity (2.5) of the coefficients together with the boundedness (2.9) and regularity
(2.10) of the domain guarantee the well-posedness, for every w € Q, of equations like

$tr(A(z, w)D?w) + b(z,w) - Dw = g(z) on U,

u= f(x) on OU,

for f € C(OU) and g € C(U), in the class of bounded continuous functions. See, for instance,
Friedman [10, Chapter 3]. Furthermore, if 7 denotes the exit time from U, then

) = B £05) = [ 9(X.) da) on T,

see Oksendal [13, Exercise 9.12].
The same assumptions on the coefficients ensure the well-posedness of parabolic equations like
wy = 3 tr(A(z,w)D?w) + b(z,w) - Dw on R? x (0,00),
w = f(x) on R? x {0},
6



for continuous initial data f(x) satisfying, for instance and to the extent that it will be applied in
this paper, |f(z)| < C(1 + |z|?) on RY, in the class of continuous functions satisfying, locally in
time, a quadratic estimate of the same form. See [10, Chapter 1|. Furthermore, the solution admits
the representation

w(CEat) = Ex,w(f(Xt)) on R? x (0700)7
see [13, Exercise 9.12].

The analogous formulas hold for the constant coefficient elliptic and parabolic equations asso-
ciated, for each n > 0, to the measures W. Since these facts are well-known, and since the
solution to every equation encountered in this paper admits an explicit probabilistic description,
the presentation will not further reiterate these points.

3. THE INDUCTIVE FRAMEWORK AND PROBABILISTIC STATEMENT

In this section, the aspects of [20] most relevant to this work will be introduced. The interested
reader will find a full description of the inductive framework in [20], which was later reviewed in
the introductions of [8, 9]. Forgive, therefore, the terse explanation offered here.

Fix the dimension
(3.1) d>3,
and fix a Holder exponent

1 g
(3.2) g e <0, 2} and a constant a € (0, 1000d:| .

Let Lo be a large integer multiple of five. For each n > 0, inductively define

a

L
(3.3) 6, =5 [5”] and Ly, = lyLn,

so that, for Lo sufficiently large, it follows that 1L1t* < L, 11 < 2LL*®. For each n > 0, for ¢y > 0,
let
(3.4) kin = exp(co(loglog(Ly,))?) and &, = exp(2co(loglog(Ly,))?),

where, as n tends to infinity, notice that k, is eventually dominated by every positive power of L.
Furthermore, define, for each n > 0,

(3.5) D,, = Lykyn and D, = Lyip,

where the preceding remark indicates the scales D, and D,, are larger but grow comparably with
the previously defined scales L.
The following constants enter into the probabilistic statements below. Fix mg > 2 satisfying

(3.6) (1+a)™ 2 <100 < (1+a)™ !,
and § > 0 and My > 0 satisfying

(3.7) 5= %5 and My > 100d(1 4 a)™ 2.

In the arguments to follow, it will be essential that these assumptions guarantee § and My are
sufficiently larger than a.

In order to apply the finite range dependence, it will be frequently necessary to introduce a
stopped version of the process. Define for every element X; € C([0, 0c0); R?) the path

(3.8) X[ = sup | X5 — Xol,
0<s<t

and, for each n > 0, the stopping time
Tn:inf{320|X;2Dn}.
7



The effective diffusivity of the ensemble at scale L,, is defined by
1

= ﬁEo (IXz2n7, %)

where the localization is applied in order to exploit the diffusion’s mixing properties. The conver-

gence of the «, to a limiting diffusivity @ is proven in [20, Proposition 5.7].

Qn

Theorem 3.1. Assume (2.11). There exists Ly and co sufficiently large and nyg > 0 sufficiently
small such that, for all n > 0,
(1475)5

27§04n§2y and |an+1_an’ SL; )
v

which implies the existence of & > 0 satisfying

— <a<2v and lim o, =7a.
2v n—00

The results of [20] obtain an effective comparison on the parabolic scale (L,,L2) in space and
time, with improving probability as n — co, between the solutions

ug = +tr(A(z,w)D?*u) + b(z,w) - Du on R? x (0, 00),
(3.9) { ut: f2(x) on R? x {0},

and solutions to the approximate limiting equation

Upt = F-Au,  on R? x (0, 00),
up = f(x) on R? x {0}.

In order to simplify the notation define, for each n > 0, the operators

(3.10)

(3.11) Ruf(x) = u(x,L2) and R,f(x) = un(z, L2),
and the difference operator
(3.12) Snf(l') = Rnf(l‘) - Rnf(x)

Since solutions of (3.9) will not, in general, be effectively comparable with solutions of (3.10)
globally in space, it is necessary to introduce a cutoff function. For each v > 0, let

(3.13) x() = 1A 2= ly)s and xu(y) =x (%),

and define, for each z € R? and n > 0,

(3'14) Xn,w(y) = X30v4dL, (y - x)

Furthermore, in order to account for the scaling of the initial data which appears in (1.2), the
comparison of the solutions is necessarily obtained with respect to the rescaled global Hélder-
norms, defined for each n > 0,

; i Lalf@) — fw)l

(3 5) ’f‘n HfHL (]Rd)—i_il;}; n ‘x_y’ﬁ

See for instance the introductions of [9, 20] for a more complete discussion concerning the necessity
of these norms as opposed, say, to attempting an (in general, false) L*-comparison.

The following control is the statement propagated by the arguments of [20], and expresses the
desired comparison between solutions (3.9) and (3.10), as written using the operator S,, from (3.12)
and localized by xp , from (3.14), in terms of the |-|,-norm from (3.15) of the initial data.

Note carefully that this statement is not true, in general, for all triples z € R, w € Q and n > 0.
However, as described below, it is shown in [20, Proposition 5.1] that such controls are available
for large n, with high probability, on a large portion of space.

8



Control 3.2. Fizxz € R, w € Q and n > 0. Then, for each f € COP(R?),
|Xn,xSnf‘n < LT_L(S‘f|TL

It will also be necessary to obtain tail-estimates for the diffusion in random environment. Re-
calling that P, ., is the measure on the space of continuous paths describing the diffusion beginning
from x € R? and associated to the generator

2 d

1 9 ]

the type of control propagated in [20] involves exponential estimates for the probability under P, ,,
that the maximal excursion X7, defined in (3.8) is large with respect to the time elapsed.

As with Control 3.2, it is Sim%ly not true in general that this type of estimate is satisfied for all
triples (z,w,n). However, it is shown in [20, Proposition 2.2] that such controls are available for
large n, with high probability, on a large portion of space.

Control 3.3. Fizz € R?, w € Q and n > 0. For each v > D, for all |y — z| < 30v/dL,,

. v
Py,w(AXLgL > 1)) < eXp(_F)'

n

It is necessary to obtain a lower bound in probability for the event, defined for each n > 0 and
z € RY,

(3.16) B, (x) ={ w € Q| Controls 3.2 and 3.3 hold for the triple (z,w,n). }.
Notice that, in view of (2.2), for all z € R? and n > 0,
(3.17) P(Bn(z)) = P(Bn(0)),

and observe that B, (0) does not include the control of traps described in [20, Proposition 3.3],
which play in important role in propagating Control 3.2, and from which the arguments of this
paper have no further need.

The following theorem proves that the compliment of B,,(0) approaches zero as n tends to infinity,
see [20, Theorem 1.1].

Theorem 3.4. Assume (2.11). There exist Ly and co sufficiently large and ny > 0 sufficiently
small such that, for each n > 0,

P (Q\ B, (0)) < L.

Henceforth, the constants Lg, cg and 1y are fixed to satisfy the hypothesis of Theorems 3.1 and
3.4 appearing above.

(3.18) Fix constants Lg, cg and 1 satisfying the hypothesis of Theorems 3.1 and 3.4.

The events which, following an application of the Borel-Cantelli lemma, come to define the event
on which Theorem 1.1 is obtained are chosen to ensure that Controls 3.2 and 3.3 are satisfied for a
sufficiently small scale as compared with % Fix the smallest integer 77 > 0 satisfying the inequality

_ log(1 —2a — a?)
log(1+a)

where the definition of L, in (3.3) implies that L, 1L, _m < ng—1 for all n > 0 sufficiently large.
The idea will be to use Theorem 3.4 in order to obtain Controls 3.2 and 3.3 at scale L,,_m on
the entirety of the rescaled domain U/e whenever L,, < % < Lp41. Since, for all n > 0 sufficiently
large, it follows from the boundedness of U and (3.3) that, whenever L,, < % < Lpy1, the rescaled
9
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domain U/e is contained in what becomes the considerably larger set [— Li 12 an +2] , define, for
each n > m,
(3.20) A, = { w€Q|we Bpy(x) forall x€ L,Z N [-L2 ,, L2, ,]* and

forall n—m <m<n+2}.

The following proposition proves that, as n — oo, the probability of the events A, rapidly ap-
proaches one, since the exponent

M,
is negative owing to (3.2) and (3.7).
Proposition 3.5. Assume (2.11) and (3.18). For each n > m, for C > 0 independent of n,

P(Q\ 4,) < or2d0+e’ -3t

Proof. Fix n > m. Theorem 3.4 and (3.17) imply using (3.3) that, for C' > 0 independent of n,

n+2 L2 n+2 ,
PQ\A,) < > (LLH)dL%MO <c Y [ 2140 =2d(La)™ "~ Mo (14a)™ "

Therefore,
P(Q\ Ay,) < CL20+0)*~Mo(14a) ™™

which, since the definition of 7 implies that

)

MO

(40> (1 4a)( o~ (1 +a) >

a 2_
| yields P(Q\ A,) < CL2F9

| =

and completes the proof. O

4. AN UPPER BOUND FOR THE EXIT TIME OF THE PROCESS IN RANDOM ENVIRONMENT

The purpose of this section is to obtain an upper bound in probability for the exit time from the
rescaled domain U/e of the process associated to the generator

(4.1) 12 o +Zb 0
. 9 :az].%’waaxj l‘waw

1

The reason for obtaining such an estimate will be seen in Section 5, where the process in random
environment is coupled with high probability to a deterministic Brownian motion. Since this
coupling cannot be expected to hold globally in time, it is necessary to ensure with high probability
that the exit time from U/e occurs before the estimates deteriorate.

It will be shown that, as a consequence of the Holder estimate stated in Control 3.2, whenever
the environment and scale satisfy w € A,, and L, < % < Lp+1 then, as n — oo, the exit time from
the rescaled domain U/e occurs before time L2 1o With overwhelming probability. Define, for each
e > 0, the C([0, 00); RY) exit time

(4.2) T =inf{t>0| X, ¢U/e}=inf{t>0]|eX; ¢ U},

where the final equality is particularly prescient in view of (1.5) and the scaling associated to the
generator

[\3\*—‘

d
Z: Bx Ox;j ; bil 81:1

10



In terms of this rescaled generator, the following proposition proves that, for environments w € A,
and scales L, < % < Lp+1, as n — oo, paths €Xy /2 exit U with overwhelming probability prior to
time €2L2 Lo

Proposition 4.1. Assume (2.11) and (3.18). For all n sufficiently large, for every w € A, for
all € > 0 satisfying Ly < % < Lp+1, for C > 0 independent of n,

sup Pz (7 > L2.,) <CL,%.
zeU

Proof. Using the boundedness of the domain in (2.9), choose R > 1 satisfying U C Br and choose
n1 > 0 such that, for every n > ny,

(43) Ln—l—lU C Ln+lBR - [_L121+27 L?erZ]d’

Henceforth, fix n > nq, w € A, and L,, < % < Lpyq.
Define the smooth cutoff function satisfying 0 < xp, < 1 with

(2) = 1 if = € Bp,
XBR\E) =0 0 if 2 € RY\ Bpay,

and observe that, for a constant C' > 0 independent of € > 0, since L, < % < Ly,

L
“4) IXBr(€x)|ny2 <1+ 027” < CL%“*“Q‘

n

Then, consider solutions
{ v§ = 2 tr(A(z,w)D*v) + b(z,w) - Dv¢ on R? x (0,00),
V¢ = xBg(ex) on R x {0},

which admit the representation

v (2, t) = By w(XBgr(€Xt)) > Pro(eXy € Br) > Ppo(eXy € U).
Therefore,
(4.5) 1 —v9(z,t) < Ppo(eXy ¢ U) < Ppo(7° < 1),

The function v¢ will be compared via Control 3.2 with the solution
75 = T2 A7° on R? x (0,00),
{ ¢ = xBg(er) on RY x {0}.
The conditions w € A,, and (4.3) guarantee that for every = € U /e the conclusion of Control 3.2 is
satisfied and, therefore, using (3.2), (3.3) and (4.4), for C' > 0 independent of n,
(4.6)  suplv(x, L2,,) — (x, L2 y)] < OL,2,L20%%" < ¢L2at@ =00+ < gpfa=d,
zelU

To conclude, the size of v°(z, L2, ,), which measures the likelihood that a Brownian motion with
variance ay, 12 and beginning from x resides outside Br+1 at time L2 19, is estimated using Theorem

€

3.1 and the Green’s function. For each z € U /e, since % < Lp4+1 and R > 1, for C' > 0 independent
of n,

ly — x|

(2, L) < / (47Tan+2L$L+2)7% exp(— ) dy < C(eLyy2)~% < CL,da+a),

Byg (z) 4an+2L%+2
Therefore, in view of (4.6), for each x € U/e, for C > 0 independent of n,

(4.7) 1 —v(x, L2, 5) > 1 -0 (x, L2 ) — [v(x, L2, 5) — o (x, L2, ,)| > 1 — CL,%l+a) _cpia=s,
11



So, using (4.5), since (3.2) and (3.7) imply da < da(1l + a) < § — 3a, for C > 0 independent of n,
sup Pz (1 > L7 5) < CL, ™,
zeU  °

which completes the argument. O

5. THE GLOBAL COUPLING

The comparison implied by Control 3.2 on scale (L, L2) between the vector-valued solutions of
the parabolic equation
{ up = 3 tr(A(z,w)D*u) 4+ b(z,w) - Du on R? x (0, 00),

(5.1) u= 7 on R4 x {0},

and the approximate homogenized equation

Upt = S-Au,  on R? x (0, 00),

Up = 7~ on R x {0},
asserts that, after using the localization estimate implied by Control 3.3 and the choice of constants
(3.3), (3.4) and (3.5) to localize and bound the initial data with respect to the |-|,-norm,

1
Ly,
where W the Weiner measure on C([0, 00); R?) corresponding to Brownian motion with variance
oy, beginning from x.

Very formally, then, provided (what will be discrete) copies of the diffusion in random environ-
ment X; and Brownian motion B; are chosen carefully and are defined with respect to the same
measure on an auxiliary probability space (2, F,P), a Chebyshev inequality should yield

(5.2)

0, 1
(5:3) [u(0, L2) — un(0, L2)| = | Bow(7X13) — B (7 X))l = ChaLy’,

(Ll)%(lfﬁa — Bp2|? > 4P) < CL, R,
n
which implies

se R L
(54) B(X 13~ Bra| > 7) < CL ha( %)

The purpose of this section will be to formalize and iterate this intuition along a discrete sequence of
time steps, where the work comes in constructing the processes X; and By such that the integration
and absolute value in the version of (5.3) with respect to P is commuted, and thereby justifies truly
the application of the Chebyshev inequality.

Solutions of (5.1) with initial data f(x) admit a representation in terms of the Green’s function

pt,w(xvy) : [0700) X Rd X Rd — R7

which is the density of the diffusion beginning from x in environment w at time ¢. See [10, Chapter 1]
for a detailed discussion of the existence and regularity of these densities, and which follow from
assumptions (2.3), (2.4) and (2.5). The formula for the solution is then

) = EralFOX0) = [ ol £0) dy.

Similarly, solutions of (5.2) with initial data f(z) admit the analogous representation in terms of
the heat kernel

ly — x|

%uﬁzEwuamzjkm%wiwm— () dy.
Rd

To simplify the notation in what follows, for each n > 0, define

pn,w(xa y) =Pr2w (1’, y)7
12



and the analogous heat kernel
‘y — x‘Q)
4o L2 7

The following proposition constructs a Markov process (Xj, X ) on the space (R? x R9)N such that
the transition probabilities of first coordinate X} are determined by p, ., and, those of the second
coordinate X, by p,,. Furthermore, the difference | Xy — X},| satisfies a version of (5.4) with respect
to the underlying measure.

The construction follows closely the proof of [20, Proposition 3.1], and is included for the conve-
nience of the reader and due to the mildly different formulation adapted to the arguments in this
paper. The proof relies upon the Kantorovich-Rubinstein Theorem, see Dudley [7, Theorem 11.8.2],
applied to the metrics

_d
Ton(x?y) = (47TO(nLi) 2 exp(—

r—y
dn(xay) = ‘ I ‘/37
n

where 0 < 8 < % was fixed in (3.2). The theorem states that every pair of probability measures v
and 1/ on R¢ assigning finite mass to the metric d,,, in the sense that

(5.5) /]Rd dp(x,0) v(dx) < co and /Rd dn(z,0) V' (dx) < oo,

satisfy the equality
60 D) =sw{| [ Fav~ [ 7a11176) = 1) < o) on RO <]

= inf { / dn(z,2') p(dx,dz') | pis a probability measure on R? x R?
Rd xR

with first and second marginals v and v/} .

The function D, (-, -) is sometimes referred to as the Kantorovich-Rubinstein or Wasserstein metric.
The choice of constants in the following proposition will be applied to spacial scales satisfying
L, < % < Lp4+1. Therefore, in view of Proposition 4.1, the coupling remains effective up to and
past a point that the diffusion has exited the domain with overwhelming probability. Furthermore,
the time steps L2__ are chosen to be much smaller than the scale e% in time as determined by the
definition of 7 in (3.19).
Proposition 5.1. Assume (2.11) and (3.18). For every w € Q, for every x € RY, there exists a
measure Q. on the canonical sigma algebra of the space (RY x RYN such that, under Qn,z, the

coordinate processes Xy, and Xy, respectively have the law of a Markov chain on R?, starting from
x, with transition kernels pp—mw(-,-) and Pp_wm (-, ).

Furthermore, for everyn >m, w € A, and x € [—%L?LH, %L%H]d, for C > 0 independent of n,
— L Ly g, L
(5.7)  Qual(|Xk — Xi| > 7| for some0 < k < 2(2202)?) < O(Z2)F (08245 L0
’ Ln—m Ln—m nem

Proof. Fix n > m and w € Q. Let M;(R? x R%) denote the set of probability measures on R% x RY
with the topology of weak convergence. Exponential estimates imply, for each 2 € R?, the integrals
in (5.5) corresponding to the kernels v, = p,_m(z, ) and v, = P,_m(z, ) are finite, see [10,
Chapter 1,Theorem 12]. The Kantorovich-Rubinstein theorem, see (5.6), therefore implies that, for
each z € R%, the subset

(5.8) K, = { p € M (R x RY) | p has marginals p,_m . (,-) and p,_(z, ),

and Dn—m(pn—m,w(wa ')7pn—m(x7 )) = / dn(xla .’EQ) P(dxh de) }
R4 xRd

13



is non-empty and compact.
Furthermore, if {acz € Rd}zl is a sequence with limit 2o, € R¢ then any sequence {pi € Kz, }72,
is tight and has limit po, satisfying

(5.9) / dhy (1, 32) poo (dary, das) <
RI xR

1—00

lim inf/ dy—mm (21, 22) pi(dz1,dze) = Dp—m(Pn—mmw(Toos ) Prim(Toos *))s
R4 x R4

where the final inequality follows using (5.6), (5.8) and the triangle inequality satisfied by D,,_.
Since (5.9) implies that po € K., using [19, Lemma 12.1.8, Theorem 12.1.10], there exists a
measurable map from R to M;(R? x R%) satisfying

(5.10) x — pp € M1(R? x RY) with p, € K,.

The transition kernel of the Markov chain beginning at (z,y) € (R? x RY) is denoted p,, €
M (RY x RY) and is defined, for each g € L= (RY x R%), by the relation

(5.11) / 9(z1,22) Pay(dz1, dzs) = / g(x1, 29 — x +y) pr(dry, dxs).
R4 xR Rd x R4

For each € RY, the measure Qn.z is defined as the law of the Markov chain (X, Xj) with
transition kernel p.. and and initial distribution (z, ).

Notice that, if A C R is a Borel subset and k > 0, then, using (5.8), (5.9) and (5.11), for each
r € R% and (y,2) € R? x RY,

Qno(Xk+1 € A| (Xi, Xi) = (y,2)) = / py(dxy, drs) = / Pn—mw(y, 1) dr1,
AxRd A

and, similarly,

Qne(Xit1 € A| (Xi, Xi) = (y,2)) = / py(dzy, dzs)
Rix (A+y—=z)

= / P (Y, x2) dxo = / ﬁn_m(z,fﬂg) dxa,
Aty—=z A

where the final line uses the translation invariance and symmetry of the heat kernel. This completes
the proof of existence. It remains to show (5.7).

Fix n >m, w € A, and v € [-5L2,,, 112 ]9 Let 0 < k < 2(

Ly,
2 _

n—m

inequality and definition of d,_m imply that, writing E9== for the expectation with respect to
Qn,ra

E9 (dyyi( Xy, Xg)) < B9 (dpy i (Xp—1, X p—1)) + B9 (dpy s (Xpy X — X1 + Xp_1)),

) be arbitrary. The triangle

where, using (5.8), (5.10), (5.11) and the strong Markov property,
B9 (dp (X, X = Xi-1 + Xi-1)) = B9 (Do (o (X1, ), P (X-1,))).
Therefore,
(5.12) B9 (dpm( Xk, X3)) <
E@m (dn—m(Xg—1, Xk-1)) + B9 (Do (Pn—mw(Xk-1, ), Do (Xk-1,)))-

The Kantorovich-Rubinstein theorem and Control 3.2 are used to bound the inequality’s final

term. Let f : R? — R be a function satisfying |f(z) — f(y)| < du_m(x,%). Then, choose a smooth
14



cutoff function 0 < y,,—m < 1 satisfying

1 on Ef)n—m’
Xn-m(®) =13 o o) R\ B,5

and for which |xp—m|n-m < 3.
Fixy € [-L2,,, L% ,,]? and define f,(z) = f(z) — f(y). Then, recalling the notation from (3.11)
and (3.12),

(5.13) |Sn—m f )| = 1Sn—m fy (W) < |Sn—mn—mfy) W)+ 1Sn-m((1 = xn-m)fy) W)
Since, for C' > 0 independent of n,
|anmfy‘nfm S C’%nfﬁ’

Control 3.2, which is satisfied owing to the assumptions y € [—L% 195 L% +2]d and w € A,,, implies

(5.14) ’Sn(Xn—ﬁfy)(y” < CLT_LEW/%N—W'

The second term is bounded using Control 3.3 since w € A, and y € [-L2,,, L2 ,]%. First, by the
triangle inequality,

[Sn—m((1 = Xn—m) fy) W] < [Ra—m((1 = Xn—m) fy) )] + [Br—m (L = Xn—).fy) (W)

Following an integration by parts and bounding

PollXpe | >1) < Pu(Xfs  >1),
Control 3.3 yields the estimate, for C' > 0 independent of n,
- o0 r d
(5:15) Booml(L= Xm0 < =C [ (P L PulXs 27 dr <
Dy n—Tn T n—m

C/%gfm exp(—FRnp—m)-

Then, using the explicit representation of the Green’s function and the control of oy, present in
Theorem 3.1, for C, ¢ > 0 independent of n,

510 Bl —xemf)OI < [ Pl AE) 42 < Cexp(—ci_y).

m

Since, in view of (3.3), (3.4) and (3.5) there exists C' > 0 such that, for all n > m,
exp(—chy_pm) < Cffg_m exp(—fn—m) < CL, - Fon—m,
the combination (5.13), (5.14), (5.15) and (5.16) yields, for C > 0 independent of n,

(5.17) |Sn—mf (¥)] < Chn-mLy
Ify ¢ [~L2,,, L2, ,]% again defining f,(2) = f(z) — f(y),
(5-18) |Sn7mf(y)| = |Snfmfy(y)| < |Rn7mfy(y)’ + |§n—mfy(y)’

To bound the first term, recall that, almost surely with respect to P, paths X5 € C([0,00); R?)
satisfy the stochastic differential equation

dXs = b(Xs,w)dt + 0(Xs,w)dBs,

Xo =1y,

for A(z,w) = o(z,w)o(z,w)" and for B; some standard Brownian motion under P, with respect

to the canonical right-continuous filtration on C([0, 00);R%). Therefore, using the exponential
15



inequality for Martingales, see Revuz and Yor [18, Chapter 2, Proposition 1.8], (2.3) and (2.4), for
every R > 0, for C' > 0 independent of R, y and w,
2 R

P ( Li _ > R + CLn_m) S eXp(—m)
Choosing R = CRy,_m Ly_77, it follows that, for C, ¢ > 0 independent of n > m,

wa( 22 > C’%n—ﬁLi—m) < eXP(_C’%i—m)-

n—m

Then, form the decomposition
Ry fy )| < | Byu(fy(Xp2 ), Xj2 < Chn-mlp )l
+|E ,w(fy(XLi_m), T2 > Cﬁn,mLi_m)].

n—m
n—m

The second term 0f~this inequality is bounded using (5.15). The first term is bounded brutally,
using the fact that f(z) < d,—m(z,y), which yields, for C' > 0 independent of n,

Py(fy(Xp2 ), X5z < ChRpmld )| < CR) LD o

Therefore, for C' > 0 independent of n,
(5.19) |Romfy ()| < CRjL_mLi o

The second term of (5.18) is bounded using the explicit representation of the heat kernel and
Theorem 3.1. For C' > 0 independent of n, since fy,(2) < dn—m(2,y),

— ~ z J—
(5.20) Romdy @ <1 [ Buely 9 EZD) a2y <
R4 n—m
Therefore, in view of (5.18), (5.19) and (5.20), for C > 0 independent of n,
(5.21) 150f ()] < COU+ Rl ) < Oy Ly

Returning to (5.12), decompose the second term as

(5:22)  E®"*(Dnm(pn-mw(Xe-1,7): Ppom(Xa-1,))) =
EQ"’”(anm(pnfm,w(Xk;_h') D m(Xk 1y )) X1 € [Ln+2’Ln+2] )
+EQn’x(anm(pnfﬁw(Xk—la') Dn— m(Xk 1" )) Xi—1 ¢ [ n+2’Ln+2] )

Since f satisfying |f(z) — f(y)| < dp—m(z,y) appearing in (5.17) and (5.21) was arbitrary, the
Kantorovich-Rubinstein theorem in (5.6) with (5.17) imply that

(5.23) B9 (Dp sm(pn-mmw(Xk—1,)s Poom(Xk—1,))s Xp1 € [L2 40, L2 0]Y) < CRp-mL,°

Then, again the Kantorovich-Rubinstein theorem from (5.6) together with (5.21), using = €
[—3L% 5,402 ,]?and 0 < k < 2(LL’“L%)d7 the second term is bounded by

(5-24) EQn’x(Dn m(pn mw(Xk 1, ) Pp— (Xk 1" )) Xk 1 %[ n+2aLn+2] )

< C’%g—m[’g—mpx,w( ;LEL Ln+2)
To conclude, since x € [— 1L% 195 an +o]? and w € A, Control 3.3 implies that, for C > 0 indepen-
dent of n,

2

+2) < CeXp(_Ln+1)'
n+2

(5.25) P, (X5 >



Therefore, in view of (5.22), (5.23), (5.24) and (5.25), for C' > 0 and ¢ > 0 independent of n,

7ﬁn—m(Xk—17 )))
< FopmLy 4+ CRE LY exp(—Lpy1) < CRumL;’ .

n—m n—m

(5.26) EQna (Dp—m(Pn—miw(Xk—1,")

It follows from (5.12) and (5.22) that, for every 0 < k < 2(5:%;)2, for C' > 0 independent of n,
B9 (dn Xy, Xi)) < B9 (dng(Xpp-1, Xp-1)) + Cin—m Ly 2.

And, since the initial distribution of the Markov chain (X, Xo) = (z, z) with probability one under
Lni2 )2

Lnfm

Qn,z, iterating this inequality yields, for every 0 < k < 2(

B (dn( Xy, X)) < Ckfin—mLy,’ .

Chebyshev’s inequality and the definition of d,,—m then imply that, for every 0 < k < 2(%)2,

for every v > 0,
(L) Qu (| X5 — Xk| > 7) < Chitn_mL;?

n—m?
Ln—ﬁ

and, therefore,

_ L,
Qna(| X — X1| >~ | for some 0 < k < 2(#)2) <
Ln—m
C(

L
P+ + 2(L”+2 ) fn—mL?
Estimating the sum by the elementary inequality 1+ ...+ m < m?2,
— L Ly_w.5, L
Qno(| Xk — Xg| > 7 | for some 0 < k < Z(Ln+2 )} < o= m)ﬁ(ﬂf%n_m[/—f

n—m v Ln—ﬁ
]d

which, since n > m, w € A, andx € [—3L2,, L2 ,]? were arbitrary, completes the argument. [

The section concludes with a straightforward corollary of Proposition 5.1. Since the definition
of m in (3.19) implies

— 1+a)t 8a
1 m+2—1<(7—1<7:4
(1+a) =2 - (+ta? "2 "

it follows from the definition of L,, in (3.3) that, for C > 0 independent of n,

(Lni2yt < oploe
Ln—m

The following corollary then follows immediately by taking v = L,,_ in Proposition 5.1. Observe
that (3.2) and (3.7) imply the exponent

16a— 0 <0
is negative.

Corollary 5.2. Assume (2.11) and (3.18). For everyn >m, w € A, and x € [-1L2 ., 3L2 )¢,
for C' > 0 independent of n,

_ L
Qna(| Xk — X | = Ly | for some 0 < k < 2( L”“ )?) < Chp_mLM0=70.

n—m
17



6. ESTIMATES FOR THE EXIT TIME OF BROWNIAN MOTION

In this section estimates are obtained, in expectation and near the boundary of the domain, for
the exit time of a Brownian motion. The role of the exterior ball condition comes in the proof of
these estimates, which states that there exists (a now fixed) r9 > 0 such that, for every x € U,
there exists z* € R? satisfying

(6.1) B, (z*)NU = {x}.
Furthermore, define, for each § > 0, the inflated domain
(6.2) U5:{xeRd|d(m,U)<5},

and notice, as a consequence of (6.1), for every 0 < ¢ < o,
(6.3) Us satisfies the exterior ball condition with radius (rg — 9).

Essentially, it will be necessary to understand, in expectation, the exit time of Brownian motion
from the sets Us and U, as § — 0, at points within distance § from the boundary.

The first step is to consider the exit time of Brownian motion from the annular domains centered
at the origin and defined, for each pair of radii 0 < r; < 19 < 00, by

AT1,7’2 = By, \Erl'
For each pair (r1,72) let 7, », denote the C(]0,00); RY) exit time
Trie =if{t>0| Xy & A1y },
and recall that, in expectation and with respect to the Weiner measure W' defining Brownian
motion with variance «, beginning from x, the function

wp A
’U’?T”Ll,’l”g (1') = E z (Trl,rz) on A’r’l,'r’g

satisfies the equation

1,72

Uy =0 on 0A r,.

(6.4) { L+ S A, =0 on Ay,

See, for instance, [13, Exercise 9.12]. The following proposition obtains an upper bound for these
solutions most effective in a neighborhood of 0B,,. The estimate necessarily depends upon the
pair (r1,72), which in the application to follow will be fixed independently of n > 0, but does not
otherwise depend upon n > 0.

Proposition 6.1. Assume (2.11) and (3.18). For each pair of radii 0 < 11 < ry < 00, for each
n > 0, there ezists C' = C(r1,r2) > 0 such that

ul' . (z) < Cd(z,0By,) on A r,.

71,72

Proof. Fix 0 < 71 < r2 < oo and n > 0. The solution wu;’ ,., of (6.4) admits the explicit radial
description, since d > 3 owing to (3.1), writing r = |z|,

2
_ r
u(z) = u(r) = c1(r1,r2) + cz(rl,rg)r2 d_ on Ay ry,
2d oy,
h
e 1 T%’Fg_d — r%r%_d 1 T% — T‘%

ci(ri,re) = . and co(ri,r2) = . .
(r1,72) 2da, Tg—d — r%—d (r1,72) 2day, rg_d — T%_d

Therefore, after performing a Taylor expansion in r about ri, using the fact that u(r;) = 0, for
each z € A, ,,,

T 2 + 12

ufhm (x) = uj}m(r) =c(2 — d)r%fd(r —711) +c22—d)(1—d) / s_d(r —s)ds—( 2da,

).
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Because the integrand is bounded by 7 d(?”z —71), a brutal but sufficient estimate, and because the
final term is negative, the uniform control in n > 0 of a,, provided by Theorem 3.1 implies that
there exits C' = C(ry,r2) > 0 satisfying

ur () =wuyr . (r) < C(r—r1)=Cd(z,0B,,) on ZTMQ,

71,72 71,72

which completes the argument. O

Passing from the annular regions A,, ,, to the domain U and its inflations Us, for ¢ > 0 small,
is now straightforward. Define, for each 2 € R? and pair of radii (r1,72), the translate

Ah,m () =z + ATM“Q = By,(z) \Em (2),
and, for each ¢ > 0, the C(]0, 00); R?) exit times
(6.5) r=if{t>0|X;,¢U} and 7° =inf{t>0|X, ¢ Us}.

The following corollary controls the expectation of 7 and 7% in an approximately §-neighborhood
of the respective boundaries. Recall the radius rg in (6.1) quantifying the exterior ball condition.

Corollary 6.2. Assume (2.11) and (3.18). For every 0 < § < 72, for every n > 0, for C > 0
independent of n and ¢,

sup EY< (1) < C§ and sup  EVe (%) < C6.
d(2,0U)<6 d(x,0U5)<26
Proof. For each 0 < § < % it follows from (6.3) that Us satisfies the exterior ball condition with
radius ro — d. Fix ro > % such that, whenever € OUs and z* € R? satisfy

By,_s(x*)NUs = {x}, it follows that Us C By, (z").

The existence of 7o chosen uniformly for 0 < § < % is guaranteed by the boundedness of U assumed
in (2.9). Observe that, for each x € U, since the stopping time 75 > 7 almost-surely with respect
to W, the first statement is subsumed by the second, which will be shown henceforth.

Fix0<d < %0 and n > 0. In Proposition 6.1, choose 1 = ryg — ¢ and observe that the smallness
of § guarantees 3 < ry < 7o, and the choice of pair (r1,72) ensures, for every x € OUs and z* € R4
satisfying
(6.6) B.,_s(x*)NUs = {x}, the containment Us C A, ,,(z").

Fix x € Uy satisfying d(x,0Us) < 26 and, owing to the compactness of dUs, choose T € JUs
satisfying |z — Z| = d(x,0Us). Let T* satisfy (6.6) corresponding to T, and let uy;y, satisfy the
equation

(6.7) { 1 Tj;‘T"AU?ﬁz =0 on Ay (T,
Uriry =0 on 0A., ., (T").
Due to the translational invariance of the equation, Proposition 6.1 implies that, since r1 and r9

can be chosen to be bounded uniformly above and away from zero independently of 0 < § < % and
n > 0, for C' > 0 independent of n and 9,

(6.8) u* () < Cd(z,0A, 1 (T*)) < Ol — 7| = Cd(z,0Us) < C4.

1,72

In order to conclude, the expectation of the exit time EWz (7°) on Ujs is the solution of the
equation
1+ 2 AEY (%) =0 on Uy,
EWZ (10) =0 on 9Us,
see [13, Exercise 9.12], and (6.6) implies that the solution uy;%, > 0 of (6.7) satisfies

1 "taTnAu:}fm (15) =0 on Uy,
Urpry (T6) >0 on 9Us.
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Therefore, by comparison principle and (6.8), for C' > 0 independent of n and J,

8),
EWs (19) <u™® (x) < C6,
<

71,72

which, because x € Us satisfying d(x,0Us) < 20, 0 < § < % and n > 0 were arbitrary, completes
the proof. O

Corollary 6.2 is also sufficient to estimate, for each € > 0, the exit times of Brownian motion
from the rescaled domains U/e. Write, for each e > 0, the C([0, 00); R?) exit time

(6.9) T¢=inf{t>0| X, ¢U/e}=inf{t>0|eX, ¢U}.
The corresponding expectation EV= (7€) then satisfies

14+ 2 AEW (1) =0 on Ule,
EVa (7€) =0 on OUl/e,

see [13, Exercise 9.12], and can be obtained by a rescaling of EV= (1) from Corollary 6.2. Indeed,
EYe (1) = e 2EWe (1) on Ule.
Similarly, if for each ¢ > 0 and ¢ > 0,
790 =inf{¢t>0| X, ¢ Us/e } =inf{t > 0| eX; ¢ Us },
then, for 7° the exit time from Us defined in (6.5),
EWE (799) = e 2EWE (%) on Us/e.

The following statement is then an immediate consequence Corollary 6.2 and the previous two
equalities.

Corollary 6.3. Assume (2.11) and (3.18). For every e > 0,0 < 4§ < 5 andn > 0, for C >0
independent of €, § and n,

sup BV (79) < Ce 15 and sup  EWe(79°) < Ce L.
d(z,0U/€)<é d(x,0Us/€)<25
7. THE DISCRETE APPROXIMATION AND PROOF OF THEOREM 1.1

The purpose of this section is to complete the almost-sure characterization, as € — 0, of solutions

(7.1) { %etr(A(%,w)DQUG) +1p(£,w) - Du¢ =0 on U,
u¢ = f(x) on 0U,
which, for the C([0, 00); RY) stopping time
(7.2) T¢=inf{t>0]eX; ¢U } =inf{t>0| X, ¢ Ufe },
and probability measure and expectation P, and E;, on C([0, c0); RY) associated to the unscaled

generator

d 52 d P
Z a”(x""’)amaxj + Zbi(:v,w)%,
ij=1 ' j '

(7.3)

N =

admit the representation
u(x) = Ez ,(f(eX7<)) on U.

See (1.3), (1.4) and [13, Exercise 9.12].
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The strategy will be, for scales e satisfying L, < % < Lp41, to approximate the continuous
process X; by the discrete process constructed in Proposition 5.1 corresponding to time steps of
order L2 . The choice in (3.19) of the integer m satisfying

log(1 — 2a — a?)
log(1+a)

m>1

guarantees, in view of the definitions of L, in (3.3) and D,, in (3.5), that there exists ¢ > 0 such
that, for C' > 0 independent of n,

(7.4) Lypy1Dy m < CL2S.

Furthermore, in order to simplify some statements to follow, use the definition of L, in (3.3) and
R in (3.4) to fix ¢ > 0 sufficiently small so that, for all n > mm,

(7.5) Fonom L1090 < ¢ and Ly < L7¢.
Henceforth,
(7.6) fix ¢ >0 satisfying (7.4) and (7.5).

Introduce, for each € > 0 and n > mm, the discrete C([0, 00); Rd) stopping times
(7.7) ot = inf{ L2 2> 0| d(X2 ,(U)€)) < Dum } :
which quantify the first time in the discrete sequence {kL2_ ..} £>0
D,,_w neighborhood of the compliment of U /€. Tt is not true that 7™ < 7¢ for every path X,
however, for scales L, < % < Lp41, the failure of this inequality will be controlled in probability

by the exponential estimate appearing Control 3.3.
Furthermore, define, for each € > 0 and n > 7, the discrete C(]0, 00); R?) stopping times

that X, ;2  resides in the

n—m

(7.8) ot = inf{ KL2 > 0| d(X2 ., (U)€) > Dy } .

These stopping times indicate the first earliest point in the discrete sequence {kaZ that

X2 _ resides outside the Dy_m neighborhood of (U/e).

It follows from the definitions that 71" < 75" and, on the event 77" < 7€, it is necessarily the
case that 77" < 7¢ < 75". The estimates obtained in expectation for the exit time of Brownian
motion appearing in Corollary 6.3 will allow for an effective estimate of 75" near the boundary
of U/e for scales € and n satisfying L, < % < Lp41. These bounds, together with the coupling

constructed in Proposition 5.1, then yield an upper bound for the probability

~m }izo

Pypo(tc =" > L% ) for z € Ule.

This estimate, in conjunction with the exponential controls established by Control 3.3, effectively
provides a barrier for equation (7.1) near of boundary AU of a quality that, for general such
equations, is impossible to obtain. And, therefore, shows that the discretely stopped process XTle,n
is a good proxy for X, . The proof of Theorem 1.1 then follows from the coupling established in
Corollary 6.3 and the upper bound for the exit time appearing in Proposition 4.1.

Proposition 7.1. Assume (2.11) and (3.18). For all n > 0 sufficiently large, for every ¢ > 0
satisfying Ly < % < Lyy1, for ¢ > 0in (7.6) and C > 0 independent of n,

sup W (s > L2 ) < CLS,.
d(x,(U/€)*)<2Dp_m
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Proof. Fix n1 > 0 such that, for every n > nq, for ry the constant quantifying the exterior ball
condition in (6.1),

roLn

5
This condition guarantees that, whenever d(z, (U/€)¢) < 2D, _m, the conclusion of Proposition 6.3
is satisfied.

Henceforth, fix n > ni, € > 0 satisfying L, < 1 < L,41 and z € R? satisfying d(x, (U/e)°) <
2D,,_m. Recalling that 7 denotes the exit time from the d-neighborhood of (U/€), and choosing
8 = 2D,,_m, Proposition 6.3 implies that, for C' > 0 independent of n,

EWE (12Dn-m) < 0(2Dp_m)e ™t < CDn-mlns1.
Therefore, for ¢ > 0 defined in (7.6), for C > 0 independent of n,

W2 _€2Dy, _m 2—
EVS (7 ) < CLYS.
Then, by Chebyshev’s inequality, for C' > 0 independent of n,
A 1 _
(7.10) W (r2Pn-m > 5L?H) <CL.C,.

In order to conclude, using the translational invariance of the heat kernel and the Markov prop-
erty, and owing to exponential tail estimates for Brownian motion on scale D,,_z;, see [18, Chap-
ter 2, Proposition 1.8], using the choice of constants (3.3), (3.4) and (3.5), for C > 0 and ¢ > 0
independent of n,

(7.11) W (re2Dn—m L [2 < 75" S WR(XZ, > Dyom) < Cexp(—ci2 ).

L2 n—m
And, since the choice of constants (3.3), (3.4) and (3.5) guarantee the existence of C' > 0 indepen-
dent of n satisfying exp(—ci2__) < CL;El, 2
in combination (7.10) and (7.11) assert that

Wr(rs™ > L2 ) < CL,S,,

and since for n > 0 sufficiently large L2 < L

which, since z satisfying d(z(U/€)¢) < 2D, _m, € satisfying L, < 1 < L,y and n > ny were

€
arbitrary, completes the argument. O

The following proposition relies upon the random subsets A,, defined in (3.20). Recall, for each
n >0,

(712) A, = { wEQ|we By(x) forall z€ LyZN[—L2,, L2,,]? and
forall n—m<m<n+2.},

which implies that for every w € A,, x € [-L2 Y L? +2]d and scale between L, 7 to Lyio, the
Holder estimate from Control 3.2 and the localization estimate from Control 3.3 are satisfied. The
remaining arguments require no further use of Control 3.2, since the coupling obtained in Corollary
5.2 encodes already its purpose, but the localization estimate from Control 3.3 will be used, and
which is now recalled.

Control 7.2. Fiz z € R?, w € Q and n > 0. For each v > D, for all |y — z| < 30v/dL,,

. v
Pyu(Xp2 2 v) < eXp(—F)-
n

The following proposition establishes, on the event A,, the desired comparison between the
continuous exit time 7¢ and discrete stopping time 7;"" with respect to P, for large n and and on

scales € satisfying L,, < % < Lpy1.
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Proposition 7.3. Assume (2.11) and (3.18). For each n > m sufficiently large, for every e > 0
satisfying Ly, < % < Lp+1 and for every w € Ay, for C > 0 independent of n,

sup Py (r6— 71" > L2 ) < CL;El.
zeU /e
Proof. Fix n; > 0 as in Proposition 7.1 such that, for each n > n,

- L
2Dn—ﬁ < foon .
2
This condition guarantees that Proposition 7.1 is satisfied for every n > ny. Furthermore, fix no > 0

such that, whenever n > no,

— 1 1
LnU C =510, 5 Lal’,
which guarantees, whenever n > ny and L,, < % < Ly42, the containment U/e C [—3L2,,, £L2 )%
and therefore, for every x € U /e, the conclusion of Corollary 5.2. o
Henceforth, fix n > max(ny,ne,m), € > 0 satisfying L,, < % < Lpt1,w € Ay, and © € Ule.
Recall the measure Q,, , defining the Markov chain (X, X}) on (R? x RN and which effectively

acts in its respective coordinates as a discrete version of the process in random environment or

Brownian motion with variance «,_m along the sequence {l{:L?Fﬁ} >0 in time. Let C,, denotes

the event

_ L

Cp = (1Xp — Xp| > L_m | for some 0 < k < 2(=2F2)2 ),
Ln—ﬁ
and recall, owing to Corollary 5.2, for C' > 0 independent of n,
(7.13) Qun(Cn) < ChipmL 20
Let 7€ denotes the discrete C([0, 00); RY) stopping time

(7.14) 7= inf{ RL2 > 0| Xy ¢ U/e } .

It follows by definition that 7¢ < 7¢. Furthermore, the definition of @), , and the Markov property
imply that

~€ €,n e €,1n Ln—
(715) Pow(F =" 2 1} 1) = Quall* = T7" 2 (7))
~ L,_ ~ en L,_
= Qua(T = T7" 2 (7)%.Co) + Qua(T° = Ty 2 (£7)%. ),

where, in the final two terms of the equality, the stopping times are defined by
T = mf{ k>0 (Xy X satisfies d(Xy, (U/€)°) < Dy } ,
which is merely the analogue of 77" defined for the first coordinate of (Xj, X), and
T¢ = inf{ k> 0| (Xg, X)) satisfies Xy ¢ U } ,

which is the analogue of 7¢ defined for the first coordinate of (X, Xy).
In view of (7.13), the first term of (7.15) is bounded, for C' > 0 independent of n, by

Ln—l

(7-16) Qn,m(Te - Tf’n > (Ln—m

)2> Cn) < Qn,z(cn) < C/%n,mL}f_a%(g
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The second event is decomposed one step further as

Ln—l - L Ln+2

) e en> 2 ey . € _ e c &N
(T17) Quall* —~T{" 2 (720, C5) = Qual T~ T{" > (727 CLIT" > (F2))
€,n L C €, Ln+2
> (—— < .
FQua(T* — T 2 (P02 O T < (F2)?)

Proposition 4.1, and in particular line (4.7) which applies equally to the discrete sequence, since
L2 - divides L2, according to the choice (3.3), implies that the first term of (7.17) can be
estimated, for C' > 0 independent of n, by

Ln—l Ln+2

(T18)  Qua(T*=T{" > (7—)% CL T > (

€,n Ly _da
)2) < Qn,x(Tl’ > <L +2 )2) < CLnd .

Ln—m n—m
It remains to bound

Ln—l )Q,CZ,TfJZ S (I[//n-‘rZ

Ln—m n—m

Qno(T =T > ( )?).

Define the discrete stopping time
" = inf{ k>0] (Xy, Xi) satisfies d(Xy, (U/e)) > Dn—m} :

which is the analogue of 75" defined for the second coordinate of the process (Xj, X ) on (RYxR4)N.
On the event Cf, for every 0 < k < 2(5”%)2, whenever

d( Xk, (U/€)) < Dp_m, it follows that d(Xy, (U/€)) < Dp—im + Ly—m < 2Dp_m
and whenever
d(Xy,(U/€)) > Dp_m, it follows that d(Xp, (U/€)) > Dyp_m — Lyp—m > 0.

Therefore, on the event (CS, )" < ( =1)2), since it follows from the definitions that

n

A(Xgen, (U/)%) < Dy and d(Xpgn, (U/€)) = Dy,

13\

the Markov property, the definition of @), , and Proposition 7.1 imply, for C' > 0 independent of n,

(7.19)
€,n L c €,n Ln 2 RET Lnfl
Qual T~ T{" 2 (LR CLT < (F52) < s QualTy" 2 (1))
n—m n—m d(xf(U/E)c)<2Dn m n—m
= sup Wi (g™ > L2 ) < CL;£1'

d(z,(U/€)*)<2Dn 7
Therefore, owing to the choice of ¢ > 0 in (7.6) and since 7¢ < 7€ from (7.14), the string of
inequalities (7.15), (7.16), (7.17), (7.18) and (7.19) imply, for C' > 0 independent of n,
Pro(tt =" > L)) < PW(%€ "> L2 ) < CLS,,

which, since z € U/e, n sufficiently large, L, < 1 < L,.1 and w € A,, were arbitrary, completes
the argument. O

The subsets A,, now come to define the event on which the conclusion of Theorem 1.1 is obtained.
Recall Proposition 3.5, which states that, for each n > m, for C' > 0 independent of n,

PO\ A, )<CL2d(1+a) —7M0’
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and notice that the definition of L, in (3.3) and the negative exponent 2d(1 + a)? — My < 0
guarantee the sum

oo o 1
SEQ\4,) <0y LT o

n=m n=m
Therefore, using the Borel-Cantelli lemma, let 2y C 2 denote the subset of full probability
(7.20) Qo = { w € Q| There exists 7 = i(w) such that w € A, for alln > 7. }.

Observe here that the set )y is independent of U and the boundary data.
Before shortly proceeding with the proof, it is convenient to recall some notation. For each n > 0,

let u,, denote the solution
(7.21) { FAuy, =0 on U,

up, = f(z) on U,
and let w denote the solution
Au=0 on U,

(7.22) { u= f(x) on OU.

The following proposition follows immediately by uniqueness and Theorem 3.1, and states simply
that the exit distribution from U of a Brownian motion is independent of its (non-vanishing)
variance, which corresponds to a time-change.

Proposition 7.4. Assume (2.11) and (3.18). For each n > 0,
Up = U ON U.
Similarly, for each € > 0 and w € 2, let u denote the solution

1 T 2,€ 1prz . € _
(723) 2Etr(A(e’w)D u )+ €b<€7w) Du 0 on U'7
ut = f(x) on OU.

The following theorem proves that, on the event 2y, as € — 0 the solutions u® converge uniformly
to @ on U whenever the boundary data is the restriction of a smooth function defined on the whole
space. Namely,

(7.24) assume f € C°(RY).

This restriction will be removed by a standard approximation argument in the section’s final the-
orem.

Theorem 7.5. Assume (2.11), (3.18) and (7.24). For every w € Qq, the solutions of (7.22) and
(7.23) satisfy
lg%”“ — Ul oo @y = 0

Proof. Fix w € Qg and ny > m such that w € A, for every n > n; and such that, whenever n > n;,

Ly 1.5 4
Ln-‘rlU C [_iLn+27 §Ln+2]
and the conditions of Propositions 7.1 and 7.3 are satisfied. Furthermore, choose ¢y > 0 such that,
whenever 0 < € < €, it follows that L, < % < Ly implies n > ny.
The proof will rely upon the previously encountered continuous and discrete C([0, c0); Rd) stop-
ping times, defined for each € > 0 and n > 0,

F=inf{t>0]eX, ¢ U} and 75" = inf{ L2 >0 d(Xy2 (U/€)) < Dpom } ,
and will use the representation

u(z) = E%,w(f(eX‘re)) on U?
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where Ez denotes the expectation corresponding to the Pz . describing diffusion associated to

the unscaled generator (7.3). B
The Discrete Approximation: Fix 0 < € < €y, the n > 0 satisfying L, < % < Lpyiand z e U.

First, decompose the representation in terms of the discrete approximation by

(7.25) u(z) = Bz (f(eXre)) = Bz o (f(€X7e) = f(eXoen)) + Ex o, (f(€Xpem)).

It will be shown that the first term of (7.25) is negligible.
Decompose the expectation of the difference like

(7.26) Bz o(J(eXpe) = f(Xygm)) = Bz y((eXre) = J(eX ), 7+ T2 > 1)
+ Bz o (f(eXre) = f(eXpem)), 7+ L2 o < 71).

The event 7€+ L2 - implies by definition that the process beginning from X e travels further than

D,,_# in time L2 —. Therefore, the Markov property, w € A,, the choice of n; and the exponential
estimated prov1ded by Control 7.2 imply that

(7127) |Be o (F(eXre) = f(eXyom), 7 + L2 < 75| <

n—m

2| fll oo (mey €xp(— ) < N fll Lo (mey €xp(—Fin—m)-

n—m

The first term (7.26) is further decomposed in the form
(7.98) B (F(eXoe) = F(eXyim), 75+ L2y > 707) =
Bz o(f(eXre) = f(eXoon), —Lp 7 < 7° = 7" < Ljy_y)
+ Eg,w(f(eXre) — f(eXpeon), 7€ =" 2 L7 _y).

In view of Proposition 7.3 and the choice of 0 < e < ¢, the second term (7.28) is bounded, for
C > 0 independent of n, by

(7.29) |Ez ,(f(eXre) = f(€Xpen), 70— 74" > L2 )| <
2[| fll oo (mey P oo (76 = 77" > L2 1) <Ol fll oo rayLny
The first term of (7.28) is separated into the events
(7.30) B y(f(eXoe) = f(eXyim), L3y < 7 — 7% < I2_,) =
Bz (f(€Xre) = f(€X,em),0 < 7¢ =i < Li_y)
+ Bz (f(eXre) = f(eXpen),0 < 77" = 7¢ < L),
The Markov property and f € C2°(R?) imply
Bz (f(eX7e) — f(eXpem),0 < 7° =77 n< L2 )| <
HDf||L°°(Rd)eanlEf,w(PXTle,nM (X72 < Dp-1))
+ 20 fllpe @iy Ee o (PX cn  (XT2 > Dy, 1)),

which, since w € A, and —— < e < £, it follows from Control 7.2 that, for C' > 0 independent
of n,

(7.31) |Ez o(f(eXre) = f(€Xrem), 0 <7 — 7" < L2 )<

D,

CNDS ey =

=+ C| fll oo ety XP(—Fn—1)-
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And, the identical argument at scale L,_s implies that the second term of (7.30) satisfies, for
C > 0 independent of n,

(7.32) Bz o(f(eXrd) = f(eXpm),0 < 7" =7 < L7 )| <

D, _

Cl|Dfll o (R9) o C”f”Loo(Rd) exp(—fin—mm)-

Therefore, inequalities (7.31) and (7.32) bound (7.30) and shOW, for C' > 0 independent of n,

B wl(J(€Xr) = f(eXygn), —L3 gy < 7° = rin < L3_))| <

CID S| ooty =7 + Cllf |l o0 (may exD(~n—m).

Then, combining this inequality with (7.29) to bound (7.28), for C > 0 independent of n, since
there exists C' > 0 such that exp(—rp—m) < C’L , for every n > m,

Dy
(7.33) |Bz o(f(eXre) = f(eXpem), 7+ Ly > 10") < O\ fll oo (rey Ly, Sy + ClD | o (R4) £
n
And, using this inequality with (7.27), the expectation of the difference (7.26) can be estimated in
the form, for C' > 0 independent of n, again using the fact that there exists C' > 0 independent of
n such that exp(—kn—m) < C’L;El for all n > m,

Dy
(7.34) Bz o (f(eXre) = f(eXpem))| < ClIf | oo ay Ly + ClID || oo (ra) -
n
Therefore, in view of the decomposition (7.25) and the estimate (7.34), for C' > 0 independent
of n,

(7.35) 0(@) = B2l HeXo)] < Ol iy s + DS oty
This estimate proves the efficacy of the discrete approximation defined by the stopping time 77", It
will now be shown that the discretely stopped process is a good approximation of Brownian motion
via the coupling estimate obtained in Corollay 5.2.

The Coupling: Recall the measure @, = defining the Markov chain (Xj, X}) on (R x RHN, and
which effectively acts in the respective coordinates as discrete versions of the process in random
environment and Brownian motion with variance «,_ along the sequence {kL in time.
Let C), denotes the event

n— m}k>0

_ L,
(7.36) Cn = (|Xy = Xg| 2 Ly | for some 0 < k < 2(7 292,

n—m
which, owing to Corollary 5.2 and w € A,, with n > ny, satisfies, for C' > 0 independent of n,
(7.37) Qn,2(Crn) < ClinmL) 20,
Furthermore, define as before the discrete stopping time

IO = inf{ k>0 (Xp, Xp) satisfies d( Xy, (U/€)°) < Dpm } ,

which is the analogue of 7" in the first coordinate.
The definition of @, = and the Markov property imply that, writing E9"% for the expectation
with respect to @), =,

(7.38) Bz ,(f(eX en) = B9 % (f(eXpen)) = B9 (f(eXqem) — F(eXpen))) + BV E (f(€Xpem)).
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As before, it will be shown that the expectation of the difference is negligible. Decompose it in
terms of the event C,, to obtain

(7.39) B9 (f(eXpemn) — f(eXqem))) = B2 (f(eXgem) — f(eXgen)), Cn)

+ E9E (f(eXqem) — (X qen)), C5).
The first term of (7.39) is bounded using (7.37) which implies, for C' > 0 independent of n,
(7.40) B9 (F(eXgem) — F(Xem)), Cu)l < 201l ooy @ = (Ca) < Ol ey o L15

The second term of (7.39) is further decomposed in the form

x ~ C z ~ C €,1 Ln
(7.41) B9 % (f(eXqgm) = f(Xapn)), C5) = B9 E (f(eXpgn) = F(eXgpn)), O Ty < (72)7)

x ~ c €,1n Ln 2
+ EQW? (f(EXTf’n) - f(EXTf’n))a Cn7T1 > (i)Q)v

Ln—m
observing here that Tf" = k corresponds to the process at time kL2 __. The first term of (7.41)
is bounded using the definition of the set CS, 7" < (5’1%3)2 and € < L%L’ which imply, for C > 0

independent of n,

z ~ c €,1 Ln 2
(742) |EQn7? (f(eXTf’n) - f(eXTf’n))7 Cn7T1 < (L j7)2)| <

Ln—m
Ly,
The second term of (7.41) is bounded using the control for the exit time obtained in Proposition

4.1, and in particular line (4.7) which applies equally to the discrete sequence since L2 _ divides
L2 ,,, to yield, for C > 0 independent of n and ¢ > 0 defined in (7.6),

Cl|Dfl oo (rayeLn—rm < C||Df| poo(mray

xz ~ C €, Ln
(7.43) [E9E(f(eXppn) = F(eX ), Ci T 2 (72))] <

n—m

€,m Ly, —da _
2[[fll Lo (rey @z (T 2 (L ji)Q) < C||f||L°°(Rd)Lnd < CHfHLoo(Rd)LnEr

Therefore, inequalities (7.42) and (7.43) bound (7.41), for C' > 0 independent of n, by
z ~ c — LTL*W
(B9 (F(eXgen) = F(eXgzn)), )| < Ol e oy LSy + CIDS e ey 2,

n

and together with the choice of ( > 0 in (7.6) and (7.40), the expectation of the difference in (7.39)
can be estimated in the form, for C' > 0 independent of n,

z e — Lnfﬁ
B9 (f(eXggm) = F(Xpem)] < Ol Ly + CIDS |ty ~2.
And therefore, using (7.38), for C' > 0 independent of n,
z Y — Ln—m
(T44) B o(f(eXopm) = BF (f(Xpeo))] < Ol et Ly + CID A poe ey 2

It remains to recover the exit distribution of Brownian motion from the second term in the difference.

Recovering the FExit Distribution of Brownian Motion: The arguments here are essentially the
unwinding, in terms of Brownian motion, of what led from (7.25) to (7.35). Define the discrete
stopping time

5" = inf{ k>0| (X, Xy) satisfies d(X, (U/€)) > Dp_m } ,
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which is the analogue of 75" defined in (7.8) for the second coordinate. After performing de-
compositions analogous to (7.39) and (7.41), it follows by an identical argument that, for C' > 0
independent of n,

n—m

x ~ x ~ C €,n L’IL 2 —
(7.45) B (f(Xpn)) = EOE (F(Xgpn) O TE" < (F2))] < O f ooy L'

Notice that, since T}" < (LL:JF;)Q, on the event C¢

(7.46) d(Xpen, (U/€)?) < Dy implies d(Xgen, (U/€)°) < Ly + Dp-m < 2Dy

Ihe second term of the difference in (7.45) is then decomposed with respect to the stopping time
T5" as in (7.25), and takes the form

(7.47)
z vl c eEn Lo n, vl 3 ¢ eEn Lo
B (F(Xgpn), O, T < (722)%) = B9 (F(Xppn) = f(Xpgn), O T < (727
z ~ c €,n Ln+2
+ B9 (f(eXpem), C, T < (Ln_m)2>'

As before, the expectation of the difference is shown to be negligible.
Since, on the event (C¢, (£242)2) it is necessarily the case that 77" < T5", the first term of
(7.47) is written

e - - Lt
(7.48)  EOm% (f(eXqem) — F(eXgem), O, T < (F52)?) =

Ln—ﬁ
o _ Losa g Lo
EQnY?(f(EXTf’n> - f(eXT;"%CﬁmTf’n < (Ln+i)27T;n - Tlem > (LTL i)Q)
n—m n—m

. . — € L 2 7€ € L -1
4 EQn,g(f(EXTf,n) — f(GXT;"),Cﬁ»Tf” < (Ln+7)2,T§n Ty < (Ln =)?).
n—m n—m

In view of (7.46), the Markov property, the definition of (), = and Proposition 7.1, the first term
of (7.48) is bounded, for C' > 0 independent of n, by

x ~ ~ € L 2 7€ € L —1
(7.49) |Esz(f(eXTf,n) — [(Xggm), Ch T < (L”t)?,TQ” — TP > (L” =)%)| <
n—m n—m
2HJCHLOO(W) sup Wg_m(Tze’n > Li—l) < CHfHLoo(Rd)Lgfl-
d(z,(U/€)®)<2Dyp_m

Exponential estimates for Brownian motion will be used on scale anl to bound the second term
of (7.48), see [18, Chapter 2, Proposition 1.8], after performing the further decomposition

w — — L ¢ L
(7.50)  E9m & (f(eXgpn) = f(eXpgn), O TP < (722 T5" = 11" < (772)%) =

n—m Ln—m

x ~ Y L 2
B9 (f(Xgen) = f(Xqgn), O, T < T
n—m

_ L1
Tﬁ,n . Te,n < n
2 1 — (L

—)%, [Xpen — Xggn| > Dno1)

n—m

x ~ Y L 2
B (F(Xpn) — F(Xoggn), O TE" < (2222,
n—m

_ L1
Tfyn _Te,n < n
T < (5

—)?, [Xqen = Xggn| < Dyoa).

n—m
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In analogy with (7.31), the first term is bounded using the Markov property and exponential
estimates for Brownian motion and the control of «, provided by Theorem 3.1, and the second
term using the continuity of f and e < %, to yield for C, ¢ > 0 independent of n,

Ly
Ity o
n—m

x ~N ~N € L 2 €
(7.51) B9 & (f(Xapn) = f(Xpgn), O TY" < (7202, T5" = 11" < (
n—m

D,,_
C||DfHL°o(Rd

=+ O fl oo ety exp(—chyy s )-

Therefore, combining (7.48), (7.49) and (7.51), and using the fact that there exists C' > 0 inde-

pendent of n > 1 such that exp(—ck2_;) < C’Ln 1, equation (7.47) yields the estimate, for C' > 0
independent of n,

z Vv C 6TL Ln x ~ C en Ln
(7.52) B9 (F(Xqpn), 5 i < (722)%) = B9 (f(eXpyn), O T < (72)%)] <

n—m Ln—ﬁ
D
ClIDfll oo (ray—— -+ CHfHLOO(]Rd)Ln 1

And, after repeating exactly the argument leading to (7.45), for C' > 0 mdependent of n,

Qn,z ~ Qn,z ¥ , L +2
(753) B9 (f(Xggn)) — B%E (F(Xpgn), O, TE" < (22 )2)] < Cllfll ey L

n—m
Then, combining (7.52) and (7.53) with (7.45) yields, for C' > 0 independent of n,
D

(7.54)  |BYE(f(Xppn)) = B9 (f(eXgym))| < CUDS| ooty =7 + Cll ooy L

Since it follows from Markov property and the definition of @, = that

n—m
z

B9 (f(Xqgm) = B¢ (f(eXogn)),

equations (7.44) and (7.54) produce the estimate, for C' > 0 independent of n,
W f)
(7.55) Bz o(f(eXpen) = B¢ (f(eXron))| < ClID S| poo(ra)

Ly Cll £l oo (mety L_C

Conclusion: It remains only to estimate the difference

n—m n—m
z

BYE (f(eXpgm) — B

n—m

(FeXp )| = [B"E " (f(eXem) — feXo).

Since it follows by definition that 7¢ < 75", form the decomposition

n—m
z

(756) B (f(eXpn) = f(eXr)) = BV (f(eXpon) — fleXpe),ms"™ —7¢ < L2_))
+ BT (f(eX ) — F(eXp), 5" 7 > L2 y),

Exponential estimates for Brownian motion on scale D,,_1, see [18, Chapter 2, Proposition 1.8], and
€< ﬁ imply that, for C, ¢ > 0 independent of n, and in exact analogy with the bound obtained in
(7.51), the first term of (7.56) is bounded by

n—m
z

(757) BV (f(eXen) — f(eXpe)),ms™ — 7 < L2 )| <

D,,_
CHDfHLOO(Rd

+C||f||Loo(Rd exp(—chip_1).
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The second term of (7.56) is handled similarly to (7.30) but in the reverse order. Here,

n—m
z

w €,n €
(7.58) [E"¢  (f(eXpen) = f(eXre), 1" =7 > L7 )| <

2Hf||L°°(Rd)W§_m(TQE’n -n"> L - L

n—m:»

< T+ L2
+ 2| £l Loo (ra)y ?m(fe +L <)

Since, for all n > m, there exists cg > 0 satisfying
L2, — L2 > clL?

n—1 n—1»

the proof of Proposition 7.1 implies that, for a larger C' > 0 independent of n,
(7.59) sup WP (5™ > ¢oL2_,) < CL,C,.

d(z,(U/€)¢)<2Dp
Therefore, the Markov property, exponential estimates for Brownian motion on scale D,_s, see
[18, Chapter 2, Proposition 1.8], (7.57), (7.58) and (7.59) combine to bound (7.56), using the fact
that there exists C' > 0 such that exp(—x2_;) < exp(—k2__) < C’L;El for each n > m, for C > 0
independent of n, by

wn-m — bn—l
(7.60) [E7 e (f(eXpen) — feXre))| < CHfHLOQ(Rd)LnEl + CHDfHLOO(Rd)T'
Finally, in view of (7.35), (7.55), (7.60) and the triangle inequality, by the definition of u¢, u, s,
w and Proposition 7.4, for C' > 0 independent of n,

(T61) 1Bz u(F(eXee) = B"E(F(eXr)] = (@) = tom(@)] = fu (@) - u(x)]| <
D, _
CIDS Ny = — + Cll ey Ly

This, since € — 0 implies n — oo and the choice of constants (3.3), (3.4) and (3.5) imply that

. Dp— -
nlingo(c||Df||Lw(Rd) I -+ CHfHL“’(Rd)LnEl) =0,

n

and because z € U, w € Qg and 0 < € < ¢y were arbitrary, completes the proof. ]
The final theorem of this section extends Theorem 7.5 to boundary data

(7.62) fe ().

The proof follows by a standard approximation argument.

Theorem 7.6. Assume (2.11), (3.18) and (7.62). For every w € Qq, the solutions of (7.22) and
(7.23) satisfy
lim||u® =l oo ) = 0.
Proof. The Tietze Extension Theorem, see for instance Armstrong [1, Page 40, Theorem 2.15],
asserts that there exists a compactly supported extension
f € BUC(RY) satistying floy = f.
Then, for each § > 0, by convolution construct an f‘s € C(RY) satisfying
17° = Fll oo ray <6,

and let u® denote the solution

{ %tr(A(f,w)D2u576) +2b(£,w) - Du® =0 on U,

ud = fO(x) on 9OU.
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Similarly, let @ denote the solution

w = fo(z) on OU.

The comparison principle and the triangle inequality imply that, for each w € €, § > 0 and
e >0,

{ AT’ =0 on U,

— 5§ -6 5

[Juf = UHLoo(U) < uf o)+ [u®® =7 HLOO(U) + [lu” — “HLoo(U) <
26 + [[u’ = T°|| oo (17

And, therefore, since f& satisfies the assumptions of Theorem 7.5, for every § > 0 and w € Q,

lim sup||u® — u||Loo @) < 20,
e—0

which, since § > 0 is arbitrary, completes the argument. ]
8. THE QUANTITATIVE ESTIMATE

In the paper’s final section, a rate for the convergence appearing in Theorem 7.6 is first established
for boundary data which is the restriction of a bounded, continuous function on R?. That is,

(8.1) assume f € BUC(RY),
and write o : [0,00) — [0, 00) for the modulus of continuity
(8.2) (@) = f(y)] < op(lz —yl) forall z,yeR™

Notice that, in the case U = B,, which allows for an explicit radial extension, or whenever
the domain U is smooth, see the Product Neighborhood Theorem in Milnor [12, Page 46|, every
continuous function f € C(9U), which is necessarily uniformly continuous by compactness, admits
a continuous extension f € BUC(R?) satisfying, for a constant C' = C(U) depending only upon the
domain,

o(s) < oy(Cs) forall s € [0,00).

And therefore, for sufficiently smooth domains, assumption (8.1) is always satisfied up to a domain
dependent factor.

Theorem 8.1. Assume (2.11), (3.18) and (8.1). There exists C > 0 such that, for every w € Qy,
for all € > 0 sufficiently small depending on w, for ¢ > 0 defined in (7.6), the solutions of (7.22)
and (7.23) satisfy

[t =0l oo @y < ClIf Nl Lo (may€ 2“*“)2 + Coy(e 2ra) ).

Proof. Fix w € y. The only observation is that, in every step of the proof of Theorem 7.5 involving
the continuity of f, the Lipschitz estimates can be replaced by estimates using the modulus oy.
And, therefore, since w € g and in view of the final estimate (7.61), whenever ¢ > 0 is sufficiently
small and n > 0 satisfies L, < % < Lp41, for C > 0 independent of n and w,

e D,,_
lu =l oo 7y < Cop(=7=5) + Cllf ey L

Then, it follows from the definition of the constants (3.3), (3.4) and (3.5) that, for all n > 0
sufficiently large and whenever L, < l < Ly,

Dy :
(1+a> 21t C 2(1+a> a2
i <Ln+1 <e? (o) and L, <LnJrl < g2 1+>
n
which, since w € )y was arbitrary, completes the argument. O
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The paper’s final theorem extends Theorem 8.1 to general continuous boundary data provided
the domain U is smooth. In this case,

(8.3) assume f € C(OU) and that the domain U is smooth.

The proof is an immediate consequence of Theorem 8.1 and the remark immediately preceding.

Theorem 8.2. Assume (2.11), (3.18) and (8.3). There exists C > 0 and C1 = C1(U) > 0 such
that, for every w € Qq, for all € > 0 sufficiently small depending on w, for ¢ > 0 defined in (7.6),
the solutions of (7.22) and (7.23) satisfy

_ ¢ __a _
[ =0l oo @y < Cllf 0oy €20+° + Cop(Cre2t+a?).
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