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Abstract. We derive optimal estimates in stochastic homogenization of linear elliptic equations in
divergence form in dimensions d > 2. In previous works we studied the model problem of a discrete
elliptic equation on 74 Under the assumption that a spectral gap estimate holds in probability, we
proved that there exists a stationary corrector field in dimensions d > 2 and that the energy density
of that corrector behaves as if it had finite range of correlation in terms of the variance of spatial
averages—the latter decays at the rate of the central limit theorem. In this article we extend these
results, and several other estimates, to the case of a continuum linear elliptic equation whose (not
necessarily symmetric) coefficient field satisfies a continuum version of the spectral gap estimate.
In particular, our results cover the example of Poisson random inclusions.
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1. Introduction

We establish quantitative results on the corrector equation for the stochastic homoge-
nization of linear elliptic equations in divergence form, when the diffusion coefficients
satisfy a spectral gap estimate in probability. Let €2 be the set of admissible coeffi-
cients A : R? — R?*¢ which are measurable and take values into the set of uniformly
bounded and elliptic matrices (see Section 2.1 for details). Consider a probability mea-
sure on 2 (which we call an ensemble) whose expectation is denoted by (-). Let D be
a bounded domain. Since the seminal contributions of Papanicolaou and Varadhan [26]
and of Kozlov [20], it is known that if the ensemble is stationary and ergodic, then for all
f € H~'(D) and almost every realization of A, the weak solution u, € H(} (D) of the
elliptic equation
=V -A(/e)Vue = f

weakly converges in H L(D), as ¢ — 0, to the unique weak solution upom € HO1 (D) of
the deterministic elliptic equation

=V - AhomVithom = f.

The matrix Apom is a deterministic and constant elliptic matrix. As a by-product of the
analysis, it is shown that Ay, is characterized by the formula

Anomé = (A0)(§ + V§(0)) (1.1)

for all & € R?, where ¢ is the so-called corrector in direction &. It is the unique ran-
dom field taking values in Hll)c (R4) whose realization solves almost surely the corrector
equation

~V-A(E+Vg) =0 (1.2)

in the sense of distributions on R¢, such that ¢(0) = 0 almost surely (at every point
x € R? the quantity ¢(x) is almost surely well-defined), and V¢ is stationary and has
bounded second moment. In order to prove the homogenization result, and the existence
of the corrector field ¢, both Papanicolaou & Varadhan and Kozlov rewrite equation (1.2)
in the probability space L?(2) (see Section 2.1 for details), where it naturally lives. In the
periodic case—which can be recast in this setting—this space is simply L?(T) /R, with T
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the d-dimensional torus. In this case, (1.2) reduces to an elliptic equation on the torus, for
which we have the Poincaré inequality at our disposal. In the general ergodic case this nice
picture breaks down, and the absence of Poincaré’s inequality in the infinite-dimensional
space 2 makes the analysis of the corrector equation more subtle. To circumvent the lack
of coercivity of the elliptic operator in probability, these authors add a zero-order term
of magnitude 7=! > 0 to the equation, and consider the unique stationary field with
bounded second moment and vanishing expectation ¢ that solves the modified corrector
equation

T '%r —V-AE + V) =0 (1.3)

in the sense of distributions on R almost surely. The existence and uniqueness of ¢ is
a direct consequence of the Lax—Milgram theorem. In addition, the a priori estimate

T=1@50) + (Vo)) < 1

is enough to pass to the limit as 7' 1 oo in the equation, and allows one to define )
as the weak limit of V¢,—which is a stationary gradient field. Yet one loses control of

@ZT (0)), and it is not known whether there exists a stationary random field v/ such that
Vi = V.

As far as rates are concerned, there are only few contributions in the literature. A first
general comment is that ergodicity alone is not enough to obtain convergence rates, so that
mixing properties have to be assumed on the coefficients A. Besides the optimal estimates
in the one-dimensional case by Bourgeat and Piatnitskii [5], the first contribution in the
linear case is due to Yurinskil who proved in [28, (0.10)] that for d > 2 and for mixing
coefficients with an algebraic decay (not necessarily integrable), there exists y > 0 such
that

(lue — unoml*) S . (1.4)

In the recent contribution [2], Armstrong and Smart developed a quantitative stochastic
homogenization theory for convex integral functionals based on a quantification of the
subadditive ergodic theorem for fields with finite range of dependence, and proved for
all d > 2 some algebraic rates of convergence for the Dirichlet problem with higher
integrability than in (1.4).

The focus of the present paper is not on the homogenization error (|uy — unom|>),
but rather on the corrector field and its decorrelation properties. As shown in the case of
discrete elliptic equations in [13], this is indeed a first step towards the quantification of
the homogenization error.

The key ingredient of our analysis is a proxy for Poincaré’s inequality in probability,
in the form of a spectral gap estimate, which generalizes to the continuum setting the
estimate

2
var[X] < Z <sup >var[a] (1.5)

- a(e)

da(e)

we used in the case of a discrete elliptic equation [16, 17]. Although this estimate may
seem to crucially rely on the fact that there are only countably many random variables
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{a(e)}e, this is not the case. In the continuum setting, (1.5) can indeed be replaced by

var[X] < /]Rd<(A?l§(Cz) X>2>dz, (1.6)

where 0scy4|,., X denotes the oscillation of X with respect to the restriction of A onto
the ball B(z) = {7/ : |z — Z/| < 1} centered at z and of radius 1. Whereas (1.5) holds
for independent and identically distributed coefficients, (1.6) holds for instance for the
Poisson inclusion process.

With this single ingredient (1.6) of probability theory, and in line with the discrete case
[16, 17], we shall prove using linear elliptic PDE theory that all the moments (|$T 0)]9)
(g > 0) of the modified corrector are bounded for d > 2 independently of 7'. This implies
in particular the existence of a stationary corrector (Corollary 1). As a first step, we prove
that all the moments of Vg7 are finite (Proposition 1). Let ¢" denote the adjoint corrector
in direction &', that is, the corrector associated with the transpose coefficients A* of A.
In terms of quantitative estimates we shall prove for d > 2 that the variance of smooth
averages of the energy density (§'+ Va/) - A(E 4 V) of the corrector on balls of radius L
decays at the rate L~ of the central limit theorem (as if the energy density had finite range
of correlation, which it has not)—see Theorem 1. Lastly, we shall give optimal estimates
of the convergence of the gradient Vg, of the modified corrector towards the gradient
V¢ of the corrector, and of the approximation ((&" + VE/T (0)) - A(0) (€ + V7(0))) of the
homogenized coefficients towards the homogenized coefficients &’ - Apomé (Theorem 2
and Proposition 2).

It is worth noticing that our results hold for random diffusion coefficients which are
merely measurable. In particular, what matters for the estimates is only the correlation
length of the random coefficient field, not the potentially smaller length scale given by
the spatial variations of the coefficients.

Before we conclude, note that Armstrong and Smart [2] proved exponential moment
bounds for V¢ under a finite range of dependence assumption, that is, a result of the flavor
of Proposition 1 (with higher stochastic integrability).

Throughout the paper, we make use of the following notation:

d > 2 is the dimension;

Np denotes the set of non-negative integers, and N the set of positive integers;

(-) is the expectation;

var[-] is the variance associated with the ensemble average;

cov[-; -] is the covariance associated with the ensemble average;

< and 2 stand for < and > up to a multiplicative constant which only depends on the

dimension d, the ellipticity constant A (see (2.1) below), and the spectral gap constants

p and £ (see Definition 2.2), unless otherwise stated,;

e when both < and 2 hold, we simply write ~;

e we use > instead of 2 to indicate that the multiplicative constant is large compared
to 1 (although finite);

e forall R > 0,and z € R, Bg(z) := {7/ : |z— 2| < R}, and By := Bg(0).
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2. Main results

2.1. General framework

In this subsection we recall some standard results due to Papanicolaou and Varadhan [26].
We start with the definition of the random coefficient field.

We let A € (0, 1] denote an ellipticity constant which is fixed throughout the paper,
and set

Qo = {Ao € R™9 : A is bounded, i.e. |[AoE| < |&] forall &€ € RY,
Ag is elliptic, i.e. A|§|* < & - Ao& forall & € RY). (2.1

We equip €29 with the usual topology of R?*¢. A coefficient field, denoted by A, is a
Lebesgue-measurable function on R? taking values in £29. We then define

2 := {measurable maps A : RY Qo},

which we equip with the o -algebra F that makes the evaluations A +— fRd Ajj(x)x(x)dx
measurable for all i, j € {1, ..., d} and all smooth functions x with compact support.
This makes F countably generated.

Following the convention in statistical mechanics, we describe a random coefficient
field by equipping (€2, F) with an ensemble (-) (the expected value). Following [26], we
shall assume that (-) is stochastically continuous: for all § > 0 and x € R?,

lim (1¢4. - =0.
|h\¢0< [A:|AGe+h)—A(x)]>8})

We shall always assume that (-) is stationary, i.e. for all translations z € R? the coefficient
fields {R? 5 x — A(x)} and {RY 5 x — A(x + z)} have the same joint distribution
under (). Lett, : @ - Q, A(-) — A(-+2z), denote the shift by z; then (-} is stationary if
and only if 7, is (-)-preserving for all shifts z € R. The stochastic continuity assumption
ensures that the map R? x Q@ — €, (x, A) — 7, A, is measurable (where R? is equipped
with the o -algebra of Lebesgue measurable sets).

A random variable is a measurable function on (€2, F). We denote by H =
LZ(Q, F, (-)) the Banach space of square integrable random variables, that is, those
random variables ¢ such that (%) < oo. This is a Hilbert space for the scalar product
(¢, x) = (¢ x). By definition of F, any random variable of H can be approximated by
a random variable of H that only depends on the value of A €  on bounded domains.
A random field  is a measurable function on R? x . To any random variable 7 : @ — R
we associate a (-)-stationary extension T : R x Q@ — Rvia ¢ (x, A) := ¢ (A(-+x)). Con-
versely, we say that a random field is (-)-stationary if it can be represented in that form. If
Cisa stationary field, then Z(x, A) = (14 A) for some random variable ¢, so that for all
x e R4, E(x, -) is measurable on (2, F) by the measurability of the map (x, A) > 7, A
on R? x Q. If (-) is stationary, then the ensemble average of a stationary random field ¢
is independent of x € R?; therefore we simply write (¢) instead of (¢ (x)).
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Stationarity allows one to define a differential calculus on . As shown in [26, Sec-
tion 2], since (-) is stochastically continuous, one may define a differential operator D
on H by its components D; in direction ¢; for alli € {1, ..., d} as follows:

£ (e, A) = ¢(A) _ | Elhe;, A) —£(0, 4)
— = 1l1In
h h—0 h

D;¢(A) = ,}gr}) =V (0, A).

The domain ! of D is closed and dense in #. It is a Hilbert space for the inner product

(&, x) = {&x) + (D¢ - Dx).
We say that a stationary ensemble is ergodic if the only elements of F that are invari-
ant under the shift group (t;), g« have probability O or 1.

Lemma 2.1 (Corrector, [26, Theorem 2]). Let {-) be an ergodic stationary ensem_ble.
Then for all directions & € R?, |&| = 1, there exists a unique random field ¢ in

HILC (R?, M) which solves the corrector equation

V- AE+Vg) =0 2.2

in the sense of distributions on RY and satisfies 5(_0) = 0, both almost surely, and such
that V¢ is the stationary extension of the field V$(0,-) € H, with (V¢(0,-)) = 0. In
particular, ((V$(0, )|>) < 1.

We also recall the standard definition of the modified corrector:

Lemma 2.2 (Modified corrector, [26, proof of Theorem 2]). Let (-) be a stationary en-
semble. Then for all T > 0 and all directions & € R?, |&| = 1, there exists a unique
random field ¢ € H' with vanishing expectation, whose stationary extension ¢y solves
the modified corrector equation

T '¢r —V-AE+ Vo) =0 (2.3)
distributionally on R? almost surely, and such that T~ (¢%) + (ID¢7|?) <1

Note that ¢ is stationary, whereas ¢ is not.

Remark 2.1. The field ¢7 can be defined as the unique function in #! satisfying, for all
eMn!,

(T™'¢¢r +Di - A(0)Dgr) = —(DZ - A(0)§). 2.4
Remark 2.2. If A is replaced by its pointwise transpose A* in Lemmas 2.1 and 2.2, the

associated correctors are called adjoint correctors. For all £ € R? and T > 0, the adjoint
corrector ¢ and modified adjoint corrector ¢, are suitable solutions of

—V - A*E + V) =0,
—/ —/
T ¢y —V-A*E + Vo) =0.
Definition 2.1 (Homogenized coefficients). Let (-) be an ergodic stationary ensemble,

let £,& € R, and ¢ and 5/ be the corrector and adjoint corrector of Lemma 2.1 and
Remark 2.2. We define the homogenized d x d-matrix Apop in directions &’ and & by

& Anomé = (€' + V' (0)) - AO)(E + V$(0)) =& - (A(0)(& + V(). (2.5
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2.2. Statement of the main results

To obtain quantitative results, we assume in addition to stationarity and ergodicity that (-)
has a spectral gap in the following sense.

Definition 2.2 (Spectral gap (SG)). We say that an ensemble (-) satisfies (SG) if there
exist p > 0 and £ < oo such that for all measurable functions X on (€2, F) we have

1 2
var[X] < —< / (osc X) dz>, (2.6)
P R4 AlBg(Z)

where oscy|, , X denotes the oscillation of X with respect to A restricted to the ball
By () of radius £ and center at z € R?:

<osc x) (A) = (sup X) (A) — (}lrg X) (A)

Aly Aly

= sup{X(A) : A € Q, Alga\y = Alpa\y)
—inf{X(A) : A € Q, Alga\y = Alga\y)- 2.7)

Note that for U C RY, osca, X € [0, 00] is itself a random variable, which is not
necessarily measurable so that the expectation of the RHS of (2.6) is understood as an
outer expectation.

As the following lemma shows, (SG) is stronger than ergodicity.

Lemma 2.3. Let (-) be a stationary ensemble that satisfies (SG) for some p > 0 and
{ < oo. Then {-) is ergodic.

The first main result of this paper shows that the variance of smooth averages of the
energy density of the modified corrector on a domain of size L decays according to the
central limit theorem scaling L~¢.

Theorem 1. Let (-) be a stationary ensemble that satisfies (SG), and let ¢, 5/ and ¢, a/T
denote the corrector and adjoint corrector, and modified corrector and modified adjoint
corrector for respective directions £, €' e RY, |€| = |€'| = 1, and T > 0 (see Lemmas 2.1
and 2.2, and Remark 2.2). For all L > O consider the random matrix At characterized
by

g Ar €= / (T7'P7()Pr(x) + (£ + VP7 (X)) - A (E + Vdr (1)) n(x) dx,

R4

where x +— 1 (x) is a smooth averaging function on By, such that fRd np(x)dx = 1and
sup |V | < L™ Then, forall T > 1,

L2InQ2+~T/L) ford =2,

2.8
L ford > 2. 8)

var[§' - A7 1 E] S {

In particular, by letting T 1 oo in (2.8), the variance estimate holds for the energy density
of the correctors 5/ and ¢ themselves for d > 2. O
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The main ingredient in the proof of Theorem 1 is of independent interest. It states that all
finite stochastic moments of the modified corrector ¢7 are bounded independently of T
for d > 2 and grow at most logarithmically in T for d = 2.

Proposition 1. Let (-) be a stationary ensemble that satisfies (SG), and let 1 denote the
modified corrector for direction € € R, || = 1. Then forallq > 1 and all T > 1,

(InT)'/?  ford =2,

2.9
1 ford > 2, 29)

(lor 1)1/ < {

where the multiplicative constant depends on q, besides depending on X, p, £, and d. In
addition, forallqg > 1 and all R > 1,

_ q/2\1/q
<</B |V¢T(y>|2dy) > <1, (2.10)

where the multiplicative constant depends on q and R (and on A, p, £, and d).

Remark 2.3. Since (SG) is invariant under transposition of A, all the estimates obtained
for the modified corrector and for the corrector hold as well for the modified adjoint
corrector and the adjoint corrector under the same assumptions on A.

For d > 2 we also proved in [15] the corresponding versions of Theorem 1 and Proposi-
tion 1 for the approximation of the corrector using periodic boundary conditions on cubes
of side length L. As opposed to the present proof, the proof in [15] does not make use of
Green’s functions and relies on the De Giorgi—-Nash—Moser regularity theory.

As a direct corollary of Proposition 1 and of Lemma 2.2, we obtain the following
existence and uniqueness result for stationary solutions of the corrector equation (2.2) for
d > 2, which settles a long-standing open question.

Corollary 1. Let () be a stationary ensemble that satisfies (SG). Then, for d > 2 and for
all directions € € R, |&| = 1, there exists a unique random field ¢ € H' with vanishing
expectation whose stationary extension ¢ solves the corrector equation

~V - AE+Ve)=0
distributionally on R? almost surely. In particular, (¢*> + |D¢|*) < 1.

The proof of this result as a corollary of Proposition 1 is elementary and left to the reader.
Our second main result quantifies the difference between Apem and an approximation
of Apom obtained using Vg7 instead of V¢, which we call the systematic error.

Theorem 2. Let (-) be a stationary ensemble that satisfies (SG), and let ¢, ¢ denote
the modified corrector and modified adjoint corrector for directions &, &' € R, respec-

tively, |§| = |€'| = 1, and T > 0. The approximation At of the homogenized matrix Apom
defined by

&' Ar& = ((¢' +D¢r) - A(0)(§ + Dor))
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satisfies, for T > 1,

7! ford =2,
T-3/2 ford =3,
T2InT ford =4,
T2 ford > 4.

|Ahom — A7| S (2.11)

Note that estimate (2.11) saturates at d = 4. Higher order approximations of Apom using
the modified correctors ¢ and extrapolation techniques have been introduced by Mourrat
and the first author [12, Proposition 2]. We proved in [14] in the discrete setting that the
optimal scaling of the systematic error is 7%/ even beyond d = 4, and that it can be
reached in any dimension for approximations of sufficiently high order. We believe that
the corresponding continuum version of these estimates also holds true.

Theorem 2 is a direct consequence of the following proposition, which quantifies the
convergence of the gradient of the modified corrector to its weak limit.

Proposition 2. Let (-) be a stationary ensemble that satisfies (SG), let ¢1 denote the
modified corrector for direction € € R, |E| = 1, and T > 0, let V$(0) denote the weak
limit of De7 in H. Then forall T > 1,

7! ford =2,
T=3%  ford =3,
T2InT ford =4,
T2 ford > 4.

(IDgr — VO)*) < (2.12)

Remark 2.4. For d > 2, if we denote by ¢ the stationary corrector of Corollary 1, we

also have
T-1/2 ford = 3,

(pr =) < T 'InT ford =4, (2.13)
7! ford > 4.
In the case when the coefficients A are symmetric, the operator £L = —D - A(0)D defines

a quadratic form on H!. We denote by £ its Friedrichs extension on # as well. Since
L is a self-adjoint non-negative operator, by the spectral theorem, it admits the spectral
resolution

(.¢]
L :/ A G(dA). (2.14)
0
As a by-product of the proof of Proposition 2 we obtain the following bounds on the
bottom of the spectrum of £ projected on d = —D - A(0) € (H!):
Corollary 2. Let (-) be a stationary ensemble taking values in the set of symmetric ma-
trices and satisfying (SG), and let € € R? with |€| = 1, and ® = —D - A(0)&. Then the
spectral resolution G of L = —D - A(0)D satisfies, for all v > 0,
vd/24 for2 <d < 6,
(G (d1)0) ([0, v]) < { vilogv| ford =6, (2.15)
p* ford > 6.
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In the discrete setting we proved in [14], using a semigroup approach, that
(G (d1)) ([0, v]) S v/2H!

for all d > 2. The method we use here could be pushed forward to prove similar estimates
foralld > 6.

Before we turn to the structure of the proofs, let us comment on the interest of these
results. As in [16, 17], our main concern here is the approximation of the homogenized
coefficients Apom. As discussed in [16, 17, 11] in the discrete setting, the modified cor-
rectors g7 and ¢ can be replaced on some ball By, by approximations ¢7. x and E/T R
computed on a larger ball Br with homogeneous Dirichlet boundary conditions up to an
error of infinite order measured in units of (R — L)/ /T This holds in the continuum
setting as well, and we shall assume that we have access to the modified correctors ¢
and 5} on By in practice. A natural approximation of Apomy is then given by

£ Ar &= . (&' + Vo7 (x) - A@)(E + Vor(@)nL(x)dx,
L

where 7, is as in Theorem 1. By stationarity, the error between AT, 1. (which is a random
variable) and Ao satisfies

(" ArLE — & - AhomE)?) = var[&' - A7 LE]+ (&' (AT — Apom)€)”.

The square root of the first term is called the random error, and the square root of the sec-
ond term, the systematic error. The systematic error is estimated in Theorem 2, whereas
the random error is estimated in Theorem 1 as the following remark shows.

Remark 2.5. While it is natural to include the zero-order term 7! (¢7¢r) into the def-
inition of the energy density, it is not essential for our result. Here is the reason: By a
simplified version of the string of arguments which lead to Theorem 1 we can show that
the variance of the zero-order term is estimated by

— _ InT ford=2
var X )L x)dx | < ’
|:_/Rd¢T( Yo7 (X)L (x) }N {L2_d ford = 2.
This is of higher order than (2.8) for L < T. When approximating ¢, and E/T on By by
some ¢r g and ¢>’T’ & on a bounded domain Bg, one needs R — L > VT for the error
due to the artificial boundary conditions to be small. Taking R ~ L, this yields L > /T,
which is compatible with the regime L < T

2.3. The example of the Poisson inclusion process

Definition 2.3. By the Poisson ensemble we understand the following probability mea-
sure on 2: Let the configuration of points P := {x,},en on R be distributed according
to the Poisson point process with density 1. This means the following:
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e For any two disjoint (Lebesgue measurable) subsets D and D’ of R? the configuration
of points in D and the configuration of points in D’ are independent. In other words, if
X is a function of P that depends on P only through P|p, and X’ is a function of P
that depends on P only through P|p/, then

(XX")o = (X)o(X o, (2.16)

where (-)o denotes the expectation with respect to the Poisson point process.
e For any (Lebesgue measurable) bounded subset D of R?, the number of points in D is
Poisson distributed; the expected number is given by the Lebesgue measure of D.

Fig. 1. Poisson random inclusions.

With any realization P = {x,},en of the Poisson point process, we associate the coeffi-
cient field A € 2 (see Figure 1 for a typical realization) via

A iferflo: B(x,)
Alx) = { | else 1 }Id. 2.17)

This defines a probability measure (-) on €2 by “push-forward” of (-)¢.
We then have:

Lemma 2.4. The Poisson ensemble is stationary and satisfies (SG) with constants p =
=1

For a direct proof of Lemma 2.4 (with suboptimal constants p and ¢) relying on a mar-
tingale decomposition approach, we refer to [15]. The present version (with optimal con-
stants p = £ = 1) follows from the well-known Poincaré inequality for the Poisson point
process: For all measurable functions X of the Poisson point process, we have

vanlX] = [ ((XCU D) = X0 dx 2.18)
R4
(see for instance [27, 22]). For all measurable functions of A, we then have

var[X] = varo[X o A] ‘% / (X0 ACU {x}) — X 0 A)2)odx
]Rd

< [ lCose 2 = [l oo )

where the last two expectations are outer expectations.
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More general constructions of ensembles (-) from the Poisson point process ensemble
(-)o are discussed in [8, 9].

2.4. Structure of the proofs and statement of the auxiliary results

The proof of Proposition 1 is new and gives optimal scalings in any dimension (in con-
trast to the approach of [16]). Proposition 1 is a direct consequence of the following two
lemmas (and Jensen’s inequality in probability). The first lemma shows that the estimate
(2.9) is a consequence of (2.10) for all ¢ large enough.

Lemma 2.5. Let (-) be a stationary ensemble that satisfies (SG), and let ¢1 denote the
modified corrector for direction &€ € RY, || = 1. Then there exists § > 1 such that for all
g>gandallT > 1land R Z 1,

_ N\ InT ford =2
2g\1/q < 2 ’
(lor ™)/ S <(st IVér ()l dy) > {1 ford > 2. (2.19)

where the multiplicative constant depends on q (and on A, p, £, and d).
The second lemma yields (2.10).

Lemma 2.6. Let (-) be a stationary ensemble that satisfies (SG), and let ¢1 denote the
modified corrector for direction &€ € R%, |&| = 1. Then forall g > 1 and all T > 1 and

R>1,
_ q/2\1/q
<<]i |V¢T(y>|2dy) > < (2.20)
R

where the multiplicative constant depends on q (and on A, p, £, and d).

Remark 2.6. For d > 2, by Young’s inequality, Lemma 2.6 is a consequence of Lem-
ma 2.5 itself and of the following Caccioppoli inequality in probability for the modified
corrector: for all g € N,

(67" Dgr ) < (1), @21
as used in [16]. For d = 2, however, this argument does not provide the optimal power of
the logarithm in (2.9) nor the optimal scaling in (2.10) for d = 2, whence the more subtle
approach developed here.

In order to prove Lemma 2.5 we shall apply (SG) to powers of the modified corrector ¢7.
Compared to the discrete setting, we give a significantly simplified proof which avoids
the involved induction argument of [16]. To this end, we first derive a “g-version” of the
spectral gap estimate, a continuum analogue of the spectral gap estimate of [14].

Corollary 3 (¢-(SG)). If (-) satisfies (SG) with constants p > 0 and £ < oo, then for all
q > 1 and all random variables X,

1/q

2 q
o2
(X — (X)) /2 §<<Ad(A?%?Z> X) dz) > (2.22)

with £ = 2, where the multiplicative constant depends on q and p.
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In order to obtain explicit formulas for the oscillation of ¢, we consider an alternative
definition for ¢7 that extends the definition of modified correctors for any A € €2 (and
not only for almost every A):

Lemma2.7. Forall A € QT > 0, and & € R? with |&| = 1, there exists a unique
distributional solution on R¢ of the equation

T '¢r —V-AE+Vor) =0 (2.23)

in the class of functions x € Hll)c (R?) such that lim SUP; 400 fB, X2+ |Vx») dx < oc.
In addition, this solution satisfies

_ — d
sup / (T~16% + Ve, P dx < VT°. (2.24)
Bﬁ(Z)

z€R4

By definition of the o-algebra, it is clear that square local averages of ¢7 and of V¢ are
measurable on (€2, F). For almost all A € 2, the Birkoff ergodic theorem shows that ¢
defined in Lemma 2.2 satisfies

3%‘330][3 @7 + V7P dx = (9} + D7) < o0,

and satisfies (2.23) in the sense of distributions. Hence aT(ﬁ A) coincides with the solu-
tion of Lemma 2.7 for almost all A € Q.

When applying Lemma 2.2 to powers of ¢4 (0; -), the sensitivity of ¢4 (0; A) with
respect to the coefficients A appears and needs to be controlled. Our estimates involve
Green’s functions, whose well-known properties are recalled in the following definition.

Definition 2.4 (Green’s function). Forall A € Q and 0 < T < oo, there exists a unique
function Gr(x, y; A) > 0 with the following properties:

e Qualitative continuity off the diagonal, that is,
{(x,y) € RY x R : x #y}> (x,y)— Gr(x,y; A) iscontinuous. (2.25)

e Upper pointwise bounds on G7:

Gr(x,y; A)

< x —y):=exp| —c 2.26
here and below, the rate constant ¢ > 0 in the exponential is generic and may change
from term to term, but only depends on d and A.

o Averaged bounds on VG and V,Gr:

Ix — y|> Iln(Z +JT/lx —y|) ford =2,

1/2
(R—d/ |VxGr(x,y;A)|2dx> 5exp(—c—>R1—d, (2.27)
R<|x—y|<2R

R
<R_d/ IVyGr(x, y; A)|2dy> gexp<—c—)R1—d. (2.28)
R<|y—x|<2R \/_
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o Differential equation: We note that (2.26) and (2.27) & (2.28) imply that RY 5 x >
(Gr(x,y; A), ViGr(x,y; A))andR? 5 y = (Gr(x, y; A), V,Gr(x, y; A)) are (lo-
cally) integrable. Hence even for discontinuous A, we may formulate the requirement

T7'Gr =V, - Ax)V,Gr =8(x —y) distributionally in R?, (2.29)
T7'Gr —Vy- A*(y)VyGr = 8(y —x)  distributionally in RY, (2.30)

where A* denotes the transpose of A.

We note that the uniqueness statement implies G7(x, y; A*) = Gr(y, x; A) so that G
is symmetric whenever A is symmetric.

Although these results are well-known, we did not find suitable references dealing with
the massive term. In the appendix we present a self-contained proof using only the De
Giorgi—Nash—Moser theory, and inspired by [18].

The following result is of independent interest. It quantifies the sensitivity of solutions
of linear elliptic PDEs with respect to the coefficient field.

Lemma 2.8. Let A € 2, and let Gt and ¢ be the associated Green function and modi-
fied corrector for T > 0and & € R, |&| = 1. Then, forall x, z € R, R~1,andT > 0,

_ _ _ 1/2
osc ¢r(x) S hr(z,x) </ IVorI*dy + 1) , (2.31)
B3R (2)

AlBR(Z)

where hr is given by

12

—_— 2 —

R (z.x) = (/BR(Z)MGT(Y’X)' dy) forlz=xI=2R1 < (23
for|z —x| <2R

In addition,

sup / IVorWI*dy < / |v$T(y>|2dy+/ IVor([Fdy+1.  (2.33)
Alpg(z) ¥ Br(x) Br(x) Br(2)

Although this lemma holds for measurable coefficients, we first prove it under an addi-
tional smoothness assumption on A. This assumption is then removed by an approxima-
tion argument: The pointwise convergence of ¢ and G under the convergence of A
follows from the De Giorgi—Nash—Moser theory (in the form of a uniform Hoélder esti-
mate). This is a difference with the discrete setting for which (discrete) gradients of a
function X are controlled by the function X itself and Green functions are not singular—
so that smoothness is not an issue.

As can already be seen in Lemma 2.8, not only the Green function itself but also its
gradient appears in the estimates. On the one hand, we shall need local estimates which
are uniform with respect to the conductivity function:
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Lemma 2.9. Let A € Q, and for all A e Qlet Gr(-, - A), for T > 0, be the Green
function associated with A. Then, for all R ~ 1, and all x, 7 € R? with |x — z| > R,

sup / |vyGT<y,x;A>|2dys/ IV,Gr(y, x; A)Pdy. (2.34)
AeQ Bgr(2) Bgr(z)

A‘Rd\BRu):A'Rd\BR(z)

On the other hand, we shall make use of both integrated and pointwise estimates on the
gradient of the Green function: optimal quenched but integrated or annealed but point-
wise control with an exponent 2p slightly larger than 2—Meyers’ type estimates—and a
suboptimal but quenched and pointwise control.

Lemma 2.10 (Optimal quenched integrated estimates of gradients). Let A € Q and Gt
be its associated Green function, and T > 0. Then there exists p > 1 (depending only
on A) and d such that forall p > p > 1 and R > 0,

J 5 1/2p) L R
R™ IV,Gr(y,0)*d ) < R'"?ex (—c—>, (2.35)
( /R<y|<2R Y Y Y P \/T

1/(2p) R
(R—2d/ / |VVGT(y,x)|2dedx) §R_dexp<—c—>, (2.36)
Br J8R<|y|<16R JT

where VV denotes the mixed second gradient.

For the proof of (2.35), we refer the reader to the corresponding results [16, Lemmas 2.7
and 2.9] in the discrete setting, the proofs of which are first presented in the continuum
setting considered here (where algebraic decay can be replaced by the exponential decay
stated here). For (2.36), which we shall only use to prove the following lemma, the proof
is similar and the Meyers argument is used twice: once for each variable.

Lemma 2.11 (Optimal annealed pointwise estimates of gradients). Let (-) be a station-
ary ensemble, and for all A € Q2 denote by G the associated Green function with T > 0.
Then there exists p > 1 (depending only on A) and d such that for all p > p > 1 and all
Iyl > 1,

_ |yl
(IVyGr(y, 0PV < [y~ ex (—c— : 2.37)
! T
- ]
(1VVGr (. 0)l) < Iy ex (—c . (2.38)
For p = 1, (2.37) is a consequence of the annealed estimates by Delmotte and

Deuschel [6] on the parabolic Green function for stationary ensembles. We prove Lem-
ma 2.11 by combining the Meyers estimates of Lemma 2.10 with the elliptic approach
to the Delmotte—Deuschel result developed by Marahrens and the second author [23, 24].
Although the estimate (2.38) on the mixed second derivative is not used in this article, it
is stated here for future reference.
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Lemma 2.12 (Suboptimal quenched pointwise estimates of gradients). Let A € Q
and Gt be its associated Green function with T > 0. Then there exists a > 0 depending
only on A such that for all R ~ 1 and all |z| > 2R,

1/2 —a
lz| 7% exp(—clz|/vVT) ford =2,
V. Gr(Z,0)>d7 < 2.39
</BR(Z)| 20, ) Z) ~ {Ile_d exp(—c|z|/~T) ford > 2. ( )

This lemma (which is suboptimal for d > 2 but sufficient for our purpose) follows from
Caccioppoli’s inequality and the following refined energy estimate that we shall use in
the proof of Lemma 2.6.

Lemma 2.13 (Refined energy estimates). There exists an exponent a(d, ) > 0 such
that for all A € Q:

e forallR > 1, T > 0 and any v € H'(BR) satisfying
T lv—V.AVL=0 (2.40)

we have

1/2 1/2
( (T]v2+|Vv|2)dx> gR“( (T1v2—|—|Vv|2)dx) c (241
B Bg

e forallT > 0andallv e H'(RY) and g € L*(R4, RY) related by

T-'w—V.-AVv=V.g, (2.42)

and all radii R, we have
12 1/2
( (T~ + |Vv|2>dx) < ( / (IxI/R + 1>-2“|g(x>|2dx> D (243)
Br R4

e forall R > 1 and T > 0, the modified corrector ¢ satisfies
_ _ 172
( T x +6r))? + 5 + VrP) dx)
By

1/2
= R‘“( (T x + b)) + ¢ +V5T(x>I2+T_1R2)dx> e
Br

As in [16], the proof of Theorem 1 relies on (SG) and on Proposition 1. As opposed to our
proof in the discrete setting, we shall replace the use of convolution estimates of Green
functions (cf. [16, Lemma 2.10] and [12, Estimate A.8]) by a suitable use of the pointwise
estimates of Lemmas 2.11 and 2.12.

Our proof of Proposition 2 is new, and significantly differs from the corresponding
proofs for the discrete setting [17, 12]. Since the function (0, co) — HUT — ér, 18
smooth, we may define Y7 := TZ%‘LTT € H!. As for the corresponding proof in the dis-
crete setting, we have to estimate the quantity (¢ry¥r) = cov[¢r; ¥r]. In [17] we used
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the covariance estimate of [17, Lemma 3] as a starting point. In the case of the Poisson
point process, a corresponding covariance estimate holds as well and is known as the
Harris—FKG inequality [27, 22]. It is however not clear whether (SG) implies a covari-
ance inequality in general. A first possibility to avoid the use of a covariance estimate is to
appeal to spectral theory (in the case of symmetric coefficients) to bound this covariance
using the variance of v, in the spirit of [25, 12] in the discrete setting (see also Corol-
lary 2). In our proof of Proposition 2 however, we use neither a covariance estimate nor
spectral theory. To apply Lemma 2.2 to /7, one needs to control the susceptibility of V1
(in the spirit of Lemma 2.8).

Lemma 2.14. Let A € , and let Gt and ET be the associated Green function and
modified corrector for & € RY with |£| = 1, and T > 0. Set

— 20

Ur=T"0 (2.45)

Then Y € Hlf)c (RY) is the unique distributional solution, in the class of functions x in
HILC(R‘J) such that lim sup, 4 th (X% +|Vx|®) dx < oo, of the equation

T % —V-AVY; = ¢r. (2.46)

Forall R~ 1,T >0, and x, 7 € R, we have

osc Yr(x)
AlBg @) 172
< Er(z,x></ V)P dZ + vd(T)(/ \Vér()*dz + 1))
B3gr(2) Bog(z)
_ 12 _
- ( / Vo () dZ + 1) / gr(x — Yhr(z,y)dy, (247)
B3gr(2) R4

where vy (T) is given by

TInT ford =2,

vy (T) = JT ford =3, (2.48)
¢ InT  ford =4, '
1 ford > 4,

Ry is as in (2.32), and gr as in (2.26). In addition,

sup / VU rIPdy S / VP70 dy-+va(T( /
Bg(2) Bg(2) B

V7 () dy+1).
A‘BR(Z)

(2.49)

3R (2)

The oscillation of 7 involves integrals of products of the Green function and of its
gradient, the expectation of which is controlled using the pointwise estimates (2.26) for
the Green function and the pointwise estimates of Lemmas 2.11 and 2.12 for its gradient.
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3. Proofs of the main results

In this section we prove Proposition 1 in the form of Lemmas 2.5 and 2.6, and also
Theorem 1, Proposition 2, and Theorem 2. We shall assume for convenience that (SG)
holds with £ = 1. By scaling the equation according to X = £x, one indeed reduces to the
case £ = 1. We note that we lose a factor of 2 on the radius when passing to the g-version
of (SG) in Corollary 3. It is obvious that the original (SG) then also holds with radius 2.
From now on, we will use both with radius 2.

3.1. Proof of Lemma 2.5: control of the moments of ¢t by its gradient

In this proof the multiplicative constants in < may depend on ¢ > 1. We split the proof
into three steps.

Step 1: Application of (SG). We prove

2.1 - _ 5 qa\1/q
(o7 )71 S <</ hy(z, 0)(/ IVér (01~ dy + 1) dZ) > . (3.1
R4 Bg(2)

By Corollary 3, which we apply to X = ¢7, for all ¢ > 1 we have

) 2 q\1/q
@y < (/ <0sc ¢T> dz) :
Rd Ale(Z)

From Lemma 2.8 with R = 2 we learn that

_ 2, _ 5
(o 5r0) sTeo( [ 9Br0Fdy+1).
6(Z

Ale(Z)
This yields (3.1).
Step 2: Dyadic decomposition of RY and use of stationarity. We prove

gq—1

X 24
<¢§q>1/q < <1+§ (2’R)d/q(sup/ hy! (z,O)dz) ! )
2i R<|z|<2i+1R

iEN AeQ
_ q 1/q
x(<( /B |V¢>T<y)|2dy) >+1> (3.2)
6

for R > 2 such that Lemma 2.10 holds. Since we control V,Gr(y, 0) well when in-
tegrated over dy_adic annuli, we decompose R into the ball {lz] < 2R} and the annuli
{2'R < |z| < 2!*1R) fori € N. The triangle inequality in L7(2) on the RHS of (3.1)
yields

2q\1/q < 72 - 2 9\
(7 )7 S hy(z,0) [Vor(»|“dy+1)dz
|z|<2R Bg(2)
) _ q\1/q
+Z<</ _ hT(z,O)</ |V¢T(y)|2dy+1> dz) > .
o V\J2i R<|z|<2i+1R B (2)
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Since ip < 1 pointwise by definition (see (2.32)), the stationarity of V@T yields

- _ 5 q\1/q
<(/ hT(z,O)(/ IVér(yl dy+1>dZ> >
|z]<2R Bg(z)
_ q 1/q
< <<< |V¢T(y>|2dy) >+1> .
Bg

For the other terms, we use Holder’s inequality in the z-integral with exponents (#, q),

bound the integral involving h7 by its supremum over €2, and then appeal again to the
stationarity of Vg r:

<</ | hT(z,O)(/ |V¢>T(y>|2dy+1) dz) >
2i R<|z|<2i+1R Bs(z)
2.4 -1 _ q
§<(/ i (Z,O)dz) / (/ |V¢T<y>|2dy+1) dz>
21 R<|z|<2i*IR 21 R<|z|<2"+1R \J Bs(2)
2.4 g=1 — 4

< (sup/ hy"™ (z,0) dz) (21R)d<<</ |V¢T(}’)|2dy) >+ 1>-

AeQ J2i R<|z|<2i+1R Bg

Estimate (3.2) then follows from summing over i.

Step 3: Choice of q and estimate of the Green function. We prove

_ a\1/a InT ford =2
(o371 S (<(/Bﬁ [Vor (I dy> > + 1) {1 ford > 2, (3.3)

forall g large enough thatg /(¢ — 1) < p, where p is the Meyers exponent of Lemma 2.10.
By definition (2.32) of A7 and Holder’s inequality, for all i € N we have

—2-4 4
/ h'™ (2. 0)dz S / IVGr(z, 0))7T dz.
2iR<|z|<2/+1R (2i—D)R<|z]<@ 1+ DR

Estimate (2.35) yields a bound for all i € N which is uniform in A € Q:

2g (2i—1)R)
g-1 J1 )

249 . . g
/ Ry (2, 00dz S QPR R CXP(‘C
2i R<|z|<2+1R

Combined with (3.2), and the fact that R is of order 1, this yields

oy _ 5 q\1/q
(o771 < (<</B IVor(yl dy) > +1)
6

21 R) (2 Ry (2 R) I~y g <_ 2_R>
X,-EXN‘;(( M@ R)Q2'R) 1 exp( —e

= <<< IV, 2d )q>1/q +1) Z(ziR)Z—dex <—c2i—R)
= 5 Ty y &= p JT .
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Since for d > 2, the sum on the RHS is bounded independently of 7', and for d = 2 the
sum is bounded by In 7', (3.3) follows. Note that the radius of the ball B only depends
on the (SG) constant £ = 2.

3.2. Proof of Lemma 2.6: moment bounds on V¢

We split the proof into four steps, and combine the approach without Green’s functions
we developed in [15] with a compactness argument developed by Bella and the second
author for systems [4], which we extend from bounded domains with periodic boundary
conditions to the whole space with the massive term. In the first step we decompose
V¢ into Fourier modes, and show it is enough to consider a finite number of Fourier
coefficients. In the second step we estimate the oscillation of the Fourier coefficients, and
apply ¢-(SG) and elliptic regularity in the third step to obtain a nonlinear estimate. We
conclude in the fourth step.

Step 1: Compactness argument. We argue that for any § > 0 and any radius

R<VT, (34)
there exist N(d, §) linear functionals Fy, ..., Fy_; : H'(Bog) — R bounded in the
sense that

1/2
|Fou| < ( (T "? + |Vu|2)dx> , (3.5)
Bag

and which have the property that for any u € H'(Bag) and f € L?(Bag) related by
T'u—V-AVu=T"'f (3.6)

we have

N-—1
/ (T~ 'w? + | VuP)dx < ZIFnu|2+8/ |Vu|2dx+/ T'f2dx, (3.7)
Br =0 Byr Bar

where the multiplicative constant is independent of §, T and R. We split (3.7) into an a
priori estimate for (3.6), namely

(T~ "w? + | Vu>dx < / (T + R2(u —in)* + T f?) dx, (3.8)
Br Br

where u denotes the average of u in Byg, and the construction of the functionals F;, such
that for every functionu € H 1 (BaR),

N—1
(T'u?+ R 2 — i) dx < Z(F,,@z +5/ [Vu|? dx. (3.9)
Bog n=0 Bog

We start with (3.9), which thanks to (3.4) we may split into

N-—1
R [ w—i)dx S (Fu)? +5/ |Vu|? dx (3.10)
Bor

Byg n=1
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and
T—l/ i’ dx < (Fou)?,
Byr

where the last estimate is trivially satisfied (as an identity) by defining Fou=+/|Bag|/T u
=/ B, U dx/~/T|Bag|, which by Jensen’s inequality satisfies the boundedness condition
(3.5) in the simple form of (Fow)?<T17! fB2R u? dx. We thus turn to (3.10); by rescaling
length according to x = RX, we may assume that 2R = 1. Let {(A,, u,)};2, denote a

complete set of increasing eigenvalues and L2-orthonormal eigenfunctions of —A on B
endowed with homogeneous Neumann boundary conditions, that is,

/ Vv~Vundx=An/ vuy, dx forallveHl(B1). 3.11)
By By

In particular, fB1 Vi, |>dx = A, fB1 u?dx = h,. We also note that »; > 0. Hence for
alln > 1,

Vuy, |
Fuu :/ Vu - dx forallu € H (By) (3.12)
n 5, ,—)\n

defines a linear functional F;, on vector fields that has the boundedness property (3.5) in
the form of (F,u)? < fBl |Vu|? dx. By completeness of the orthonormal system {un}2 o
Plancherel and u( = const, we have

(o) 2
(u — ﬁ)zdx = Z(/ Uuy, dx>
By

n=1

A D)
L — X

:1)” By An
1’“( Vi, >2 1 °°( Vi,  \?
— Vu - dx ) + — /Vu- dx).
M,; B VAn )LN,;V By An

We note that (3.11) implies that also {Vu, /+/A,}52, is orthonormal, so that the above
together with definition (3.12) yields

B

IA

iy 1
w—a)idx <—Y (F,Vu)>+ — [ |Vul>dx.
B A ,; " AN JB

Because limy 4o Ay = 00, this implies (3.10) in its (2R = 1)-version.
We now turn to (3.8); it is obviously enough to show

/ IVul?>dx < / (T ' — f)* + R (u — i)?) dx.
Bgr Bog

By rescaling length according to x = /T £, it is enough to establish the case of T = 1,
that is,

/ |Vu|? dx < / ((f —w)* + R (u — )*) dx. (3.13)
Br Bor
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We test (3.6) for T = 1, that is,
—V-AVu=f—u (3.14)

with 772(14 — u), where 7 is a cut-off function for Bg in Bag:
/ 172Vu -AVudx = / nu —u)(—2Vn- AVu +n(f —u))dx,
Bag Bag
which by the properties of A turns into
x/ n%|Vu|? dx 5/ nlu — i@l (21Vn| |[Vul + 0l f — ul) dx.
Bag Bar
By Young’s inequality this gives

/B n2|w|2dx5/ IVl — )* + n*(f — w)?) dx,
2R

Bag

which by choice of 1 turns into the desired

/ \Vu|? dx 5/ (R™2(u — i)* + (f —u)?) dx.
Bg Byr

Step 2: Oscillation estimate of the Fourier coefficients. Let o > 0 be the exponent of
Lemma 2.13 and let F;, denote the functionals of Step 1 on H l(sz). In this step we
argue that for all n € Ny,

/ ( 0sc Fn(€+V$T))2dz < sup {(|Z/R|+1)—20l </ |§+V<I_5T|2 dx)}- (3.15)
RI NIBy ) zeRd By(2)

Let F and u denote any of the F, and u,/+/A,. Assume first that A is a smooth coeffi-
cient field. For all z € R4, let A; be a smooth coefficient field that coincides with A on
R? \ B5(z), and denote by ET, . the modified corrector associated with A;. We first claim
that it is enough to prove that for all y € L?(R%),

2
(/ x@ [ (Vor(x) —Vér (x) - Vu(x)dx dz)
R4 Byg

5(/ xde> sup{(|z/R|+1)2°‘/ |s+V$T|2dx}. (3.16)
R4 zeR4 B(2)

Indeed, since x is arbitrary and the RHS does not depend on {A. : z € R?}, this implies

that

2

/ sup dz
RI A,

(Vér(x) — Vér . (x) - Vu(x) dx

Bag

S Sup{(IZ/RIJrl)_Z“/

|& +v$T|2dx},
zeRd B> (z)

from which (3.15) follows by density (to relax the assumption that A be smooth) and the
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elementary estimate

osc F(&§+V¢r) <2sup|F(§+ Vo) — F(E + Vor)l.
AlB,(2) A,

We now prove (3.16). Set v(x) := [pa x (2)(¢7(x) — 7 .(x)) dz. By Fubini’s theo-
rem, and since Vu has L2(32 R)-NOTrm unity,

2 2
(/ x (2) (Vor(x) — V$T,Z(x)) -Vu(x)dx dz) = (/ Vu(x) - Vu(x) dx)
R4 Bog Bog

5/ |Vv|2dx/ |Vu|2dx=/ Vvl dx.
BZR BzR BZR

Since v satisfies
T~ —V.-AVu=V. (/d X(@(A — A)(E + VEmdz)
R

on R4, we deduce from (2.43) that

2
/ IVol?dx < / (IxI/R+ 1)_2a(/ [x (DI Ax) — A (0)] 1§ + VaT,z(x)le) dx
Bar R4 R4

=/ / / (xI/R 4+ 1) x ()] |A(x) — A, (x)]
R JRE JRA
X|€ + Vor (Ol Ix@)NAK) — Ay )| 1§ + Vér o (x)| dxdzdZ

5/ / / (xI/R + D2 2@ + Vor . (o)
R4 JRE JRA
X|A(x) — A;(0)| |A(x) — Ay (x)| dZ dx dz
< / x*() (xXI/R+ D72 + Vo .(x)|*dx dz
R4 By (2)

< (/ xzdz> sup {(|z|/R+ 1>—2“/ |& +V$T,z|2dx}.
R4 zeRd By(z)

It remains to show that
/ &+ Vor [Pdx S / & + Vor|*dx. (3.17)
By(2) B> (z)

Indeed, since 8¢ := ¢, — ¢ satisfies
T8¢ — V- A V3¢ =V - (A= A)E + Vor),

an energy estimate yields

/Rd IVogI dx 5/ § + Verl®dx,

By (z)

from which (3.17) follows by the triangle inequality.
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Step 3: Application of (SG) and elliptic regularity. We prove

(F( + Vor) — (F(E+ V)™

< Rd/q—2“<< ’ (T7NE x+¢r() + &+ Vor (0> + T_le)dx)q>1/q (3.18)
4

for all ¢ > d—al, where the multiplicative constant is independent of 7 and R. We first

apply g-(SG) to F (£ + V) and appeal to (3.15) to get

(F(§ +Vép) — (F(E + V)2

q\1/q
5<(sup {(IZ/R|+1)_2°‘/ |s+VET|2dx}) > , (3.19)
ZGRd Bz(Z)

where the multiplicative constant is independent of 7 and R. Note that

sup {(Iz/RI + 1)_2“/

q
&+ Vor| dx}
zeRd B> (z)

q
5/ (|z/R|+1>—2’I“</ |s+V$T|2dx),
R4 B3(2)

where the multiplicative constant only depends on d. Hence, by stationarity of the modi-
fied corrector and the estimate

/d(|x/R| +1)729%dz < R4,
R

which holds for all g > dzial, (3.19) turns into

q\1/q
(F(& + V7)) — (F(E + Vo)) < Rd/4<( & + Vq‘mzdx) > .

B3
An appeal to (2.44) now shows that for all R > 6,
&6+ VorlPdx SR [ (T7'E x+¢r(x) + &+ Vor (0> + T7' R dx.
B3 Bg

Step 4: Buckling and proof of (2.20). By stationarity, there exists C depending only on d
such that for all ¢ > 1,

_ a\1/q _ a\1/q
<</ |E+V¢T|2dx) > §C<(/ |s+v¢>T|2dx) > .
Bag Br

Hence, from the first step for u(x) =& - x + $T (x) and f(x) = —& - x, we learn by (3.7)
and the triangle inequality that for some § > 0 small enough there exist some constant
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C <oocand N € Nsuch thatforall R > 0,all T > Oand all g > 1,

q\1/q
<</B (T‘l(é~x+$r(x)>2+|é+V$T(x>|2)dx> >
R

< C max ((Fy(6+ V)NV 4 cT 'R (3.20)
ne{0,...,N—1}

In the rest of this step, C may change from line to line but remains independent of R
and 7. Let F denote any of the F,. By the triangle inequality followed by Jensen’s in-
equality,

(F(E+ Vo) )V4 < (FE + Vér) — (FE+ Vo)) D+ (FE + Vdr)?),

so that the combination of (3.20), (3.5) in Step 1, and of (3.18) in Step 3 shows that for
q > ‘% and R > 6,

q\1/q
<( ’ <T—1<é-x+$T<x)>2+|s+v$T<x>|2>dx) >
R
_ _ q\1/q
sCR"/““<( (T1(&-x+¢T<x>>2+|s+V¢T<x>|2)dx> >
Byr

+</ & +V$T|2dx>+CT‘1Rd+2. (3.21)
Bog

By stationarity, there exists C < oo depending only on d such that for all g > 1,

qa\1/q
<</B (T7'E - x + P70+ & + Vor(0)]?) dx) >
2R

q\1/q
sC<(/B (T—l@-x+$T(x>)2+|s+v$T<x)|2)dx)> :
R

so that for all g > % we can absorb the first RHS term of (3.21) into the LHS for R

large enough. By the energy estimate of Lemma 2.2, the triangle inequality, and since
VT > R (as required in Step 1), this yields

q\l/q
<(/ |V$T|2dx> > §</ |5+V$T|2dx>+Rd+T—1Rd+2 < R4
Bg Bar

forall g > % (and therefore all ¢ > 1 by Jensen’s inequality) and 7 >> 1 large enough.

3.3. Proof of Theorem 1: variance estimate

Let us denote the spatial average of a function i : R? — R with the averaging function 7,

by

(e i= [ heom o dx,
R4

where we recall that 1y, satisfies

nL:RY — Ry,  supp(nz) C By, / n(x)dx =1, |V | SL™ (3.22)
R
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The claim of the theorem is

- = — _ -2 VT _
var[(T ' ¢ dr+E+Vr)-AE+VPINL] < L™ In(2+27-) ford =2,

3.23
L4 ford > 2, (3:23)

where ¢, E/T are the modified corrector and modified adjoint corrector associated with A
through Lemma 2.7 (with A* in place of A for the adjoint corrector).

This proof is an adaptation and simplification of the corresponding proof in the dis-
crete setting, where we replace convolution estimates by the triangle inequality combined
with the pointwise annealed estimates of Lemma 2.11. The starting point is (SG) applied

to _, _, _
Err = (T " @rdr + E +Vor) - AE + Vo)),
which yields

var[(T ™' ¢7dr + (€ + Vor) - A€ + Vor))1]
— — , — — 2
s < / (Lose (T™'@767 + &+ VEp) - A +Vere) dz>. (3.24)
R4 Ale(Z)
Step 1: Sensitivity estimate for the averaged energy density. We prove

osc Ep.7(A) S LU / Yi(z, x)(Y2(2) + Ya(x)) dx + (sup ni)¥a(z),  (3.25)
By (2) By B(2)

where for all A € 2, £ 7(A) denotes the averaged energy
ELr(A) == (T7'676r + &'+ Vér) - AG + Vo)L,

and Y and Y, are stationary random fields given by

1/2
Yl(z,x)::min{(/ / |VyGT(y,x’)|2dydx’> ,1}
Bi(x) J By(2)
1/2
—i—min{(/ / |vyG’T(y,x’)|2dydx’> ,1},
Bi(x) J By(2)

Yz(x):z/ |V5T|2dx/+/ V!> dx' + 1.
Bg(x) Be(x)

~ = =7/
Let A coincide with A outside By (z), z € R?. We denote by ¢; and ¢ the modified
corrector and adjoint corrector associated with A so that £ L.T (A) is given by

EL.1(A) == (T pdr + & + Vo) - AE + V)L

We first derive a representation formula for the difference £ 7(A) — .1 (A):
~ —=/ - ~ =
EL.r(A) —ELr(A) = —/Rd(% — @)V - AE + Vr) dx
+ [ @ = EnVa A€+ V) dx

+ /Rd@’ LVE) - (A— A)E L VepmLdx.  (3.26)
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An elementary calculation yields
eur @) —ELr) =17 [ @r=Fpdrmdst [ V@r—Fp-Ae+Vipmds
7! / @1 — o) B dx — / V@1 — b) - ANE + VEy ) dx
Rd Rd
+ /Rd(s’ +VEp) - (A — A)E + Vo) dx.

This identity, combined w1th the weak form of the modlﬁed corrector and ad]omt correc-

tor equations (2.23) for ¢T and ¢T and test functions 7y, (¢T ¢T) and ng (¢T o7,
turns into (3.26).

Since A and A coincide outside By(z), one may bound |ZT(x) — ¢7(x)| and

—=/ — — -
|7 (x) — ¢>/T (x)| by the oscillations over A|p,(;) of ¢7(x) and qS/T (x), respectively, so
that (3.26) yields

€17 (A) = EL.7(A)|
< /]Rd<A(|)SC $/T>|V77L|(|VET| + 1dx +/R ( 0sc ¢T)|V77L|(IV¢T| + 1) dx

By (2) AlBy(z)

+/ (V5] + (V7] + D dox.
B>(2)

Before we can take the supremum over A and A and use estimates (2.31) and (2.33)
in Lemma 2.8 (and the corresponding estimates for the adjoint correctors), we have to
rewrite the RHS in terms of local square averages of V$/T and VqST. To this end we
introduce a new variable y in the first RHS term via [pq dx < [pa dx |, B, () 4y We then
use Cauchy—Schwarz’ inequality and take the supremum over A|g, ;) and A|p,(;). Since
the RHS does not depend on A|p, ;) or A|, (), it controls the oscillation of £, 7(A) with
respect to Al g, (), and we have

osc &1.7(A)
AlBy (2

’ 172 172
5/ (/ <osc ¢T> dy) (sup |VnL|)< sup / |V$T|2dy+l> dx
Re \J By (x) ‘1B ) By (x) AlBy(z) / Bi1(x)
) 1/2 ., 1/2
+/ </ < 0sC ¢T> dy) (sup |Vr;L|>< sup / |V¢T|2dy+1) dx
RY\J B (x) M5y Bi(x) Algy) J Bi(x)

+(sup nL>< sup / IVor|>dy + sup / |V$/T|2dy+1>.
By (z) Bx(2) B> (2)

AlBy(2) AlBy(2)

An application of estimates (2.31) and (2.33) in Lemma 2.8 (and the corresponding esti-
mates for ¢7.) with R = 2 yields (3.25) by Young’s inequality and the properties of 7.
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Step 2: Proof of (2.8). We apply the spectral gap estimate to £ 7, use the oscillation
estimate (3.25), and expand the square:

<< 0sC EL,T(A))2> dz

Ale(Z)

var[€r, 7] 5/

R4

2
5/ <<L—<d+1>/ Y1(z, x)(Ya(2) + Yo (x)) dx + (sup m))@(@) >dx
R4 Br

By (2)

5L_2(d+1)/ / / (Y1(z. ) (2(2) + Y21 (2, ) (V2(2) + Y2(x))) dzdx dx’
By JB; JRY

2
+/Rd<sup TIL) (Y3 (2)) dz. (3.27)

By (2)

To estimate the RHS of (3.27) we appeal to (2.10) and Lemma 2.11, which imply that for
pasinLemma?2.11 and all g > 1,

- - 1 |x — z|
(Y1 (z,x)|2p>1/(2p) < 1_‘_lxﬁexp<—c Nia >, (3.28)
(1Y2))e < 1. (3.29)

Using (3.29) for g = 4 for the second RHS term and Holder’s estimate in probability with

exponents (2, 27, 25, 227) for the first RHS term followed by (3.28) and (3.29) for

qg= 4% then yields
| /

_ 1 lx —z|
var[€s, 7] < L2+ / / / v (—c )
8, /5, Jra 1+ 1x — a1 P\ UT
1 x' =z

X ————— €X —C
T — 2] p( JT

)dzdxdx’
2
+/ (sup nL) dz.
R? “B;(2)

By definition of 7, the second RHS term scales as L~ For the first RHS term, we treat
the cases d = 2 and d > 2 separately, and start with d > 2. In this case, we may discard
the exponential cut-off, and a direct calculation yields

1 1
dz < ,
Rd 1+|x—z|d_l l+|x’—z|d_l 1+|x—x’|d_2

/ / U gxax 1,
B; J B 1 + |x - x/|d72

so that the claim (2.8) follows for d > 2.

whereas
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For d = 2, we split the integral over z into two parts: the integral over B,y and over
R4 \ Bar. On By we discard the exponential cut-off:

1 1 1 1
/// ——dxdx'dz S L? /——,dxdx/
By J B JBp, 1+|X_Z| 1+|x _Z| B3; J B3p, 1+|x| 1+|x |

< LY

whereas on R? \ By; we take advantage of the exponential cut-off:

/ / / ;exp<—c|x_z|) ! exp(—c|X/_Z|>dzdxdx’
RI\By, JB, JB, 1+ 1x—2] JT )1+ 2 =2z JT
1 T
< / L 3 exp(—cﬂ> dz < L* ln(l + £>,
ri\p, 1+ Iz VT L

and the claim (2.8) follows for d = 2.

To extend the result to the corrector field itself for d > 2, we rely on the same soft
arguments as in the discrete case for the limit 7 1 oo, and refer the reader to [16, proof
of Theorem 2.1, Step 8].

3.4. Proof of Proposition 2: convergence of Ve to Vo

We divide the proof into six steps. In the first step we give some preliminary results on
the function {7 of Lemma 2.14, which allow us in the second step to reduce the claim
of Proposition 2 to an estimate of var[y¥/7]. The remaining four steps are dedicated to the
proof of that estimate.

Step 1: Preliminary results. By differentiating (2.4) with respect to 7', we find that for all
¢ e,

(T~'Y7¢ + D¢ - AO)DYr) = ($r8). (3.30)
Taking ¢ = 7 yields the a priori estimate
71 y7) + (IDYr*) < (brvr). (3.31)

Next, we prove the following formula for the derivative of (¢7y¥7) with respect to T':
87 (pryr)| = 1T (varlyr ] + 20y 797))| < T2 @varlyr] +varly7]),  (332)
where 7 is the unique weak solution in H! of
T~y —D - A*(O)DY7 = 7.
To this end we differentiate (3.30) in its pointwise form with respect to 7',
T~'9ryr —D- AODdryr = dr¢r + T Y7 = 2T Y,

which we rewrite as 37y = 2T 2(T~' — D - A(0)D)~'y7. Likewise, we write Vi =
(T~ =D A*(0)D)~!¢7. This implies (3.32) as follows:
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or(orvr) = (Oréryr) + ($roryr)
=T 2 varlyr] + 2T *¢r(T~' =D - AOD) " 'yr)
= T 2varlyr] + 2T (T~ =D- AO)D) ' $1)¥7)
= T2 (varlyr] + 2(797).
Note that the sensitivity estimates for v/ are identical to the sensitivity estimates for 7

in Lemma 2.14 since the distribution of A* satisfies the same assumption as the one of A
(because transposition is a linear local operation).

Step 2: Reduction of the proof of Proposition 2 to the proof of

\/T6_d for2 <d <6,
var[7], var[¥7]1 S Y In/T  ford =6, (3.33)
1 ford > 6.

Since V@ (0) is the weak limit in H, of D¢7, by lower semicontinuity of the norm, the
triangle inequality, the definition of Y7, and (3.31) we have

t 2\1/2 )
(IDgr — Vp(0))!/2 sln?inf@/ (3 Vo) dt > 5/ (IVa: ¢ 1)1/ dr
tToo T T

* 212 5. G [, 12
=/ VY )P de < / T X y) 2 dr.
T

T

To prove (2.12) it is therefore enough to show that

T ford = 2,
VT ford =3
< 9
0<@rVn) SINT ford = (3.34)
1 ford > 4.
By (3.32), and Young’s and Cauchy—Schwarz’ inequalities, for all Ty < 1 and T > Ty,

T

(Or¥rr) =/T A (pcYe) dT + (1, Y1)

0
T
< [ vty + vty d + 63, )
Ty

so that (3.34) follows from (3.33) as regards the integral term, and from (3.31), Cauchy—
Schwarz’ inequality, and Proposition 1 with T = T < 1 as regards the second term.

The rest of the proof is dedicated to the proof of (3.33). Since the proofs of the esti-
mates of var[v7] and var[v}] are similar, we only treat the former.

Step 3: Proof of
var[yr]

< </ (2, 0) (/ V)P dZ + vdm(/ Vo7 ()P d7 + 1)) dz>
R4 Bg(2) B13(z)
2
+< / ( / |v$T<z/)|2dz’+1)( / gr(y)l‘zr(z,wdy) dz>. (3.35)
RY \J Bg(2) R4
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Here A7 and gr are as in (2.32) and (2.26) for R = 2, respectively, and vy (T) is given by
(2.48).

Since Y7 = T2?dr¢r, one may apply (SG) to 7. The claim then follows from (2.47)
in Lemma 2.14 with R = 2, and Young’s inequality. .

The first term of the RHS is a nonlinear term since it involves ¥ 7, whereas the second
term is linear. We estimate these terms separately in Steps 4 and 5.

Step 4: Suboptimal estimate of the nonlinear term. We prove

</ EZT(Z,O)</ |v%(z’)|2dz/+vd(T)</ |v$T(z’)|2dz’+1>>dz>
R4 Bg(2) Bi3(z)

T2~ InT ford =2 T'722 ford =2,
T ford =3 ) JT  ford=3

< ,

~ w2 ford =4 [ TPV N0 fra=a B39
1 ford > 4 1 ford > 4,

where o > 0 is the Holder exponent of Lemma 2.12. Indeed, for |z| > 3 we bound
ht(z,0) by Lemma 2.12, whereas hr(z, 0) is of order 1 for |z| < 3 by (2.32), so that

min{|z| =¥ exp(—c|z|/~T), 1} ford =2,

min{|z|2~? exp(—c|z|/~/T), 1} ford > 2.

Since this estimate is deterministic, one may take it out of the expectation in the LHS of
(3.36). By stationarity and Lemma 2.2,

</ VP + vdm(/ Ve, ()IRd + 1)>
Be(2) Bi3(2)

S A(IDY7 ) +va (T (D7 *) + 1) S (IDY7 %) + va(T).
Estimate (3.36) thus follows by integrating over z and by the definition (2.48) of vy (T').

hr(z,0) < {

Step 5: Estimate of the linear term. We prove

2
</ </ |V$T(z’)|2dz’+1)</ gT(y)ET(z,y)dy> dZ>
R4 Be(2) R4

VT — for2 <d <6,
S{Iny/T  ford =6, (3.37)
1 ford > 6.

By the triangle inequality in probability,

2
</ </ |V$T(z’)|2dz/+l></ gT()’)ET(Z»)’)dY> dZ>
R4 Bg(2) R4
3 B 12 2
=/ <(/ gT(y)hT(Z’y)(/ |V¢T(Z/)|2dz/+l) d)’> >dZ
R \\JRe B(2)
_ 5 172 2
5/ (/ gT(y)<</ |V¢T(z/)|2dz/+l)hr(z,y)> dy> dz.
R4 R4 Bg(2)
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Let p be the Meyers exponent of Lemma 2.11. Hélder’s inequality in probability with
exponents (%, ]3), Lemma 2.11, Proposition 1, and the definition of g7 then yield

2
</ (/ |V$T(Z/)|2dz/+l)</ gT(y)ET(z,y)dy> dZ>
R4 Bg(2) R4

= 1 - 2
5/ (/ {1n<22_+dﬁ/|y|) for d 2} ! lexp(_C|y|+|y z|>dy) e
rd \ Jra | 1] ford > 2| 14+|y—z|9- JT

For 2 < d < 3 we use the exponential cut-off both in the inner and outer integrals
(dimension d = 3 is critical for the inner integral), for 3 < d < 6 we use the exponential
cut-off for the outer integral only (dimension d = 6 is critical for the outer integral), and
for d > 6 one may discard the exponential cut-off. We start with d > 3:

2
</ </ IVar(z’)lzdz/+1></ gT(y)FT(z,y)dy) dZ>
R4 Bg(2) R4

T for3 <d <o,

1 4
~ /Rd 1+ |z[>@=3) eXp( Cﬁ) 2 S {InVT  ford =6,
1 ford > 6.

For d = 2, the inner integral scales as ﬁexp(—clzl/ﬁ), and the claim (3.37) follows.
For d = 3, we rewrite the inner integrand using the exponential cut-off (up to changing
the value of ¢) in the form

2
< / (/ |V5T(z/>|2dz/+1></ gr(y)ﬁm,y)dy) dz>
R3 Bg(2) R3
</ (/ ﬁ|y|—2;exp(_cw>dy)zdz
~ Jry \JR3 1+ |y —z? JT
1 |z] > 3
< T exp| —c— | d <ﬁ,
N/Rs e p( JT)
that is, (3.37).

Step 6: Nonlinear estimate and buckling. The combination of (3.35) with (3.36) & (3.37)
yields

T!72¢ ford =2 -

| ur a—al [V ter2<a<s
< - _

varlyr) S (Dyr Py d YT =3 L T ferd=s (- B39)

1 ford > 4 1 ford > 6

We then appeal to the following nonlinear estimate, which follows from (3.31), Cauchy—
Schwarz’ inequality and Proposition 1:

12 Jn V2 ford =2,

2y <
(IDyrl?) < varlyr 7y ford > 2.

(3.39)
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Combined with the nonlinear estimate (3.39), (3.38) thus turns into

T'172(nT)"2 ford =2 -
(In7) of ﬁ6d for2<d <6

172 VT ford =3
varlyrr] < varlyrr]'2x g tord —a (FYVT  ford=6 -
1 ford > 4 ! ford > 6

which yields the desired estimate (3.33) for /7 by Young’s inequality.

3.5. Proof of Theorem 2: convergence of At to Anom

Theorem 2 follows from the identities

(D¢ — V' (0)) - A(0)(§ + V(0))) = 0, (3.40)
((Dgr — V$(0)) - A*(O)(E' + V' (0))) = 0, (3.41)

the calculation

£ ArE—£' Apomé
= (&' +D¢}) - A0)(E +Dgr)) — (€' + V§ (0)) - A(0) (& + VH(0)))
= ((DP} — V$ (0)) - A(0) (& + V$(0))) + ((§' +Dg}) - A0)(Depr — V(0)))
PR (Dpr — V(0)) - A*(0)(E + V' (0) + (' +Dgfp) - A(0)(Dr — V(0)))
= ((Dg} — V4§ (0)) - A(0)(Dgr — VH(0))),

Cauchy—Schwarz’ inequality, and Proposition 2 (which holds both for ¢ and ¢7.).

3.6. Proof of Corollary 2: bounds on the bottom of the spectrum

By the estimate (3.33) of var[y/r] in the proof of Proposition 2, it is enough to prove that
forall T > 1,

G @) ([0, T~ < T *var[yr]. (3.42)
Indeed, since forall A, < T 1,
—4
o
(T-14+ 14~

we have

7! 00
1

G (dn)) ([0, T~ =/ de A<T‘4/ ————dey(M). 3.43

EGEMO0.T" ) = | deo) ST | mmgdeal). 343)

Since Y7 = (TY+10)"%0, we recognize in the integral of the RHS of (3.43) the spectral

representation of (w%) = var[yr], which proves (3.42).
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4. Proofs of the spectral gap estimates

4.1. Proof of Lemma 2.3: (SG) implies ergodicity
We shall prove ergodicity in the following form: For all X € L'(R2), we have

I%ITI&< ]iRX(y)dy—(X>'>=0, 4.1

where X is the stationary extension of X. We divide the proof into two steps. We first show
by approximation that it is enough to prove (4.1) for bounded random fields X € L°°(2)
which only depend on A through its restriction A|y to some bounded set V. We then
show that for such random fields, (4.1) follows from (SG).

Step 1: Approximation argument. Since the map X +—> (| fBR X () dy—(X)|) is Lipschitz

continuous on L'(Q) uniformly in R, it is enough to establish (4.1) on an L'(£2)-dense
subset of X’s. By definition of measurability, we may thus restrict ourselves to X’s that
depend on A only through its restriction A,y to some bounded set V. Moreover, a simple
truncation argument shows that any X € L'(2) can be approximated in L' () by X €
L*°(2). Hence we may restrict ourselves to X € L°°(R2) that depend on A only through
its restriction on a some ball By .

Step 2: Proof that (SG) implies (4.1). By Step 1, it is enough to prove (4.1) for bounded
random fields X € L*°(Q) \lhich only depend on A through its restriction to balls By . In
that case, by stationarity of X and since X does not depend on A|ga\p, ,

2
var[+ X(y)dy] < l/ <( osc ][ X(y) dy) >dx
Bg P AlBy(x)

<= ][ ][ / osc X(y) osc X(y)>dxdydy
Bgr J Bg JRI\AlBy(x) Alg,(x)

< ”X”%oc(gz)]i ]i /]Rd Liv—yj<r+eljx—yi<r+edx dy dy’
R R
SRAUL+ 01X 7w

so that by Cauchy—Schwarz’ inequality and stationarity of X,

<‘][ X(y)dy — (X)D < Var|:][ X(y) dyi| R .
Bx Bx

4.2. Proof of Corollary 3: q-(SG)

We assume without loss of genarality that (X) = 0, and divide the proof into three steps.

Step 1: Proxy for the Leibniz rule. For any function ¢ and all g > 1,
osc |17 <119 ose ¢ + (osc ¢)1. (4.2)

This follows from Young’s inequality and the two elementary estimates

osc|¢]9 < (sup g9 Yosc g,  supl¢] < |¢] + oscd.
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Step 2: Proof that for all ¢ > 1,

2 q\1/q
(x4 §(X2)+<</ ( osc X) dz) > . 4.3)
R4 AlBZ[(Z)

By definition of the oscillation we have oscy By X > oscy B,0) X for all z € B¢(0) so
that f]Rd (oscalp,, . X )2 dz > (osc Al X )2. Since the origin plays no special role, this

can be rewritten as ) 5
sup( osc X) < / ( osc X) dz.
2 MiBo Re MlBy,(2)

This immediately implies, for any g > 1,

2q 2 9q
/ (osc X) dz < </ ( 0sC X) dz) . 4.4)
R4 MlBy () RE MlBy,(2)

We then apply (SG) to | X|?:
2
<X24>—<|X|q>2=var[|X|q]5</ (osc |qu> dz>.
R4 A|B@(z)

By the Leibniz rule (4.2) this implies

(X24y < (|X|q)2+</ X2(q—1>( osc X)2>+</ ( osc X)2q>. 4.5)
R4 AlBy(2) RY MlBy(2)

We treat the three terms of the RHS separately. For the third term we appeal to (4.4). For
the second term, we use Holder’s and Young’s inequalities both with exponents (% q),
which yields for all C > 0

2 g-1 2\ 49\ 1/q
2(g—1) 29\ ——
oo [ (e )= {( [ (e %)) )
s (e
=T N+ Rd(A?;C@ X) . 46)

For the first term of the RHS of (4.5) it is enough to treat the case g > 2 since for g < 2,
it is controlled by the ¢’" power of the RHS of (4.3). We then apply Holder’s inequality

. qg—1 ~g—1 l]# TN thic vl
with exponents (Zqu, ZT) to (| X|9) = (| X|"e=T|X]|a-T); this yields for all C > 0, by

Young’s inequality,

(X192 < (X251 (x2) 7
-2 ci2
< e @7)

The combination of (4.5)—(4.7) with (4.4) and Young’s inequality yields (4.3).
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Step 3: Conclusion. The spectral gap estimate applied to X,

2
(X% < </ < 0sc X) dz>,
R4 AlB[(Z)

combined with Jensen’s inequality in probability yields

2 q\1/q
o = {(fL L, %) ) )
R4 \AlB,(2)

so that the claim follows from (4.3).

5. Proofs of the sensitivity estimates

The sensitivity estimates do not require the coefficients A € 2 to be smooth. It is how-
ever convenient to first prove these estimates under that additional assumption. These
estimates are then recovered for general coefficients by density. Indeed, by elementary
L>-theory, if the coefficients A are approximated by a sequence of smooth coefficients Ay
in L] (RY), then ¢7(-; Ax) converges in H! (R?) to ¢7(-; A), and for all x the Green
function y — Gr(y, x; Ax) converges in HILC(R“! \ B,(x)) for all r > 0. This is enough
to prove the convergence of the RHS of the oscillation estimates (2.31) and (2.47). For
the LHS we use in addition the fact that ¢ and v, are Holder continuous uniformly
in space and with respect to A, so that leOC (R9) convergence implies pointwise con-
vergence. The Holder continuity of ¢ is a consequence of the De Giorgi—Nash—Moser
theory, while the uniform Hélder continuity in addition relies on the uniform L2-bound

(2.24) of Lemma 2.7. A similar argument holds for ET.

5.1. Proof of Lemma 2.8: sensitivity of ¢

Welet A, Ay € Qbe smoolh and c_oincide outside Bg(z),z € R4, with some A € . For
convenience we denote by ¢, and ¢,, and G and G, the associated modified correctors
for & € R?, |&| = 1, and Green functions for 7 > 0.

Step 1: Preliminaries. By definition, ¢, and ¢, are smooth and ¢, — ¢, is a classical
solution of

T @1 — ) = V- (AIV(@ — $2) = V- (A1 — A)(E + V). (5.1

Eince él and A; coincide outside Bg, the RHS of (5.1) has compact support so that
¢ — ¢, € H I(RY). Since all the quaEtities are smooth and x — Gi(x,y) €
whd/d=1+e)(Rd) forall 0 < & < 1, | — ¢, satisfies the Green representation formula

$1(x) — Pp(x) = — /Rd VyGi(y,x) - (A1(y) — A2 (E + V(v dy.  (5.2)
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_ The second ingredient in the proof is estimate (2.33), which we prove now. Since
¢ —¢preH ! (Rd), an a priori estimate based on (5.1) yields

/R V1) = V()P dy < / & + V() dy.

Br(2)

This shows by the triangle inequality that for all x € R¢,

/ &+ Ve, (MIPdy < / &+ Vo, dy + / &+ Vo,(n)|* dy,
Bgr(x) Bgr(x) B

r(2)

which yields the claim.

Step 2: Proof of (2.31) for |z — x| = 2R. The starting point is the Green representation
formula (5.2), which yields, by Cauchy—Schwarz’ inequality,

_ _ 1/2 _ 1/2
|¢1(x>—¢2<x>|5(/3()|vycl<y,x>|2dy> (/B()ISJrWz(y)Izdy) . (53)

In order to conclude, we need to take the supremum over all the smooth coefficients
A1, Az such that A1|BR(Z) = A2|BR(Z) = A|BR(Z) in the RHS of (5.3). For the first
term, which depends on A; but not on A,, we appeal to Lemma 2.9. For the second
term, we use (2.33). Note that the RHS of (5.3) is finite only for |z — x| > R, and that
fBR(z) IVyGi1(y, x)|?>dy < 1forall |z — x| > 2R by property (2.27) of Definition 2.4.

Step 3: Proof of (2.31) for |z — x| < 2R. By definition of 0SCA|g,(;)» using the triangle
inequality and thus just at the expense of a factor of 2, we may make any restrictions
on one of the two coefficient fields A; and Aj, say on A, provided it does not violate
its smooth connection to A outside of Bg(z). For our purpose, it is convenient to have
quantitative smoothness of A, near z in the form of

A2|Rd\BR(Z) = A|Rd\BR(Z)’ A2|BR/2(Z) = Id (54)

As mentioned above, this can be obtained by setting A> = (1 — n)A + nld, where nis a
smooth cut-off function for Bg/2(z) in Bg(z).

We turn now to the proof of (2.31). It is enough to prove that for all R < 1 and all
2 —x| < 3R,

1/2
osc §1(x) S (/ VG117 dy + 1) :
A1lBr( Bg(2)
then replace R by 3R in this estimate, and use the fact that

osc @ (x) < osc ¢(x).
AllBg ) AllB3g()

Due to the singularity of the Green function at x = Yy, the estimate (5.3) of Step 2 cannot
be used for |z — x| < R. Instead of using Cauchy—Schwarz’ inequality, we cut the integral
into two parts Bg/4(z) and Bg(z) \ Bg/4(z), and use Holder’s inequality with exponents
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(p,q) forsome 1 < p < ddTl for the first term, and Cauchy—Schwarz’ inequality for the
second term:

61 (x) — (X))

1/p _ 1/q
< (/ |vyGl<y,x>|f’dy> (/ & + V)11 dy)
Brya(2) Brya(z)

1/2 _ 12
+</ |vyG1(y,x>|2dy) (/ |s+V¢2(y>|2dy) . (5.5)
BRr(2)\BR/4(z) BRr(2)\BR/4(z)

We first treat the first summand on the RHS: The first factor is bounded uniformly in A
since VG is bounded in L? (R%) uniformly with respect to A; and 7" > 0 (as a conse-
quence of (2.27) and a dyadic decomposition of Bg4). For the second factor, we note that
¢, satisfies

T~'¢y— 0y =0

in Bg/2(z) since A2|3R/2(Z) =1Id,sothatforalli € {1, ..., d}, 0y, ¢, satisfies

T_laxiaz - Aaxiaz = 0

in Bgr,2(z). Hence, by classical interior elliptic regularity (see for instance [10, Theo-
rem 2, Sec. 6.3]), forall k € N,

IVO ik (B yae) S ”v$2”L2(BR/2(Z)): (5.6)

where the multiplicative constant depends on k and R. This yields, by Sobolev embed-

ding,
_ 1/q _ 1/2
(/ |V¢z(y)|qu> 5(/ |V¢2<y>|2dy),
Bra(@) Bg2(2)

so that the first summand on the RHS of (5.5) is estimated by

1/p . 1/q
(/ IVyG1(y,x)|”dy) (/ € + V(|1 dy)
Bg/a(z) Bg/a(z)

_ 1/2
5(/ |V¢>2(y>|2dy+1> .
Br(z)

For the second summand of the RHS of (5.5), the first factor is of order 1 by (2.27), so
that

12 B 12
(/ |VyG1(y,x)|2dy> (/ 1§ +V¢2(y)|2dy>
Br(z)\Bgr/a(z) Br(2)\BR/a(z)

B 12
5(/ |V¢2(y>|2dy+1> .
Br(z)

The claim then follows by taking the supremum in A|g,(;) of these two estimates using
(2.33).
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5.2. Proof of Lemma 2.14: sensitivity of Y

The proof has the same structure as the proof of Lemma 2.8. We let A1, A> € 2 be smooth
and coincide outside Bg(z), z € R4, with some A € Q. For convenience we denote by 51
and ¢,, and ¥, and ¥, the associated modified correctors for & € R, |€| = 1 and the
functions given by (2.45). We also denote by G| the Green function associated with A
and a zero-order term of magnitude 7.

Step 1: Preliminaries and proof of (2.49). Since 8¢ ::_q_bl — ¢, is smooth and in Hl_(IRd)
according to Step 1 in the proof of Lemma 2.8, and v, is smooth, the function §y :=
Y1 — ¥, is a classical solution of

T8y —V-A VY =8¢ — V- (A — AV, (5.7)
and is in H!(R?). Hence the Green representation formula holds: For all x € R¢
T = [ 9,610:0- (A= 40VT0dy+ [ G000 dy. 659
We first establish (2.49). We test the following equivalent form of (5.7):

T8y — V- A V8Y =8¢ — V- (Ay — AV,
with 81/, which yields the a priori estimate

T—l/ ((SE)de+/ |v5$|2dx§/ |356E|dx+/ IV, 12dx.  (5.9)
Rd Rd R4 Bg(2)

We then appeal to (2.31) in Lemma 2.8 to bound the first term of the RHS by

12
/ 15357 | dx < / |6$<x>|ﬁl(z,x>dx</ |v$1|2dy+1> ,
R4 Rd B3gr(2)

where 7 is given by (2.32) (with Green’s function G (-, -; A 1)) In dimension d = 2,
we use Cauchy—Schwarz’ inequality and obtain, by integrating /1 on dyadic annuli (and
using (2.27)),

1/2 1/2
/ 18p8V | dx < ﬁ(T—l/ Wzdx) (1nT)1/2(/ Vo> dy + 1) )
R4 R4 B3r(2)

Using Young’s inequality and absorbing the L2-norm of 8V into the LHS of (5.9) yields

/|V5E|2dx§/ |VJ1|2dy+T1nT</ |V$1|2dy+1>,
R4 Br(2) B3g(2)

from which (2.49) follows for d = 2, by using in addition (2.33).



3528 Antoine Gloria, Felix Otto

For d > 2, we use Cauchy—Schwarz’ inequality with weight

o 1 . 5 1/2
[, 157 ax < (/R 0T dx)

— 172 _ 1/2
x </ (|z—x|2+1)h1(z,x)dx> (/ |V¢1|2dy+1) .
R4 B3r(2)

To the first factor, we apply Hardy’s inequality in the form

; - 2 </ —
/Rd Tap oy s | VeIt dx.

For the second factor, we appeal to (2.27) for | when integrated on dyadic annuli. This
yields, uniformly with respect to z € R?,

JT ford = 3,
/d(|z—x|2+1)ﬁf(z,x)dx§ InT ford =4,
R 1 ford > 4.

This implies the desired estimate (2.49) for d > 2 by Young’s inequality and (2.33).

Step 2: Proof of (2.47) for |z — x| = 2R. The starting point is the Green representation
formula (5.8). By Cauchy—Schwarz’ inequality, we bound the first term of the RHS by

‘/R VyG1(y. %) - (A1 — AD (V) dy‘

12 _ 12
5(/ |vycl<y,x>|2dy) (/ |vw2|2dy> .
Br(z) Br(2)

We then take the supremum in A; and A; using Lemma 2.9 and estimate (2.49), respec-
tively. This yields

sup
A1, Az

/Rd V,G1(y.%) - (Al — AD) V() dy‘

1/2
< (/ |VyGI(y,x)|2dy>
Bgr(z)

1/2
x (/ VY r*dy + vd(T)</ IVor>dy + 1)) . (5.10)
BRr(2) B3r(2)

Note that the RHS of (5.10) is only finite for |z—x| > R and that fBR(Z) IVyGr(y, x)|*>dy
< 1 for |z — x| > 2R by (2.27) and a dyadic decomposition of Bg(z).
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For the second term of the RHS of (5.8), we bound the Green_function pointwise
by gr (see (2.26)), and use the oscillation estimate (2.31) to bound §¢:

_ _ _ 1/2
sup / G1(y, 0)spWM)dy S / g1(x = yhi(z, y)dy </ Ve, 12 dy + 1> .
R4 R4 B3g(2)

A1,A2
5.11)
Combining (5.10) and (5.11) yields (2.47) for |z — x| > 2R.

Step 3: Proof of (2.47) for |z — x| < 2R. As in the proof of Lemma 2.8, it is enough to
consider smooth functions A, of the form

Az |Ra\Br(z) = AlRd\Br(z)s  A21Brp =14,

and prove that for all R > O and |z — x| < %R,

o o _ 1/2
sup 8y (x) < (/ IV 12 dy + vdm(/ Vo, *dy + 1))
Ay,A Bgr(z) B3r(z)
_ 172 _
+</ |V¢1<y>|2dy+1) / g1(x — WG y) dy,
Br(2) R4

then to replace R by 3R in this estimate, and to use

osc ¥i(x) < osc ¥(x).
AlBg() B3R ()

The starting point is again the Green representation formula (5.8). The second term
can be dealt with as in Step 2. For the first term however, due to the singularity of the
Green function at x = y, we cannot use the Cauchy—Schwarz inequality. Instead, we
proceed as in the proof of Lemma 2.8. We split the integrals into two parts, and apply
Holder’s inequality with exponents (p, g) for some 1 < p < d/(d — 1) to the first term,
and Cauchy—-Schwarz’ inequality to the second term:

‘/Rd VyGi(y, x) - (A1 — AWV, (y) d)"

1/p . 1/q
< (/ |vycl<y,x>|f’dy) (/ VT, dy) 5.12)
Brys(2) Brys(z)

1/2 _ 12
+ (/ IVyGi1(y, X)lde> (/ |V1ﬂ2|2d)’) . (5.13)
Br(2)\Bgs(2) Br(2)\Bgs(2)

We first treat (5.12). The first factor in (5.12) is bounded uniformly in A; since VG| is
bounded in L?(R?) uniformly with respect to Ay and 7' > 0 (see (2.27)). For the second
factor, we note that in Bg/2(z), ¥, satisfies

T, — AV, = ¢,.
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Hence, foralli € {1,...,d},
T 10,0, — Ady Yy = 3,0,

so that by classical interior regularity (see for instance [10, Theorem 2, Sec. 6.3]), for all
k € No,

||VW2||HI<+2(BR/8(2)) S ”V$2”H"(BR/4(2)) + ||V$2||L2(BR/4(Z))a (5.14)

where the multiplicative constant depends on k and R. This yields, by Sobolev embedding
and the regularity property (5.6) in the proof of Lemma 2.8,

_ 1/g B 12 _ 12
(/ |vw2|qdy) < (/ |V¢2|2dy) 4 </ |w2|2dy> .
Brs(2) Bra(2) Br/4(2)

Thus (5.12) is bounded as follows:

1/p o 1/q
(/ MGl(y,x)V’dy) (/ |w2|‘fdy>
Brs(2) Bpry3(2)
B 1/2 o 1/2
5(/ |V¢2|2dy> +(/ |w2|2dy) . 5.15)
Br(z) Bgr(2)

We now turn to (5.13). We recall that the first factor in (5.13) is bounded by 1 (see (2.27)),
so that

1/2 o 1/2
(/ IVyGl(y,x)de) (/ |Wf2|2dy)
Br(z)\Bgr/s(z) Br(z)\Bgr/3(z)

. 1/2
5(/ |w2|2dy) . (5.16)
Bgr(z)

Appealing to (2.33) and (2.49) to estimate the supremum with respect to A, of the RHS
of (5.15) and (5.16) completes the oscillation estimate for |z — x| < 2R.

Appendix. Proofs of the other auxiliary lemmas

A.1. Proof of Lemma 2.7: existence and uniqueness for ¢

We proceed in two steps, first sketching the argument for the existence, and then turning
to uniqueness. We may consider 7 = 1 by scaling.

Step 1: Existence. Let & € R?. To obtain a sequence of approximate solutions ¢ g, we
solve (2.23) on balls Bg with increasing radii and homogeneous Dirichlet boundary con-
ditions. We test the defining equation for ¢ with the function n%(l) g Where n;(x) =
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exp(—c|z — x|) for arbitrary z € R and some ¢ > 0 to be fixed later. This yields
2pnd 2gg - AVPrd
nzd)R X + r}z ¢R : ¢R X
Br R4

— 2 [ un.Vn. AVGrdx - / P2V - AEdx —2 / neBRV 1 - AE dx.
Br Bpg Bg

which, by the bounds on A and Young’s inequality for each term of the RHS with con-
stants k, 2« and « > 0, respectively, turns into

2 ) K _ 1
2 2 2 2 2 2
——1|V ¢rdx—+A 1-2=)|Vop|“dx < | —+ dx.
/R<77Z [Vn,| ) R ./BR 77Z< A)' Rl _< K>|$| /d n;

(A.1)
Choosing k = A/4 and ¢ = +/A/4 then yields the a priori estimate

_2 —
/n§¢Rdx+/ n§|V¢R|2dx§|E|2/ ndx.
Br R4 R4

By weak compactness, the sequence ¢ p (or a subsequence) weakly converges in HIL c(Rd)
to some function E, which is a distributional solution of (2.23) on RY. In addition, 5
satisfies the a priori estimate

_2 p—
n2¢ dx + | n}Veltdx SIE* | nldx, (A2)
R4 R4 R4

which implies (2.24) since its RHS does not depend on z.

Step 2: Uniqueness. Let 3¢ be such that limsup, ;. f5 ((86)> +|V8¢|*) dx < oo and
satisfy (2.23) with & = 0. Let ng be as in Step 1 for z = 0. We first argue that

/ n35$2dx+/ Vg2 dx < co.
R4 R4

Indeed, by assumption, there exists C < 0o such that sup, th ((8p)>+|V8g|>) dx < C,
so that forall N € N,

N
/ ngﬂ dx +/ n3IVeg? dx < Z’d exp(2e(l — z))f (66" + |V8g|?) dx
By By t=1 B
o0
<C th exp(—2ct) < oo.
=1

We may thus test equation (2.23) with ng R(Sa where no,g = nor and g is a smooth
cut-off function on Bg. Passing to the limit R 1 oo by dominated convergence leads to
the energy identity

/ 266" dx + / 2V - AVSdx = —2 / 108V o - AVSH dx.
R4 R4 R4
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Using Young’s inequality as for (A.1) then yields

2 _ K _
/ (n% - —|V770|2>(5¢)2dx +/ né(l — 2—>|V8¢|2dx <0,
R4 K R4 A

which, with the choice ¥ = A/4 and ¢ = +/A/4 as in Step 1, establishes uniqueness.

A.2. Proof of Lemma 2.9: sensitivity of Gt

By a standard regularization argument, one may assume that A and A are smooth and
coincide outside Bg(z),z € R?. We denote by Gr, GT e wil (Rd ) the associated Green
functions, T > 0. Subtracting the defining equations (2.29) with singularity at y € R?
for G and GT then yields

T~'(Gr(x,y) = Gx, ) = Vu - (A Vi(Gr(x,y) — Gr(x, )
=V (A= A@V:Gr(x,y) (A3)
in the sense of distributions on R)‘f .Since G7 and G belong to C®(RY x R\ {x = y}),
tpe RHS of (A.3) is smooth with support in Bg(z) provided |z—y| > R.Hence Gr (-, y)—
Gr(-,y) is also a classical solution of (A.3) and therefore belongs to H L(R9) since the

RHS has compact support.
The energy estimate yields

/|vx<ér<x,y>—Gr(x,y>>|2dx
Rd

< /]R Ve(Gr(x,y) — G(x,y)) - (A — A)(x)V,GT(x, y) dx.

Since A and A coincide outside Bg(z), using the Cauchy—Schwarz inequality we obtain

- 1/2 1/2
(/ Vo (Gr(x,y) — GT(x,y>)|2dx) < (/ IVxGT(x,y)Ide) ,
Br(z) Br(2)

so that by the triangle inequality

~ 1/2 1/2
(/ IV.Gr(x, y>|2dx> < (/ IV, Gr(x, y>|2dx> :
Bgr(2) Bgr(2)

as desired.

A.3. Properties of the Green functions

We first address the existence part. By a scaling argument, it is sufficient to consider
T = 1 (we thus drop the subscript T = 1 from our notation). By a standard approximation
argument, it is sufficient to consider the case of a smooth uniformly elliptic coefficient
field A on a (large) ball D. Let G(x, y) denote the Green function for these data, which
is known to exist by classical theory. For the above properties of the whole-space, non-
smooth coefficients Green function, it is enough to establish the following properties of G:
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e Uniform, but qualitative continuity off the diagonal and off the boundary, that is, for all
r>0,

{(x,y) € D? 1 dist({x, y},9D) = 2, [x = y[ > r} 3 (x, ) = G(x, )

has modulus of continuity only depending on d, A, r, (A4)
but not on the modulus of continuity of A nor on D. By Arzela—Ascoli’s compactness
criterion, it is this equicontinuity that ensures the continuity (2.25) when taking the
limit in the approximation argument.

e Pointwise upper bounds on G: For x,y away from the boundary in the sense of
dist({x, y}, D) > 1 we claim

In2+1/lx —y)) ford =2,

A5
Ix — y|>~¢ ford > 2. (A-5)

G(x,y) S exp(—clx — yl) {

It is obvious that under the locally uniform convergence off the diagonal coming from
Arzela—Ascoli’s compactness criterion this turns into (2.26) in the limit.
e Averaged bounds on VG and V,G: For dist(y, dD) > 1 we have

12
(R‘d /D . 2R}|va(x,y>|2dx> Sexp(—cR)R'™, (A6
<|lx—y|<

and for dist(x, 9 D) > 1 we have

1/2
(Rd/ |VyG(x,y)|2dy> <exp(—cR)R'™4. (A7)
DN{R<|y—x|<2R}

By lower semicontinuity of these expressions under pointwise convergence of G,
(A.6) & (A.7) turn into (2.27) & (2.28) in the limit.
e Differential equation:
G-V, -AXx)V,G =6(x —y) distributionally in D,,
G—-Vy- A*(y)VyG =6(y —x) distributionally in D,.

Since (A.5) and (A.6) & (A.7) imply the local equiintegrability of the maps R? > x
— (G(x, ), V«G(x,y) and R? 5 y — (G(x, ), VyG(x,y)), this yields (2.29) &
(2.30) in the limit.

We now come to a further reduction: because of the symmetry of our assumptions under
exchanging the roles of x and y, we may restrict to the x-variable in proving the above
estimates. Because our assumptions are invariant under translation, we may restrict to the
case of y = 0 and we may assume

dist(0, aD) > 1. (A.8)

We thus suppress the y-dependence in our notation and just write G (x), which is charac-
terized as the solution of

G-—V-AVG=68 inD, G=0 ondD. (A.9)
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It will be convenient to separate the near-field behavior dominated by the singularity (i. e.
for |x| < 1) from the far-field behavior dominated by the massive term (i.e. for |x| > 1):

e Pointwise upper bounds on G: We shall show
In2+1/|x|) ford =2
|x|2—4 ford > 2

G(x) < exp(—clx]) for |x| > 2/3, dist(x, D) > 1. (A.11)

G(x) < for |x| < 2/3, (A.10)

This yields (A.5) (with a reduced value for the generic ¢ > 0).

e Uniform, but qualitative continuity of G: We note that by De Giorgi’s a priori esti-
mate of the Holder modulus of an A-harmonic function, these quantitative pointwise
estimates imply that for all r > 0,

{x e D:dist(x,dD) =2, |x| >r}>x > G(x)
has modulus of continuity only depending on d, A, r.

Note that because of the massive term (which however is under good control because
of (A.10) & (A.11)), we need a version of De Giorgi’s estimate with a (bounded) right-
hand side (see for instance [19, Theorem 4.1]). Since a uniform modulus of continuity
of G(x, y) in x (for all y) and a uniform modulus of continuity in y (for all x) implies
a uniform modulus of continuity in (x, y), this yields (A.4).

e Average estimates on VG: We shall show

172
(Rd/ VG2 dx> <R forO<R<1/6, (A.12)
DN{R<|x|<2R}
1/2
(R—d/ |VG|2 dx) <exp(—cR) for R > 1/6. (A.13)
DN{|x|>R}
This implies (A.6).

Our argument for (A.10)-(A.13) is self-contained with the exception of De Giorgi’s a
priori estimate for A-subharmonic functions u (i.e. satisfying —V - AVu < 0) in some
ball Bg(x):

u(x) <R / max{u, 0}. (A.14)
Br(x)
With this key ingredient, we split the proof into several easy steps.

Step 1: Near-field estimates on G. We start by establishing average near-field estimates
on G. We start with the easier case of d > 2 and establish

R / Gdx <R*™  forallR > 0, (A.15)
DO{Ix|<R}

reproducing the classical argument of Griiter & Widman [18, (1.1) Theorem]. To this end,
we test (A.9) with min{G, M} for an arbitrary 0 < M < oo. Using the uniform ellipticity
A > A 1d we obtain

/ min{G, M}? dx +)\/ |V min{G, M}|>dx < M.
D D
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We remove the first positive term, which comes from the massive term. With the help of
the scale invariant Sobolev estimate (here we use d > 2) on D (with vanishing boundary
data), this yields

/ [min{G, M}/ @=2 gx < pd/d=2),
D
from which, redefining M /2 to be M, we deduce the weak L4/d=2) _egtimate
IDN{G > M}| < M~/
where | - | denotes the d-dimensional volume. We now restrict to the ball of radius R:
IDN{lx] < R}N{G > M}| < min{R™%, M~4/d=2)y

and integrate over M € (0, co) to recover the L "_norm:

o
/ dez/ IDN{|x| < R}N{G > M}|dM
DN{|x|<R} 0
o d a—d/d—2 M=r—@Djp o [ S —d/(d=2) 1 7 2
5/ min{R~¢, M~/ E@=Dyqp "TF = R/ min{1, M~4“=DVvap ~ R?,
0 0

which establishes (A.15).
The average near-field estimates on G is more subtle for d = 2; in fact, one naturally
controls only the oscillation of G in the sense that

ceR ~

1/2
(R—2 inf/ (G — c)2dx) <1 forallO0 <R < 1. (A.16)
|x]|<R

We note that because of (A.8) and R < 1, we have {|x| < R} C D. The argument for
(A.16) mimics [21, Lemma 10] which is a simplification of [16, Lemma 2.8], which itself
was a quantification of [7, Lemma 2.5]. Let cg denote the median of G over {|x| < R}.
Following the argument for d > 2, we test (A.9) with the truncated G — cg, namely
max{min{G — cg, M}, —M} for an arbitrary 0 < M < oo. Since the test function has
no sign, the massive term now gets into our way. However, since G > 0 in D by the
maximum principle, for the normal derivative we have v - AVG < 0 on 9D, so that
integrating (A.9) yields fD G dx < 1. Hence we may rewrite (A.9)as —V-AV(G —cg) =
f := 8 — G with the total variation of the signed measure f bounded by 1 + [ G dx < 2.
Therefore, testing yields

A/ |Vmax{min{G — CRr, M}, —M}|2dx <2M,
D
which we reduce to the ball {|x| < R} and split into

/| R|Vmin{max{:|:(G —cg), 0}, M}|*dx < M. (A.17)
x| <
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By symmetry, it is enough to show that the plus sign in (A.17) implies
R_Z/ u®dx <1, where u:=max{G — cg,0}. (A.18)
[x|<R

Here is the argument: By definition of the median cg, the function u and a fortiori
min{u, M} vanishes on at least half the ball {|x|] < R}. Hence by a Poincaré—Sobolev
estimate on {|x| < R} we obtain

1/6 1/2 (a7
<R2/ min{u,M}6dx) < (/ |Vmin{u,M}|2dx) < M2
|x]|<R [x|<R

where there is nothing specific to the exponent 6, in fact, any finite exponent larger than 4
would do. As in the previous step, this yields the weak-type estimate

(R_2|{|X| <R}N{u > M}|)1/6 < min{1, M_1/2},

which (after taking the sixth power) we integrate against fooo -M dM to obtain the
(squared) L2-norm

o0
R—2/ uzdx§/ min{l, M 3YM dM ~ 1.
|x|<R 0

This establishes (A.18) and thus (A.16).
In order to “anchor” the (d = 2)-estimate (A.16) on G, we need the following average
intermediate-scale estimate on G:

1/2
</ G? dx) < 1. (A.19)
lx|<1

As opposed to the previous step, we now use the massive term to our advantage by testing
with min{G, M} as in case of d > 2:

/ min{G, M}? dx +A/ |V min{G, M}|>dx < M.
D D

Note that since {|x| < 1} C D (see (A.8)), we may restrict the estimate to the ball
{|x|] < 1} where we use a Sobolev estimate to obtain

1/6
(/ min{G,M}6dx) <Mm'2
[x|=1

We then proceed as in the previous step (with R = 1).
Equipped with (A.16) and (A.19), we can now complete the average near-field esti-
mate on G in case of d = 2:

1/2
(R_z/ G? dx) <In2+1/R) forall0 <R <1. (A.20)
Ix|<R
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An elegant way to obtain such a logarithmic estimate, even directly in its pointwise ver-
sion, is a dimension reduction from d = 3 as in Avellaneda & Lin [3]; however, we need
the BMO-type bound (A.16) also for the average near-field estimate on VG so that we opt
for a derivation of (A.20) from (A.16). We consider dyadic radii R = 27" with n € Nj.
Let ¢, denote the average of G over {|x| < 27"}. From (A.16) for R = 27" we learn in
particular that |¢,,+1 — ¢, | < 1, whereas from (A.19) we get in particular |cg| < 1. Hence
lcn| < n 4+ 1, and thus, once again from (A.16),

1/2
(RZ/ szx) <n+1,
|x|<27"

which translates into (A.20).

We now obtain the desired pointwise near-field estimates (A.10) on G as follows:
Since G > 0, G is a subsolution of —V - AV away from the origin, and thus (A.10)
follows from (A.15) (for d > 2) and (A.20) (for d = 2) by applying De Giorgi’s result
(A.14) to the ball B with center x and radius R = |x|/2 (which by (A.8) and |x| < 2/3is
contained in D).

Step 2: Far-field estimates on G. We start with the average version of the far-field esti-
mates—all dimensions can be treated simultaneously:

/ (exp(c|x)G)*dx < 1. (A21)
DN(lx|=1/3)

For this purpose, we fix a smooth cut-off function 7 that vanishes in {|x| < 1/6} but is
equal to 1 on {|x| > 1/3}, and we will show that

/ n? expclx|)G*dx < 1. (A.22)
D

In order to establish (A.22), we follow Caccioppoli’s strategy as modified by Agmon [1]
and test (A.9) with n2 exp(2c|x|)G to arrive at

/ n? expc|x|)G? dx +/ V(n* exp(2c|x|)G) - AVG dx = 0.
D D

Introducing the abbreviation 7 := 1 exp(c|x|) we now use the pointwise inequality
V(i*G) - AVG = 1’VG - AVG — 2GiiVij - AVG
=2 2 ST 1 2oz
= M [VGIT = 2|GI 1l VAl VG = =5 GT| Vil

to obtain the integral inequality
2 2 1 2 2
" exp(2elxGTdx = = [ GV (nexp(clx]))|” dx
D

2 2
< —C/ Gznzexp(20|x|)dx+—/ G2V dx.
A Jp AJp
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The second RHS term, which by choice of 7 is supported in {1/6 < |x| < 1/3},is < 1
by the pointwise near-field estimates (A.10), the first RHS term can be absorbed into the
LHS provided ¢ < 1/(2A). This establishes (A.22) and thus (A.21).

We now obtain the pointwise far-field estimates (A.11) on G from (A.21) via De
Giorgi’s result (A.14) applied to a ball B with center x and radius R = 1/3.

Step 3: Average estimates on the gradient VG. The near-field estimates (A.12) are easy
for d > 2: they follow from (A.10) via the standard Caccioppoli estimate based on testing
(A.9) with n>G, where 7 is a cut-off function for the annulus {R < |x| < 2R} in the
annulus {R/2 < |x| < 4R}. The massive term produces a good term that we discard.

In the case of d = 2, (A.12) follows from the average near-field estimate (A.16)
on the oscillation of G via a standard Caccioppoli estimate based on testing (A.9) with
n%(G — ¢), where 7 is a cut-off function for the annulus {R < |x| < 2R} in the annulus
{R/2 < |x| < 4R}, and c is the average of G over {|x| < 4R}. As opposed to the
previous step, the massive term gets in our way by generating the following RHS term,
which however is lower order (in R < 1):

1/2
R—Q/ n?(G —)Gdx < <R—2/ (G —c)?dx R‘2/ G? dx)
D |x|<4R |x|<4R

(A.16).(A.10)

< (InQR+1/R)">.

~

The far-field estimates (A.13) can again be easily treated for all d: they follow from the
average far-field estimates (A.21) on G (employed for |x| ~ R, say R > 1) via a standard
Caccioppoli estimate based on testing (A.9) with n?G, where 7 is a cut-off function for
{lx] > R}in {|x| > R/2}. The massive term produces a good term that we discard.

Step 4: Uniqueness argument. The uniqueness argument is different from [18] (who do
not consider the whole-space case with a massive term) in the sense it makes stronger
assumptions, namely (2.27), but uses less machinery, namely no lower pointwise bounds
coming from Harnack’s inequality. By scaling, we may still assume that 7 = 1. We fix
a uniformly elliptic (but not necessarily smooth) coefficient field A. We consider a Green
function G (x, y).

The main technical step of our uniqueness argument is the following: For any ¢ > 0,
we consider the mollification of G(x, y) in y, say,

Ge(x,y) =4 / G(x,ydy'.

[y'—yl<e

We claim that

/ (GZ(x,y) + |V2Ge(x, Y)|*) dx <00 foralle >0, y € RY. (A.23)
]Rd

Here is the argument: A dyadic decomposition shows that (A.24) and (A.12) (together
with (2.26)) imply that for any fixed « > d — 2, say « = d — 1, we have

/ lx — y[*(G*(x, y) + Vs G(x, y)[*)dx S1 forally € RY. (A.24)
le
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Since @ < d, we obtain because of V.G, (x,y) = ¢ ly/—y|<e V:G(x,y')dy', by

Cauchy-Schwarz in y’,
GZ(x,y) + |VaGe(x, p)?

<e™ / lx —y|"*dy'e™ / lx — ¥ [*(G*(x, y) + |V G(x, y)I*) dy’
[y —yl<e [y —yl<e

a<d

< el / lx — ¥ [%(G*(x, ) + IV G(x, Y)I?) dy,
[y —yl<e

and thus by (A.24),
/}R G2(x, y) + V2 G (x, )2 dx

(A.24)
/ / — Y9G (x, ¥) + V<G (x, Y)|*) dx dy’ <a“,
ly'—yl<e JRE

which is a quantification of (A.23).

We now come to the uniqueness argument proper and consider the difference u(x, y)
of two Green’s functions. By assumption, for fixed y, u(-, y) and V,u(-, y) are integrable
and satisfy

u—V,-Ax)Vyu =0 distributionally in RY.
This persists for the mollification u, (-, y) in the y-variable introduced in the previous
step:

ug — Vy - A(x)Vyu, =0 distributionally in RY. (A.25)
On the other hand, we know from (A.23) that the u.(-, y) and V,u.(-, y) are square
integrable. This means that we may test (A.25) with u, to get

/Rd (12 (x. y) + [Vaue (. y)I?) dx = 0.

This implies u.(x, y) = 0 for almost every x and all y. By the continuity property (2.25),
this implies first u,(x, y) = O for all x # y and then in the limit ¢ | O that u(x,y) =0
for x # y, thus establishing uniqueness.

A.4. Proof of Lemma 2.11: optimal integrated estimates of VG

We follow [23] and split the proof into four steps. Let | < p < p where p is as in
Lemma 2.10.

Step 1. We claim that by Lemma 2.10 we have, for any radius R,
1/2p
<R—" / (IVVG1 (0, »)[*” + R*P|V,Gr (0, y>|2")dy>
R<|y|<2R

R
gR—dexp<—c > (A.26)

JT
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Indeed, by stationarity we have

(IVVGr(x, )I*P) = (IVVGT(0, y — x)*P),
(IV:G7(0, VI*P) = (IVyGr(—y, 0)]*P),

so that (A.26) follows by taking the expectation of the (2p)’ h power of (2.36) and (2.35).

Step 2. Consider the A-dependent functions u = u(x; A), f(x; A), h(x; A), and the
vector field g = g(x; A) related by

T'u—V-AVu=V-g+ f+T'h inR% (A.27)
Suppose that f and g are supported on an annulus of radius R:
f(x) =0, g(x) =0 unless R < |x| < 2R, (A.28)

and that 4 is bounded by some x and supported on Byg. Then we claim

1
1 2p
(IVu(0)*P)2 < sup (R‘d / (IgI*? +R2”|f|2”)dy>
AeQ R4

+ T~" min{R, ~T} sup . (A.29)
AeQ
1/2
(IVu(0)) 5<R‘d /]R I(IgI2+R2|f|2) dy> + T 2. (A.30)

To prove (A.29), we start by noting that (A.27) yields the representation formula
w6 = [ G g+ + TG dy,
which we use in the form of
Vu(0) = — /Rd VVGT (0, y)g(y)dy + /Rd ViGr (0, )(f () + T~ h(y)) dy.

By Cauchy—Schwarz’ inequality and the support assumption, this yields

1/2
|Vu(0)| < (/ IVVGr(0, y>|2dy/ |g(y>|2dy)
R<|y|<2R R<|y|<2R

12
+ (/ V. Gr 0, y>|2dy/ |f(y>|2dy)
R<|y|<2R R<|y|<2R

+T—‘x/ V.G (0, )| d.
Byr
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This implies, by Holder’s inequality in probability,

1

1 2p
(IVu(0)[*P)2% < Ay sup (R—d/ (IgI* + R2”|f|2”)dy> " AT sup ke,
AeQ R4 AeQ

1/2
(IVu(Ol) < As <R—d /Rd<|g|2+R2|f|2)dy> + AT,

where we have set for abbreviation

L
2p

Ay = Rd<R—‘f / (IVVG1 (0, »)[*? + R™*P|V,Gr (0, y>|2")dy> ,
R<|y|<2R

2p #
;:<</ |VXGT(0,y>|dy) > ,
Bog

1/2
Az = R"<Rd / (IVVGr (0. »)* + R*|V:G1(0. y)[?) dy> :
R<|y|<2R

2172
2=<</ IVxGr (0, y)ldy> > .
Bar

On the one hand, (A.26) in Step 1 exactly yields A3 < A; < 1. On the other hand, a
decomposition of By into the dyadic annuli {2' < |x| < 2"“} fori € (—o0, I) NZ with
I = [log,(2R)]+ 1 combined with the triangle inequality, (A.26), and Holder’s inequality

yields (using the exponential cut-off for R > +/T)

1 2p i
Ay < A V,.Gr(0, d
4 < Ap Z <(/2i<|y|§2f+1 VG (0, y)l Y) >

A

[\

A

IS

<
i=—00
! | %
. _1 P
S e 2,,>< / |var<o,y>|2f’dy>
=00 20 <|y|<2i+]
w2 A . 1— 1 , 1 ,
5 Z (Zl)d( _ﬁ)((zl)d-‘rzp(l—d))ﬁ exp(_czl/ﬁ)
i=—00
I . .
= Y @) exp(=c2'/VT) < min{2!, VT).
i=—00

The desired estimates (A.29) and (A.30) follow.

Step 3. Consider an A-dependent functions u = u(x; A) satisfying

T-'u—V-AVu =0 in Bp. (A31)
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Then we claim

1

L R %

(IVu(0)|?Py7r < <1 + ﬁ) sup (R_d/ |Vu|2pdy> " (A.32)
AeQ Bog

R 1/2
(IvVuO)) < <1 + ﬁ><R_d/B |Vu|2dy> . (A.33)
2R

To see this, consider a cut-off function n for Bg in B3/2g such that [V7)] < R~ and set
v := n(u — u), where u denotes the average of u on B3,2g. Equation (A.31) yields

T'WW—V.-AVv=-V.g+ f+T 'h (A.34)
with g :== (u —u)AVn, f := —Vn - AVu, and h = nu. By choice of n, the functions g
and f satisfy the support condition (A.28) and we have, for all ¢ > 1,

[P+ R ay s [ R P v dy,
R4 Bigr)2
so that Poincaré’s inequality on B3g,> applied to the first term of the RHS yields
/ (gl + R¥| f1*) dy S / Vul dy. (A35)
R4 B3Ry

It remains to bound the second RHS term of (A.29). To this end we now take a cut-
off function n for B3g/» in Byg such that [Vn| < R~L Testing (A.31) with n2u and
integrating on Bsg then yields

71 / n2u2 dy = —/ 172Vu -AVudy — 2/ nuVn - AVu.

Byg Bog Byr

We absorb the second RHS term into the LHS by Young’s inequality and get, by definition

of n,
1/2 1/2
][ udy| < (7[ uzdy) 5«/?(% |Vu|2dy> ,
B3r)2 B3g)2 Bag

so that by Jensen’s inequality

lu| =

1
R 2%
T~ ' min{~/T, R} sup |ni| < —<R—d/ |Vu|? dy) ‘) (A.36)
By \/T Bor

By (A.35) and (A.36) for ¢ = p and for ¢ = 2, (A.32) and (A.33) follow from (A.29)
and (A.30).

Step 4: Proof of (2.37) and (2.38). We fix y € R? \ {0} and apply Step 3 to u(x) =
Gr(x,y)and R = {|y|. From (A.32) we obtain

1

235 < Iyl —d 2p 2

(IVxGr (0, »)I77) 2 S | T4+ == ) sup| [ IVxGr(x, y)["Pdx ) .
\/T AeQ Bl/g‘y‘
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Since
Bjy3 C{x € RY 1 20y|/3 < |x — y| < 4lyl/3}, (A.37)

we obtain by (2.35) with R = %|y| the desired estimate (2.37), i.e.

L [y 1—d [yl 1—d [yl
VxG 0’ 2p 2p §<1+_> ex —Cc— 5 ex —c—,
(IVG7 (0, y)I*?) 7 )1 exp —e T ) S I exp( —e

for a slightly smaller ¢ > 0.
Next we turn to the mixed second gradient, and apply Step 3 to the function u(x) =
VyGr(x,y) with R = {|y| and deduce from (A.33) that

[y —d 2 172
VVGr O, ) < (1 + —>< / VVG ,ned > .
(I 70, M) JT |yl Bwu3| r(x, y)|"dx

The inclusion (A.37) yields

| | B 1/2
(IVVG7 (0, y))) 5(1+i)<|y| “/ |VVGT<x,y)|2dx> .
2yl<lx—yl<4yl

VT

By stationarity in the form of ((VVG7(x, y)|?) = (IVVG7(0, y — x)|?) and (A.26), this
yields the desired estimate (2.38).

A.5. Proof of Lemma 2.13: refined energy estimates

We split the proof into three steps. We start with the proof of (2.41), then show that it
implies (2.43) by a dyadic decomposition of the RHS, and then turn to (2.44), which is a
variation of (2.41).

Step 1: Proof of (2.41). By rescaling length according to x = /T %, we see that it is
enough to show that (2.40) yields (2.41) for T = 1. By dyadic iteration, it is enough to
show there exists a constant 6(d, A) < 1 such that

v—V-AVv =0 in Bag (A.38)
implies

W+ |Vodx <6 [ 0+ VP dx,
Bgr Byr

which by the Widman hole-filling trick follows from

W? + |VuP)dx < / (w? + |Vv|?) dx. (A.39)

Bpg R<|x|<2R

In order to obtain (A.39), we test (A.38) with n>(v — ), where 7 is a cut-off function
for B in Byg and v is the average of v on {R < |x| < 2R}, to obtain

/ (n"*(v — D)v + V(> (v — D)) - AVv) dx = 0.
Bop
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2

For the massive term we use v(v — v) > %v — %62;

for the elliptic term we use
V(n*(v = 1)) - AVv = n’Vv - AVv +2n(v — )V - AV
> An?|Vol* = 2nfv — 9] |Vn| |V

1 2
> SVl = = 9%Vl
so that we obtain
2,2 2 20, 4 2 -\2
n“(w° + A|Vu|9)dx < n“v°+ —|Vnl“(v — v)” ) dx. (A.40)
Bag Bag A
By the properties of 7, this yields

(> + |Vv|?) dx §Rd1')2+R_2/ (v —v)*dx.

Br R<|x|<2R

In order to obtain (A.39), we use Jensen’s inequality on the average v yielding
R < fR<\x|§2R v2dx; we use Poincaré’s estimate on the annulus, yielding

-2 ~2 2
R fR<|x|§2R(U —0)%dx 3 fR<|x|§2R V|~ dx.

Step 2: Proof of (2.43). Rescaling lengths according to x = Rx (which entails v = R0
and VT = Rﬁ ) we see that it is enough to establish (2.43) for R = 1 only, that is,

1/2 1/2
( (T~ + |Vv|2)dx> < ( / J(Gxl+ D% |g)h? dx) . (A.41)
B R

By the triangle inequality, it is sufficient to establish (A.41) under the additional condition
that

suppg C {R < |x| < 2R}, (A.42)

in which case (A.41) turns into

1/2 1/2
( (T~ + |Vv]?) dx) <R+ (/ |g|2dx> ) (A.43)
B R4

By the energy estimate, i.e. testing (2.42) with v, we have

12 12
(/Rd(T_lv2+|Vv|2)dx) §</Rd|g|2dx) . (A.44)

This trivially yields (A.43) for R < 1, so that we may focus on R > 1. For R > 1, we see
that (A.44) implies (A.43) using (2.41) since

T-'v—V.AVv=0 in Bg.
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Step 3: Proof of (2.44). As in Step 1, by rescaling length according to x = /T %, we
may restrict to the case of 7 = 1. By dyadic iteration, it is enough to show there exists a
constant 9(d, A) < 1 such that

u—V-AVu= f:=—-£-x inBap (A.45)
implies

W + |Vu?) dx < 9( u* + |Vul>) dx + Rd+2),

Bg Byg

which follows by the Widman hole-filling trick from

u? 4+ |Vu?) dx < / W2 + |Vul*) dx + R4 (A.46)

Br R<|x|<2R

In order to obtain (A.46), we test (A.45) with n*(u — i1), where 7 is a cut-off function for
Bpr in Byg and u is the average of u# on the annulus {R < |x| < 2R}, to obtain

/ nz(%uz + %(u - ﬁ)z + Vu - AVu) dx
Byr
_ ( 2122 _on(u — it 200 — i) F)d
= n5u n(u —u)Vn - AVu +n“(u u)f) X.
Byr
By the assumptions on A, this turns into the inequality
/ nz(%uz + %(u —)*+ A|Vu|2) dx
Bog
< / (n?Li® + 2nlu — @| V| |Vu| + n*u — @) f) dx.
Bap
Using Young’s inequality shows that

/ @+ \Vul?ydx S | Pa® + VP lu —al> + 0 £2) dx.
Byr

Brr
Using the properties of 1 yields

u? + |Vu*)dx < RYa® + fzdx+R’2/ lu — i) dx.
Br Byr R<|x|<2R

We now apply Jensen’s inequality to the average i, yielding R%i?> < / R<|x|<2R u®; we
also appeal to Poincaré’s estimate on the annulus, yielding R > /, R<|x|<2R (u—in)>dx <
Jr<ixi<2k |Vutl* dx. This entails

u* + |Vu|?)dx < f2dx+/ u* + |Vul?) dx.
Bgr Bor R<|x|<2R

Appealing to the special form of f yields (A.46).
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A.6. Proof of Lemma 2.12: suboptimal pointwise estimates of VG
On {|Z’| > |z|/2} the Green function satisfies
T7'Gr(-,0)=V-AVGr(-,0) =0. (A.47)

Let 1 ~ R < |z|/6. We first prove the result for d > 2 by combining Caccioppoli’s
inequality and the pointwise bounds on the Green functions, and then turn to d = 2 using
in addition Lemma 2.13. Caccioppoli’s inequality for (A.47) then yields

/ IV.Gr (@, 0)*dZ S / G2.(Z.0)d7, (A.48)
Br(2) B3gr/2(2)

and we conclude by the pointwise estimate (2.26) for d > 2.
For d = 2 we appeal to Lemma 2.13 and use (2.41) in the form of

1/2
(/ V. Gr(Z, 0>|2dz/)
Bgr(z)

1/2
<z (/ (T7'G3(Z,0) + |vcr<z’,0)|2>dz/> :
Bz 3(2)

On the one hand, the pointwise estimate (2.26) for d = 2 yields for the first RHS term,
since |z| 2 1,

_ 12/ \? 121\, » VT
T7'G2.(z,0)dz’ < sup ( exp( —c In?( 2+ <1.
/1;1/3(1) By /3(2) \/T \/T 12|

On the other hand, for the second RHS term we use Caccioppoli’s inequality in the form:
forall c € R,

/ IVG7(Z,0))?dz < |z|—2/ (Gr(Z,0) — )2 d7 + T Yz cl.
Byz1/3(2) Byz2(2)

If |z] < VT, we choose ¢ = fBzm/z Gr(z',0)dz and appeal to the oscillation estimate
(A.16) (in its T -rescaled version) to obtain

|z|*2/ (Gr(Z,0)—0c)d7 <|z|72 inf/ (Gr(Z,0) —k)?d7 <1;
Byz12(2) B372(0)

keR

and we use (2.26), which implies that

_ 1Z/1\2 1Z/| JT
T z%el < sup {<— exp( —c In(2+ <.
B3‘Z|/2 vV T v T |Z/|

If |z| > +/T, we take ¢ = 0 and use supp, ., Gr(Z',0) < 1by (2.26).
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