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We consider the random conductance model in a stationary and ergodic
environment. Under suitable moment conditions on the conductances and
their inverse, we prove a quenched invariance principle for the random walk
among the random conductances. The moment conditions improve earlier re-
sults of Andres, Deuschel and Slowik (Ann. Probab. 43 (2015) 1866—-1891)
and are the minimal requirement to ensure that the corrector is sublinear ev-
erywhere. The key ingredient is an essentially optimal deterministic local
boundedness result for finite difference equations in divergence form.

1. Introduction.

1.1. Setting of the problem and the main result. In this paper, we study the near-
est neighbor random conductance model on the d-dimensional Euclidean lattice (Z¢, B<),
for d > 3. Here, B9 is given by the set of nonoriented nearest neighbor bonds, that is,
BY = {{x, y} | x,y € Z%, |x — y| =1}

We set Q2 := (0, oo)Bd and call w(e) the conductance of the bond e € B? for every w =
{we)|eeB eQ. To lighten the notation, for any x, y € 74, we set

w(x,y) =w(,x) =o(x,y}) Vix, y}eB?
o(fx,y}) =0 Vix,y}¢B"

In what follows, we consider random conductances that are distributed according to a proba-
bility measure P on 2 equipped with the o -algebra F := B((0, oo))®Bd and we write [E for
the expectation with respect to PP.

We introduce the family of space shifts {tx : Q2 — Q| x € 7%} defined by

T, w(-) ' =w(-+x) where foranye={e,e} e B¢, e +x:={e+x,e+x}.

For any fixed realization w, we study the reversible continuous time Markov chain, X = {X; :
t >0}, on Z¢ with generator £ acting on bounded functions f : Z¢ — R as

(1) (L)) =Y o (fO) — f).

yeZd

We emphasize at this point that £? is in fact a finite-difference operator in divergence form;
see (14) below. Following [3], we denote by P¢ the law of the process starting at the vertex
x € Z¢ and by E¢ the corresponding expectation. X is called the variable speed random walk
(VSRW) since it waits at x € Z¢ an exponential time with mean 1/u®(x), where u®(x) =
2_yezd @(x, y) and chooses its next position y with probability p®(x, y) := w(x, y)/un®(x).
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ASSUMPTION 1. Assume that P satisfies the following conditions:

(i) (Stationarity) IP is stationary with respect to shifts, that is, Po 7~ =P forall x € Z4.

(i1) (Ergodicity) P is ergodic, that is, P[A] € {0, 1} for any A € F such that t,(A) = A for
all x e Z¢

(iii)) (Moment condition) There exists p, g € (1, oo] satisfying

@) 1 . 1 2
J— J— < [
p g d-1
such that
3) E[w(e)?] < oo, E[w(e) 7] < oo foranye e B,

The main result of the present paper is a quenched invariance principle for the process X
under Assumption 1.

DEFINITION 1. Set X,(”) = %ant, t > 0. We say that a quenched functional CLT (QF-
CLT) or quenched invariance principle holds for X if for P-a.e.  under P, X ™) converges
in law to a Brownian motion on R? with covariance matrix £2 = ¥ - ©’. That is, for every
T > 0 and every bounded continuous function F' on the Skorokhod space D([0, T], RY), set-
ting ¥, = ES[F(X™)] and Yoo = EEM[F(Z - W)] with (W, PEM) being a Brownian motion
started at 0, we have that {,, —> V¥, P-a.s.

THEOREM 1 (Quenched invariance principle). Suppose d > 3 and that Assumption 1 is
satisfied. Then the QF CLT holds for X with a deterministic nondegenerate covariance matrix
ER

REMARK 1. Another natural process is given by the so-called constant speed random
walk (CSRW) Y, which is defined via the generator L,

(LY f)(x) = Y oG () — F(),

w
u®(x) ot

where u®(x) = Zyezd w(x,y). In contrast to the VSRW, the CSRW waits on each vertex

x € Z¢ an exponential time with mean 1. The invariance principle for the VSRW X and
Assumption 1 implies also a QFCLT for ¥ with a covariance matrix given by [ (0)]~! %2
(where X is as in Theorem 1); see [3], Remark 1.5.

Random walks among random conductances are one of the most studied examples of ran-
dom walks in a random environment; see [13, 27] for relatively recent overviews of the field.
In [20] (see also [25]), a weak FCLT, that is, the convergence of v, to ¥« in Definition 1
holds in P-probability, for stationary and ergodic laws P with E[w(e)] < oo is established.
In the last two decades, much attention has been devoted to obtain quenched FCLT. In [35],
the quenched invariance principle is proven in the uniformly elliptic case, that is, with the
assumption that there exists ¢ € (0, 1] such that Plc < w(e) < ¢ 11=1 for all e € B¢, which
corresponds to the case p = g = oo (see also an earlier result [17] valid only in d = 2).
Recently, there is an increasing interest to relax the uniform ellipticity assumption. In the
special case of i.i.d. conductances, that is, when P is the product measure which includes,
for example, percolation models, it is shown in [1] (building on previous works [9, 12, 15,
28, 29, 35]) that a QFCLT holds provided that Plw(e) > 0] > p. with p. = p.(d) being the
bond percolation threshold. In particular, no moment conditions such as (3) are needed. In
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the general ergodic situation, it is known that at least first moments of  and ™' are neces-
sary for a QFCLT to hold (see [8] for an example where the QFCLT fails but (3) holds for
any p, g € (0, 1)). In [3], Andres, Deuschel and Slowik proved the conclusion of Theorem 1
under the moment condition (3) with the more restrictive relation

1 1 2
(4) —+-<Z
p q d

The result of [3] was already extended in several directions: to the continuum case [19] (for
an earlier contribution with ¢ = oo, see [22]), random walks on more general graphs [21]
and to dynamic situations [2]; see also [16, 32]. Previous to [3], Biskup [13] proved QFCLT
under the minimal moment condition p = g =1 in two dimensions, and thus we focus our
attention to the case d > 3. To the best of our knowledge Theorem 1 is the first quenched
invariance principle in the general stationary and ergodic setting under a less restrictive mo-
ment condition compared to (4) valid in d > 3. Optimality of condition (2) in Theorem 1 is
not clear to us, since in particular in [7] a quenched invariance principle for diffusion in R?
with a locally integrable periodic potential is proven. However, we emphasize that condition
(2) is essentially optimal for the everywhere sublinearity of the corrector; see Proposition 2
and Remark 4. The latter is of independent interest for stochastic homogenization of elliptic
operators in divergence form with degenerate coefficients; for further recent results in that
direction, see [5, 6, 10, 34].

1.2. Strategy. The proof of Theorem 1 follows the classical approach to show an invari-
ance principle and relies on a decomposition of the process X into a martingale part and a
remainder (see, e.g., [25]). General martingale theory (in particular [24]) yields a quenched
invariance principle for the martingale part and it remains to show that the remainder is neg-
ligible. A key insight in [3] was to apply deterministic elliptic regularity theory, in particular
Moser’s iteration argument [30, 31], to control the remainder term. The main effort in the
present contribution is to improve the deterministic part of the argument. Let us now be more
precise (in what follows we use the notation introduced in Section 1.3 below). Following, for
example, [3, 13], we introduce harmonic coordinates, that is, we construct a corrector field
¥ : Q2 x Z¢ — R? such that

P(w,x)=x — x(w,x)
is £”-harmonic in the sense that for every x € Z%¢ and j € {1, ..., d}
&) 0=L(I; — x)(x) = =V (@VII; — x;))x),
where IT;(y) =y -e; and x;(y) = x(y) - e for every y € 74 . The L£®-harmonicity of ®
implies that
M;:=P(w, X) = X — x (o, Xy)
is a martingale under P{j for P-a.e. w. The QFCLT of M can, for example, be found in [3]

under less restrictive assumptions compared to Assumption 1; see Proposition 1 below. In
order to establish the QFCLT for X, we show that for any 7 > 0 and P-a.e. w,

1
sup —|x (@, nX;(n))| — 0 in Pg-probability as n — oo;
te[0,T1 1

see Proposition 3 below. In fact, we establish a much stronger statement: instead of proving
sublinearity of x along the path of the process X we show sublinearity everywhere

1
6 li - , =0 forP-ae. w;
6) nl)ngo)crenl';lé)nu(w x)| or P-a.e. w

see Proposition 2 below. The proof of (6) relies on the following deterministic regularity
result for £*-harmonic functions.
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THEOREM 2. Fixd >3, w € Q and let p,q € (1, 00] be such that 1 + < 777 Then

there exists ¢ = c(d, p,q) € [1,00) such that solutions of V*(wVu) = O in Zd satlsfy for
every y € Z% and every n € N,

+
7 ma <cA®(B(y,2 5 ,
@) xeB(an)‘u(X)‘ c ( (y ”)) ||u||L (B(y,2n))
where § 1= ﬁ — ﬁ — i >0, p = % and for every bounded set S C 7¢,

) A®(S) == [lwllLres) o™ ”y(Sr

REMARK 2. A continuum version of Theorem 2 was recently proven by the authors
of the present paper in [11]. In the continuum case, relation % + % < % is essentially
optimal for local boundedness (see [23]) and so it is in the discrete setting considered here;
see Remark 4 below. In [3], a version of Theorem 2 is proven for solutions of the Poisson

equation
9) V¥ (@wVu) = V*(@V f)

on rather general weighted graphs but under the more restrictive relation 1 + < 7 see [3],
Theorem 3.7 (for related classical results in the continuum see [33, 36, 37]) Th1s regularlty
statement is then applied in [3] to the corrector equation (5) to ensure (6). Our method does
not directly apply to solutions of (9) but due to the specific form of the right-hand side in the
corrector equation (5), thatis, f(x) = x-e;, we are able to deduce from Theorem 2 the needed
sublinearity of the corrector. In Proposition 4 below, we present a version of Theorem 2 in
the case d = 2 with the minimal requirement p = g = 1.

REMARK 3. In [11], we also establish Harnack inequality for nonnegative solutions u
and we expect that this can be extended to the discrete case, too. In [4], Andres, Deuschel
and Slowik establish elliptic and parabolic versions of Harnack inequality for the CSRW;
see Remark 1, on weighted graphs under moment conditions (3) with % + é < %. From the
parabolic version, they deduced a quenched local limit theorem and showed that condition
% + é < % is essentially optimal for that result. It is an interesting question if the methods
developed here can be used to derive parabolic Harnack inequality and local limit theorems
for the VSRW under less restrictive relations between the exponents p and g compared to the

CSRW.

We provide the proof of Theorem 2 in Section 3.2. Similar as in [3, 36], the argument relies
on a modification of the Moser iteration method [30, 31]. The argument in [3], Theorem 3.7,
relies on two key observations: By a combination of the Holder and Sobolev inequalities, we
find xk =«k(d, q) > 1 (in fact % =1+ é — %) such that for any u with compact support in
B(n)

(10) HMZHLK(B(n)) <cn?fo™! Hy(B(n)) ”“)(V”)ZHQ(B(n))-

Moreover, by testing the equation £”u = 0 with un?, where 7 is a suitable cut-off function
satisfying n = 1 in B(n) with compact support in B(2n), we can bound the right-hand side
of (10) with help of the following Caccioppoli inequality:

11 V < V [eS)
(11) | (Vu)? I By =cll Mz sy l@lLr e u? ” T By

Choosing a linear cut-off function, that is, | V7l B@2n)) < cn~!, estimates (10) and (11)
contain an improvement in summability of u if and only if k¥ > % which is equivalent to % +
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% < %. This tiny improvement suffices to obtain local boundedness of u by Moser’s iteration
argument; see [3, 36]. In the situation of Theorem 2, that is, with the relaxed assumption
% + é < %, we do not have a weighted Poincaré inequality in the form of (10) at hand.
However, a version of (10) is valid if we replace the d-dimensional box B(n) by (d — 1)-
dimensional “spheres” dB(n). In order to exploit this observation, we need an additional
optimization step compared to the Caccioppoli inequality (11) which is gathered in Lemma 2

given in Section 3.1.

1.3. Notation.

e (Sets and L? spaces) For y € 74, neN:={1,2,3,...}, we set B(y,n):=y+ ([-n,n]N
7)% with the shorthand B(n) = B(0, n). For any S C Z¢, we denote by Spa C B the set of
bonds for which both end-points are contained in S, that is, Sps := {e = {e, €} € B4 le,e€
S}.Forany S C Z4 weset 3S :={x € S |3y e Z¢\ S s.t. {x, y} € BY}. Given p € (0, c0),
S c 7% wesetforany f:7¢ — R and F : BY — R,

1 1
1 fllos) = (Z|f(x>|")”, 1Pl = ( 3 |F<e>|”)”,

xes eeSle

and || f || Loo(s) = sup,cg | f (x)|. Moreover, normalized versions of || - ||.» are defined for
any finite subset S C Z¢ and p € (0, co) by

1 1
I fllLresy = =181 2 fllLecs), I Lr(sga) = 1Smal PN FllLr(sz0)-

where |S| and |Sg«| denote the cardinality of § and Sga, respectively. Throughout the
paper, we drop the subscript in Sg if the context is clear.

e (Discrete calculus) For any bond e € BY, we denote by e, € € Z¢ the (unique) vertices satis-
fying e = {e, e} and € —e € {ey, ..., eg}. For f: Z¢ — R, we define its discrete derivative
as

VB SR, VE:=[10-f@.
For f, g: Z¢ — R, the following discrete product rule is valid:
(12) V(fe)e) = f(&)Vgle) +g@)Vfe)=f(e)Vg(e) +g(@)Vf(e),

where we use for the last equality the convenient identification of a function % : Z¢ — R
with the function % : BY — R defined by the corresponding arithmetic mean

| (P
h(e) := E(h(e) + h(e)).
The discrete divergence is defined for every F : B? — R as
d
V*F(x) := Z F(e) — Z F(e) = Z(F({x —ei, x}) — F({x,x +¢;})).
ecB ecB? i=l1
e=x e=x

Note that for every f : Z¢ — R, that is, nonzero only on finitely many vertices and every
F :B? — R it holds

(13) Y VI@F@ =) f@VFx).
ecBd xeZ4
Finally, we observe that the generator £ defined in (1) can be written as a second-order
finite-difference operator in divergence form, in particular,

(14) Vu:Z* >R L% ((x)=—V*(wVu)(x) forallxeZq.
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2. The quenched invariance principle. In this section, we prove Theorem 1. As men-
tioned above, we follow a well-established strategy and decompose the process X such that
M; = X; — x(w, X;) is a martingale under P{ for P-a.e. w. It is already known that under
Assumption 1 the martingale part M satisfies a QFCLT and it is left to show that the remain-
der x(w, X;) vanishes in a suitable sense. In Section 2.1, we recall the construction of the
corrector from [3] and state the needed known results for M and yx. In Section 2.2, we use
Theorem 2 to prove that the corrector is sublinear everywhere.

2.1. Harmonic embedding and the corrector. The construction of the corrector and the
invariance principle for the martingale part can be found in the literature; see, for example,
[3, 13]. For convenience, we recall the needed results.

DEFINITION 2. A random field ¥ : © x Z? — R satisfies the cocycle property if for
P-a.e. w,

V(tyw,y —x)=V(w,y) — VY(w,x) forallx,ye 74,

We denote by Lgov the set of functions W : Q x Z¢ — R satisfying the cocycle property such
that

Wi, = E[ > w(0,x)¥(w, x)z} < 0.

xeZ4

Note that:
LEMMA 1. Lgov is a Hilbert-space.

A function ¢ : © — R is called local if it depends on the value of w € Q (recall 2 =
O, oo)Bd) at finitely many bonds e € B¢. The horizontal derivative D¢ : Q x Z¢ — R of ¢
is defined by

D¢(@,x) = p(t:0) — (@), xeZ,

We define the subspace Lgot of potential random fields as

Ly :=cl{D¢|¢p:Q— Rlocal} in L2

cov

and the subspace Lgol, of solinoidal random fields, as the orthogonal complement of L%ot in
2
LCOV'
The corrector is now constructed as a suitable projection. For this, we introduce the posi-

tion field IT: Q@ x Z¢ — R? with I(w,x) =x forall x € Z¢ and w € Q. Set I1; := 1 - ¢,
and observe that IT; satisfies the cocycle property and || I1; ||i2 =2E[w(0, e;)] < co. Hence,

M; € L2,, and we define x; € Lgot and ®; € L2 by

(15) Mj=xj+Pj € Lo ® L3y
Finally, we define the corrector x = (X1, ..., Xd) : 2 X 74 — R4 and the process M; as
M; :=®(w, X;) =X; — x (0, Xy).

The needed properties of M;, ® and y are gathered in the following.
PROPOSITION 1. Let d > 2 and suppose that part (i) and (ii) of Assumption 1 are satis-

fied. Moreover, suppose that E[w(e)] < 0o and E[w(e) '] < oo for every e € BY. Then there
exists 21 C Q with P(R21) = 1 such that:
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(1) (L®-harmonicity of ®) for all w € 2

(16) LOD(x) = Z o(x, y)(P(w,y) — P(w,x)) =0, ®(w,0)=0.
yezd
(i) (QFCLT for M) Set M,(n) = %ant, t > 0. For all w € 1, the sequence (MM}
converges in law in the Skorokhod topology to a Brownian motion with a nondegenerate
covariance matrix ©? given by

b2} :IE[ > w(O,x)dDi(w,x)CDj(w,x)].

xeZ4

(iii) (Ll-sublinearity of x) Forall w e Q1 and any j € {1,...,d},

o1
(D A @) gy =0
Statement (i) is contained in [3], Proposition 2.3, (ii) is contained [3], Proposition 2.5, and
(iii) can be easily deduced from [3], Proposition 2.9.

2.2. L°°-Sublinearity of the corrector. In this section, we improve the sublinearity of the
corrector in L' (see Proposition 1 part (iii)) to sublinearity in the L°°-sense. This is content
of the following.

PROPOSITION 2. Let d > 3 and suppose that Assumptions 1 is satisfied. Then, for any
LeNand jell,..., d},

1
18 lim — (@,x)| =0 P-as.
(18) ngg()nxg;%gn)lx,(w x)| a.s

REMARK 4. In [3], the sublinearity of the corrector in the form (18) is shown under mo-
ment conditions (3) with the more restrictive relation % + é < %. In two dimensions, (18) is
proven in [13] under the minimal assumptions p = ¢ = 1, and thus we focus here on d > 3
(see however Appendix B for a discussion of the case d = 2). We emphasize that Assump-
tion 1 is essentially optimal for the conclusion of Proposition 2. Indeed, it was recently shown
by Biskup and Kumagai [14] that the statement of Proposition 2 fails if (3) only holds for p,
q satisfying % + % > d%l provided d > 4; see [14], Theorem 2.7. This nonexistence of a

sublinear corrector implies that the condition 1 + é < ﬁ in Theorem 2 is essentially sharp.

Indeed, if estimate (7) were valid for some p, g € [1, oo], then the proof of Proposition 2
together with Proposition 1 yield (18) which contradicts the findings in [14] if % + é > d%l.

PROOF OF PROPOSITION 2.  Throughout the proof, we write < if < holds up to a positive
constant which depends only on d, p and gq. Before we give the details of the proof, we briefly
explain the idea. We introduce an additional length-scale - with m € N such that | < m < n

and compare x; on boxes with diameter ~ ,% with £¢-harmonic functions ®; — (e; - x — ¢)
with a suitable chosen ¢ € R. Using the L'-sublinearity of x ;j and the fact that the linear part

coming from e; - x can be controlled by n% on each box of radius ~ 7, we obtain the desired
claim.

Step 1. As a preliminarily step, we recall the needed input from ergodic theory. Following
[3], we introduce the following measures u® and v* on 74:

(19) p@x)= Y o,y ad @)= )

yeZd yeZ‘l
ly—x|=1 ly—x|=1

1
w(x,y)
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In view of the spatial ergodic theorem, we obtain from the moment condition (3) that there
exists Q' C Q with P(€') = 1 such that for w € Q' and every z € Z¢

: p

lim ”Mw HLP(B(nZ,n)) = E[M(O)p] and

n—oo

lim v ”z‘l(B(nz,n)) =E[v0)7];

n— o0

(20)

see, for example, [26], Section 6.

Step 2. We set Q5 := Q) N Q’, where Q' is given as in Step 1 and Q) in Proposition 1.
Clearly, €2 has full measure. From now on, we fix w € Q.

Fix m € N. For n sufficiently large compared to m (the choice n > m(m + 1) will do), we
cover the box B(n) with finitely many boxes B(|:-]z, |;-1), z € B(m). For z € B(m), set
uj.(a),x) = xj(w,x) —ej - (x — [ 2]2) = =Pj(w,x) + ¢ - | & |z. Obviously, (16) implies
that uj is £®-harmonic. Hence, (7) yields

50 oo g2 12,12 1y

< o n,ln p'(1+5) .
(21) SAT\ B m 12 m HMJ'HLI(B(L%JZ,ZL%D)
"(1+5)
w n n p ] . n
sa(a([Fea7)) T (e + | 5])
where p’ = %, 8= — ﬁ - i > 0. Estimate (21) implies the following L*°-estimate
on x:

1%l Lo B))

< sup |Ixjlleom2 )z 2
z€B(m)

n
< Z n n _
< sup )Hu, lesepazizizm + {mJ

z€B(m
@1 pa+h
(o L2)
(22) z€B(m) m m
n n
\ Gl aazizezm ) T,
n
S (md”Xj”Ll(B(zn)) + LEJ)

n n P+ n
<~ o))
z€B(m) m m m

Since B(m) is a finite set, we obtain from the definition of i and v (see (19)), and the spatial
ergodic theorem in the form (20) that

limsup max A‘”(B({ﬁjzj{ﬁj))
n—oo z€B(m) m m

(23) Slimsup max 1] o g2z 002 ) [Vl o@erz 20z

< E[1 (0] E[v(0)7]¢ < oo.
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Finally, we combine (22) and (23) with the Ll—sublinearity of x; (17) and obtain
: 1 _ 1 Loyl .
Tim sup — 1 | LBy S m ™ (E[(O)P]7E[v(0)]7)” 175 4 m~!
n—oo N
The arbitrariness of m € N implies (18) for L = 1 and the trivial identity
1 1
lim — max |xj(w,x)|=L lim — max |X](a) x)| =

n—>00 5 xeB(Ln) n—>00 5 xeB(n)

completes the proof. [

2.3. Proof of Theorem 1. With the help of Propositions 1 and 2, we can establish Theo-
rem 1 following the argument in [3]. First, we observe that Proposition 2 implies the follow-
ing.

PROPOSITION 3. Let T > 0. For P-a.e. w,

sup —|X(a) nX(n))| — 0 in Py -probability as n — oo.
tel0, 71 1

PROOF. Appealing to Proposition 2, we can follow verbatim the argument of the proof
given [3], Proposition 2.13. 0

PROOF OF THEOREM 1. A combination of Proposition 1 (part (i1)) and Proposition 3
yields the desired claim. [J

3. Local boundedness for £?-harmonic functions.

3.1. An auxiliary lemma. In this section, we provide a key estimate, formulated in
Lemma 2 below, that is central in our proof of Theorem 2. Before we come to this lemma,
we recall suitable versions of the Sobolev inequality.

THEOREM 3. Fixd > 2. Forevery s €[1,d), set s} := ddfss.
(i) For every s € [1,d), there exists c = c(d, s) € [1, 00) such that for every f : Z¢ — R

it holds
(24) If = () Bw HLS;(B(H)) <clVfllLsBm))s

where (f)Bw) = 15t Soxesm f (X)-
(ii) Foreverys €[1,d—1), there exists c = c(d, s) € [1, 00) such that for every f : Z¢ —
R it holds

(25) (WAl <c(IVfllLs@Bmy +n~ ||f||L5(8B(n)))-

L' L@Bm) —

PROOF. The above statements are standard. Since we did not find a textbook reference
for the discrete situation considered here we provide the argument for some parts of the
statement. In what follows, we write < if < holds up to a positive constant that depends only
on the dimension d.

Step 1. Proof of part (i). For s € (1, d), the proof of the claim can be found in [32], Theo-
rem 2.6. It is left to consider the case s = 1. In [16], it is proven that for any f : Z¢ — R with
finite support it holds

(26) (Z |f<x)|dd')

xeZd ecBd

d—1
d
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and for any f:Z¢ - R

1
(27) ||f - (f)B(n) ||L1(B(n)) S |B(n)|d ”Vf”Ll(B(n));

see [16], Lemma 2.1 and 2.2. We deduce (24) (with s = 1) from (26) and (27) by a simple
extension argument. Indeed, functions defined on a box B(n) can easily extended by succes-
sive reflections (see, e.g., [18], Section 9.2). In particular, there exists k = k(d) € N\ {1, 2}
such that for every g : B(n) — R we find g : B(kn) — R such that

8) g(x)=g(x) in B(n), 1811 (Bhny S W& L1 (BM)),
”Vé_’”Ll(B(kn)) S ||Vg||L1(B(n))-

Choose g := f — (f)B) and consider a cut-off function 7 : 74 — [0, 1] satisfying

1 if B(n), _
(29) n(x) = 1 re in) V()| <n~! foralleeB?.
0 ifxeZ!\BGn—1),
Then
(28,29  _
— <
| f = (F)Bw HLﬁ(B(n)) < ||77g||Lﬁ(B(kn))

26) )
< [Vag HL'(B(kn))
(12,29 -
S IVl By 17 181 L1 Bny)

(28)
—1
S IVFlimy +n7 1 = s s
27
5 ”vf”Ll(B(n)),

. . 1
where in the last estimate we used |B(n)|d < n.

Step 2. Proof of part (ii). Consider a facet F of d B(n) given by {x € B(n) | x - ¢; = tn} for
some j €{1,...,d} and t € {—1, 1}. Then, appealing to part (i), we find c = c¢(d, s) € [1, o0)
such that

£, <If=rl s )+ IDOE],

571 (F) Sg—1 (F) 571 (F)
1__1
(30) <clVflliesery +I1FIs~TT[(f)F|
__1
<clIVfllescry +IFI T fllLsry-

Summing (30) over all facets F' and using |F| = (2n — 14-1 we obtain (25). O
LEMMA 2. Fixd>3,0we, p,0 e Nwithp <o and v : 74 — R. Consider

J(p,0,v) = inf{ 3w (vl©)* (V) ‘ n:Z9 — [0, 0),

eeBd

r]=1inB(p)andn:OinZd\B(G—1)},
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where |v|(e) = %(Iv(g)| 4+ |v(©)|). Then there exists ¢ = c(d, p) € [1, 00) such that

J(p,o,v)
(3D <c ||w||L1’(B(o)\B;2p—l))(
(0 —p)&Tt

2 27112
IVUIZr BN Bo-1) T P VI Lr B BG-17)»
h o L1 1 1
wnere py lsglvenbyﬁ—é—ﬂ—i—ﬂ.

PROOF. Step 1. We claim

1

—a+h (S 2\"\’
J(p.o.v) < (0 — )"+ (Z( > w©hle?) )

(32) k=p “eeS(k)

for every y > 0,
where for every m € N
S(m):={eeB? |ecdB(m),ecdB(m+1)}.

Restricting the class of admissible cut-off functions to those of the form n(x) =

n(max;—1,  q4{|x - €;|}), we obtain
o—1
J(p,o,v) < inf{Zﬁ/(k)Z( > a)(e)(|v|(e))2) AN — [0, o),
(33) k=p ecS(k)

n(p) =1,7(0) =0] =:Jid,

where 1/(k) := n(k + 1) — n(k). The minimization problem (33) can be solved explicitly.
Indeed, set f (k) := ZeeS(k) w(e)(|v|(e))? for every k € Z and suppose f (k) > 0 for every
ke{p,....o—1}.Then i : N— [0, 00) with (i) =1 — (72, f()~H 7' SiZ) f s
a valid competitor in the minimization problem for J14 and we obtain

-1

o—1 —1
J(p,o,v) < (Z( ) w(e)(|v|<e>)2) )
k=p “eeS(k)

1 s
By Holder’s inequality, we obtain for any s > 1 that 0 — p = ZZ:_; (%)s_/ < (ZZ:_; f s_/)% X

1
(72, $)7 with s’ = 27, and thus

!
o—1

Ja< (o - p)‘“(Z( ) w(e)(|v|<e>)2)‘;i')7

k=p “eeS(k)

The claim (32) follows with y =s — 1 > 0. Finally, in the case that f(k) =) . s @(€) X
(|v|(e))2 =0 for some k € {p,...,0 — 1}, we easily obtain Jiqg = 0 and (32) is trivially
satisfied.

Step 2. We estimate the right-hand side of (32) with the help of the Holder inequality and
the Sobolev inequality in the form (25). More precisely, there exists ¢ = c¢(p, d) € [1, o0)
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(changing from line to line) such that

1
(0 —p) 7 I(p,0,v)

Y

<(Z(z ) ( 2

|v<x>|%)(p_;)y)%

k=p ‘eeS(k) x€dB(k)
x€dBk+1)
Ny L b 2 2
<2 ,,C(Z( > w(e)l’) (IvllI™", + w7, )
k=p ‘ecS(k) LP=1(3B(k)) LP=1(3B(k+1))
1
(25) o—1 %k—i—l ) 5 ¥
= C(Z( Z w(e)p) Z(HVUHLP*@B(Z')) +1 y”U”L):J*(aB(,'))) ,
k=p ‘eeS(k) i=k
where 1 37— % = pl* — ﬁ (note that (py)%_, = 1) The choice y = d+1 ylelds E =1,

and thus by Holder’s inequality we obtain (31) for some ¢ = c(d, p) €[1, 00). D

3.2. Proof of Theorem 2. We first present a weaker version of Theorem 2 in which the
right-hand side of the estimate (7) is replaced by a slightly larger term.

THEOREM 4. Fixd >3, w € Q and let p,q € (1, o] be such that L + <75 . Then

there exists ¢ = c(d, p,q) € [1,00) such that solutions of V*(wVu) = O in Zd satzsfy for
everyn € N,

+
w 25 ,
Jnax lu(o)] < cA®(BAm) * lull 2y (giany)-
where § = 741 — 55 — 50> 0, p' = 55 and A is defined in (8).

PROOF. Throughout the proof, we write < if < holds up to a positive constant that de-
pends only on d, p and ¢. For a function v : Z¢ and o > 1, we set

U := (signv)|v|“.

The proof is divided in three steps: First, by testing £”u = 0 with n%iise—1, where 7 is

a suitable cut-off function, and using Lemma 2 we obtain a crucial a priori estimate for

Vil . In the second step, we refine this a priori estimate to the one-step improvement
+l

(40), where a suitable Sobolev-type norm of it,, with x > 1 is bounded by the correspond-
ing norm of &y on a slightly larger ball. With help of (40), we obtain the desired claim by an
iteration argument similar to [3], proof of Theorem 3.7.

Step 1. Basic energy estimate.
We claim that for every o > 1 and n, p, 0 € N with n < p < o <2n it holds

A®(B(2n))?

(34) IViigll 2 Sa——— (0" NiallLre By + | Viia | Lr 8oy
L9t (B(p)) (1 —2ya-
o
1
A®(B(2n))2
(35) [Vl S——ull, 2y ,
Lt ey~ o —p L (B(@))
where%:%—ﬁ—i—ﬁandﬂ:%
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Substep 1.1. Let 5 : Z¢ — [0, 00) be such that n = 0 in Z¢ \ B(2n — 1). We claim that for
every o > 1,

2 .o 256a 2
(36) Y n(@w(e)Vig(e)® < ﬂ Z (@) (jul*(©)*(Vn(e)’,

ecBd

where n%(e) = 1(1%(©) + n%(e)) and |u|*(e) = §(|u(€)|“ + |u(e)|%); see Section 1.3. Using
cou'? —V*(@Vu) =0 in Z4 and the summation by parts formula (13) with F = ©Vu and
f= n2ﬁ2a_1, we obtain

0="Y" w@Vu@E)V(nin_1)(

eeBd

(37) = Z 2n(e)ire—1(e)w(e)Vu(e)Vn(e)

ecBd
+ Y (@) Vu(e)Viizg—1(e),
ecBd
where we use the discrete chain rule (12) and Vnz(e) = nz(é) — 772(@) =@ —nE)nE) +
n(e)) = 2Vn(e)n(e). Estimate (51) implies Viig(e)* <
B9, and thus

(38) Y P (@w(e)Vu(e) Viizg—1(e) > 2 Z n*(e)w(e) Viig (e)*.

ecBd ecBd
To estimate the first term on the right-hand side in (37), we use the pointwise inequality
ltiag—11(e)|Vu(e)| < 4|Vig(e)|lul*(e) (see (52)), and thus by Young’s inequality (together
with elementary inequality n(e)2 < nz(e))

‘ > w@Vule)n(e) V()i —1(e)
ecBd

200 — 1 ) . 2

(39) == 2 @@ ©(Viia(©)

ecBd

1282
oS @)l @) (Vn©)
a—1 ecB?

Combining (37)—(39), we obtain (36).

Substep 1.2. Proof of (34). By minimizing the right-hand side of (36) over all 5 : Z¢ —
[0, 0o) satisfying n =1 on B(p) and n =0 in 74 \ B(c — 1), we obtain in view of Lemma 2,

-~ 2o |lwllLrs _
Z a)(e)(Vua(e)) A(IIV a||Lp*(B(g))+P “”a”%p*(g(g)))-

eeB(p) (0 —p)a-T
By Holder’s inequality, we obtain
I Viigll® 5,
L+ (B(p))
—1 ~ 2
< e HLKI(B(p))< Z w(e) (Vi (e)) >
ecB(p)
o sy lolLrao) o~ o o~ 2
2 (Hvualle*(B(o‘)) +p ||ua||LP*(B(o')))
(0 —p)dT

and the claim (34) follows.
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Substep 1.3. Estimate (35) is a straightforward consequence of (36) (with ¢« = 1 and a
“linear” cut-off function 5 satisfying n(x) =1 for x € B(p), n =0 on 74 \ B(c — 1) and
Vne) = (o — ,o)_1 for alle € S(k) and k € {p, ..., o0 — 1}) and an application of Holder’s
inequality.

Step 2. One-step improvement.
Fix ¢ > 1 and p,0 € N with n < p < o <2n. We claim that there exists c = c(d, p, q) €
[1, 00) such that

(40) el < (C“Aw(B(z")) ) lia
i el S S
XETwhPe(B(p) = (1— 2y Hally1re(B(o))’
where x :==1+6 > 1 with§ = dl — ﬁ — 5= >0andf0rp€ [1, 00) and any pair (y, n) €

4 % N the (normalized) Sobolev norm || - ||W1,p(B(y,n)) is defined for any v : 79 - R as

1010 sy 2= 101122 Bsmy + 2 IVl LE Bym)-

In order to establish (40), we use Step 1 and the following two estimates:

~ TR ~ X
(41) ||uxot||L”*(B(p)) - ”ua”LXp*(B(p)) S ||ua||wl,p*(8(p))’
(42) PIVcaliresion S PIVEGD 25 Wallyi

Estimate (41) is a consequence of Sobolev inequality (note that y € (1, %], and thus pr* >

i — d[]j* > é - % since ps > 1) and (42) follows from

1
~ (50) - P
Vitg 148 lLrx(B(p)) < (1+5)( > Wua(e)|p*(2|bt|a5(e))p*)
e€B(p)

)
1
< (1+8)|Viall 2 ( ¥ (2|u|°‘3(e>)5)
“ La+1(B(p)) ecB(p)

Appealing to estimates (34), (42), (41) and Jensen inequality in the form || - ||, 1 B = I -
| LP+(B(p))> We obtain L

i @n@)
||MX0l||ﬂl~p*(B(p)) /S ||M0l||wlp*(B(p))

(43) +p||Vua|| e i 1S pe 5
1(B(p>) L Ben

(3%0 ( aA®(B(2n))2
(1-— B)d

where for the last estimate we used that @« > 1, n < p <o <2n, A®(B(2n)) > 1 and x =
14 4. Taking the Xia power, we obtain (40).

Y 500

Step 3. Iteration.

Forve NU{0},seta, = x" ' and p, =n + L5v]. Then for any v € N satisfying 2" < n,
estimate (40) (with @ = oy, p = py, and o = p,_1) implies that there exists c =c(d, p,q) €
[1, 00) such that

1 ;

(44) [y . (CA”(B(2H))2(4X) )X ity

WUPx(B(py) — WUPx(B(py_1))’
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where we used the elementary estimate

d

(1_ Pv >_dd‘ (Ln"i'l-%ij)d' < (V)@ 2t 127 g2

Pv—1 v IJ |_2_U

Set v(n) := max{v € N | 2" < n}. Using (44) v(n)-times, we obtain

b(n)

1
45) flu ”Lp*xv(n)(B( ) = 1_[ CAw B(2n))2(4)() ) « HMHEI'P*(B(Zn))

< (cA®(BCm) )1 T @) T [y e piamy-
To estimate the right-hand side of (45), we use (35), Jensen’s inequality and the fact that
pe < <2<2p,
(35)

—lrw i
||VM||L”*(B(2n)) = ”VMHLT(](B(Zn)) SnA (B(4I’l))2 ||M||L2p/(3(4n))’
||u||LP*(B(2n)) 5 l|u ||L2p/(3(4n))'

Since A > 1and Y ;2 ,(1+v)x ™" < 1, we obtain

1
lull Loo(Bnyy < |B(m)| Pex"™ ||ul|

Lr=" (B(n))

1

1 1
- T -
S./ |B(l’l)|p*x ( )Aa)(B(zn))2 1—x~1 ||u||ﬂl’p*(3(2n))

< |B(n) | P*X‘)(") [\a)(B(él-n))7 _1 ”M ”L2p/(B(4n))-

1
Hence, it is left to show that | B(n)| "™ <1 (recall x =1+3). Assuming n € N is sufficiently

large, we have (n) > %logz n, and thus

A; ogHrn 0; 0,
) {B(n)|xv(n) Snd/ﬁl 22 :nd/ﬁl 22 X :exp(log(nd/ﬁl gzx))

=exp(d log(n)/ﬁIOgZX) <1,
which completes the proof. [J

Using a well-known iteration argument (see, e.g., [3], Corollary 3.9), we refine the state-
ment of Theorem 4 and obtain the following.

COROLLARY 1. Fixd >3, we Qand let p,q € (1, 0] be such that * + <75 For
every y € (0, 1], there exists c =c(d, p,q, y) € [1, 00) such that soluttons of V*(a)Vu) =
in Z¢ satisfy for every n € N,

+
w 25y
max [u(x)] < cA(BQm) lull 2y (piany

where § = ﬁ - ﬁ - i >0, p' = -E5 and A® is defined in (8).

PROOF OF THEOREM 2. The choice y = p in Corollary 1 yields (7) for y =0 € Z¢
and by translation we obtain the general claim. [
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PROOF OF COROLLARY 1. Throughout the proof, we write < if < holds up to a positive
constant that depends only on d, p and ¢.

Step 1. We claim that for every N, N’ € N with N’ < N,

A®(B(N))'%
(47) max e 1 I
xe€B(N’) (-3 LP=1(B(N))

where s := %(1 + é + (% + é)%). Suppose N — N’ > 4. Theorem 4 and a simple translation
argument yield for every y € B(N'),

max |lu(x)|
xeB(y. [ 25 ))
8+1
SAC(B(y, N—N") 2 |lull 2
LP=T(B(y,N=N"))

N4 +( + ;—5 i1

5(—d) ACBN) B Jull
(N —N’) LP=T(B(N))

and estimate (47) follows. For the remaining case 1 < N — N’ < 3, we use the discrete L*°-
L!-estimate in the form

d
S(1—
max |u(x)|<||u|| e < NI L2

xeB(N LT (B(NY)

which implies estimate (47) (using 1 < N, A®(B(N)) and (1 — W)_S > (g)“ with %(1 -
1

5) =8).

p

(B(N))

Step 2. lteration. Fix y € (0, 1). For v € N U {0}, we set p, =2n — |57 |. Combining the
elementary interpolation inequality,

l—y
(48) “”“LZp (B(py)) = ”u”LZPV(B( ))”u”LOO(B(pU))
with the estimate (47), we obtain for every v € N,

@ s pu\7
llsing, ) % A%BEN) T (1= 20 el

C A(B( v>)2i( pH)_s

v

(49) Pv
-y
XN 2ty oy 1N 2B
Vs -y
<2 C||u||L2p Y(B(2n ))”u”LOO(B(Pv))

with C = cA“’(B(Zn))aiF_B1 and a suitable constant ¢ = ¢(d, p, g) € [1, 00), where we used for
the last estimate p,, > n forall v € N and (1 — %)_s < (2%tv)s,
Iterating (49) from v =1 to V(n) := max{v € N | 2" < n}, we obtain

2l Loo (B (n))

= llull Lo (B(pp))

(49) D(n)—1 Dm)—1 1 _ v 0
< 4YZ wv+DH(—- (C” ” )Zv=0 (I-y) ” ”(1 Y)

L2P'Y (B(2n)) L>®(B(pymy))*
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Using £32,(v + DA — )" S L2070 =)' =2 = (1= )"™), C > 1 and the
discrete L>°-L!-estimate in the form ||u||Loo<B(pﬁ(n))) < ”u”Lzl’/V(B(Zn))’ we obtain

541 A=y
el LBy < €A (BR) 7 Null 2ty g,y | BCm] 27
where ¢ = c(y,d, p,q) € [1,00). Finally, a similar calculation as in (46) yields

a=p)*™
|IB2n)| v <c(y) €[l, 00), which completes the proof. [J

APPENDIX A: TECHNICAL ESTIMATES

We recall some estimates proven in [3], Lemma A.1, that we used in the proof of Theo-
rem 2.

LEMMA 3 ([3], Lemma A.1). Fora € R and o € R\ {0}, set a, = |a|* signa.
(i) Foralla,b eR and any o, B # 0,

~ ~ al\ . ~ o v
(50) o — Bal < (lv ‘E )|a,3—b,s|(|a| B 4 bl P),
(i) Foralla,b e R and a > %,
2
(51) (e — ba)? < 5 (a—b) (- 1 — bag—1).
(iii) Foralla,b eR and o > —,
(52) (lal®*~ 4+ 1617 (a — b) < 4|ag — by (lal® + |b|%).

APPENDIX B: THE TWO-DIMENSIONAL CASE

In two dimensions, Biskup [13] proved sublinearity of the corrector and the QFCLT under
the minimal moment condition p = ¢ = 1 in (3). The reasoning in [13] (which has its origins
in [12]) combines geometric, analytical and probabilistic arguments. In this section, we sketch
a proof of Biskups result that relies only on deterministic regularity theory and the spatial
ergodic theorem. The main ingredient is the following local boundedness result.

PROPOSITION 4. Fix w € (0, oo)Bz. Then there exists ¢ € [1, 00) such that solutions of
V*(wVu) = 0 in Z? satisfy for every n € N,

1
(53) mlglx |u(x)| = C( Hw ”L L(B(2n)) Hw(vu) ”L L(B(2n)) + ”u”Ll(B(Zn)))'

PROOF. Throughout the proof, we write < if < holds up to a generic positive constant.
The proof is elementary and relies on three ingredients: First, V*(wVu) = 0 in Z? implies
a maximum principle in the form

(54) max |u(x)| < max |u(x)| < max |u(x)| forallk e {n,...,2n}.
xeB(n) xeB(k) cdB(k)

Second, since
2n

1 1
Z (”VM”LI(aB(k)) + r_l“u“Ll(aB(k))> < IVullprg@n) + ;”MHLI(B(ZH)),
k=n
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we can choose a “good” k € {n, ..., 2n} satisfying

1 1 1
(55) IVull 1 opy + ;”””L'(aB(IE)) = ;(”V””LI(B(zn)) + ;||”||L1(B(2n))>'

The last ingredient is a one-dimensional Sobolev inequality (which follows simply by the
discrete version of the fundamental theorem of calculus)

1
(56) xéIal%)((k)|u(x)| S ||Vu||Ll(3B(k))+%”uHLl(aB(k)) forall k € {n,,2n}
Combining (54)—(56) and ke {n,...,2n}, we obtain
(54 <) 1
max |M(x)| = max |u(x)| ~ ”VMHLI(QB(IQ)) + ;”I/‘”Ll(ag(/;))

xeB(n) x€dB (k)

55)
S nlVullpigany + 14l Lt g ony):

where we used in the last inequality also the fact |[B(2n)| < n?. Clearly, (53) follows from the
last displayed formula and Hoélder’s inequality. [J

PROPOSITION 5. Let d =2 and suppose that parts (i) and (ii) of Assumptions 1 are
satisfied. Moreover, suppose that E[w (e)] < oo and Elw ()1 < o0 for every e € B2. Then,
forevery je{l,...,d},

1
lim — max |x;j(w,x)|=0 P-as.
n—>o00 n xeB(n)

PROOF. Throughout the proof, we write < if < holds up to a generic positive constant.

Step 1. More ergodic theory. In contrast to (7), the right-hand side of (53) depends on the
discrete gradient of the £“-harmonic function. In the application to the corrector equation
V*(@V®;) =0, we use the ergodic theorem to control terms coming from V& ;. For this, it
is convenient to introduce the following measure on Z?:

9@ = Y o (@ y) — M, y) = (@ x) = jw,x)))

yezd
15 2
L3 o, y)(@j(@,y) — D)@, )%,
yezd
where j € {1, ...,d} and I1; denotes the position field introduced in Section 2.1. Since ®;

2

Zov» WE have

is defined as a projection of IT; on Lgol in L

57 E[©O]= E[ > 000, (y)z} = 1®)lI7, <Ml <E[rO]
yGZd

where we use @ (w, 0) = 0 for every w (which follows directly from the cocycle property).
Moreover, appealing to the cocycle property of @ ;, we have 1"“(x) = “(x + z) for every
x,z € 74, and thus, by (57) and the spatial ergodic theorem, we find a set Q' € Q with
P[] = 1 such that for all w € Q" and for every z € Z¢,

(58) lim ”L(Jl')HLl(B(nz,n)) = E[L(})(O)] <E[n(0)] < 0.

n—oo
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Step 2. From now on, we use the notation of Step 2 in the proof of Proposition 2. Using
estimate (53) instead of (7), we obtain

““§ ”LOO(B(L,',,—lJZ,L%J))
1
1 L N22
(59) L J” “L iz a1V = VDT L n g

n
TGl s zoiz + EJ

instead of (21). Estimate (59) implies the following L°°-estimate on y;:

1l LBy

n
< Z n n -
< sup )||M, | oo jz 2 ) + {mJ

z€B(m

59| n
< | 1
~ {szesggz)(”w ”L sz oz 19V P i’ HL B2 12212 )

n
+ sup IIlelél(B(szz,zL;J))+L;J

z€B(m)

(60)

n
< |2 1
NLMJ eszlal&)”w ”L YB(&]z21 % D)“a)(VCID ) “L YB(L2]z.2[2)))

4 n
+mo Xl Lt gany) T Ln_iJ

The ergodic theorem in the versions (20) and (58) implies that P-a.s.:

1
lo(VO))?|?

©61) n—o0o zE€B(m) L (B(L;,,—IJLZL%J))|
1 1 1 1
< E[U(O)]ZE[Lj 0]z <E[vO)]2E[x(0)]>.

Combining (60), (61) and the Ll—sublinearity of x; (17), we obtain

1 1 1 1
lim sup — ”Xj oo By S (1 +E[v(0)]2E[wn(0)]2).

n—oo

The arbitrariness of m € N yields the desired claim. [
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