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Abstract

We study quantitatively the effective large-scale behavior of discrete elliptic equations on the
lattice Z? with random coefficients. The theory of stochastic homogenization relates the random,
stationary, and ergodic field of coefficients with a deterministic matrix of effective coeflicients. This
is done via the corrector problem, which can be viewed as a highly degenerate elliptic equation on
the infinite-dimensional space of admissible coefficient fields. In this contribution we develop new
quantitative methods for the corrector problem based on the assumption that ergodicity holds in
the quantitative form of a Spectral Gap Estimate w. r. t. a Glauber dynamics on coefficient fields
—as it is the case for independent and identically distributed coefficients. As a main result we
prove an optimal decay in time of the semigroup associated with the corrector problem (i. e. of the
generator of the process called “random environment as seen from the particle”). As a corollary we
recover existence of stationary correctors (in dimensions d > 2) and prove new optimal estimates
for regularized versions of the corrector (in dimensions d > 2). We also give a self-contained proof
of a new estimate on the gradient of the parabolic, variable-coefficient Green’s function, which is a
crucial analytic ingredient in our approach.

As an application of these results, we prove the first (and optimal) estimates for the approxi-
mation of the homogenized coeflicients by the popular periodization method in case of independent
and identically distributed coefficients.
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1 Introduction and main results

In the 70s Yurinskii [32], Kozlov [22], and Papanicolaou & Varadhan [31] proved the first homoge-
nization results for elliptic equations with random coefficients. They considered the elliptic operator
—V-a()V (on a domain of R?) with random, uniformly elliptic coefficients a(z) € R¥*? and studied
its asymptotic behavior in the macroscopic limit € | 0. For coefficients that are stationary and ergodic
(w. 1. t. the shifts a(-) — a(-+z), z € R%) they proved a qualitative homogenization result which says
that as e | 0 the elliptic operator —V - a(2)V almost surely H-converges to the homogenized elliptic
operator —V - apom V. Morally speaking this means that the rapidly oscillating random coefficients
a(:) can be replaced in the macroscopic limit by the homogenized coefficient matriz anom, which is
deterministic and characterized by a homogenization formula. In the present contribution we consider
stochastic homogenization in a discrete setting where the continuum domain R? is replaced by the
lattice Z¢. The qualitative homogenization theory is similar to the one in the continuum setting, see
Kinnemann [24], Kozlov [23]. This problem corresponds to random conductance models for a network
of resistors (see Biskup [3] for a recent review).

We are interested in the homogenization formula. To be precise let d > 2 denote the dimension and
A > 0 be a constant of ellipticity which is fixed throughout this article. Let Q2 C (RdXd)Zd denote
the set of admissible coefficient fields, which is defined as the set of all functions from Z? to the set
of diagonal matrices with entries in [A, 1]. We endow Q with a stationary ensemble (-) that describes
the statistics of the random coefficients. With (-) we associate the symmetric matriz of homogenized

coefficients apom € Rg;ncf via the minimization problem:

(1) Ve € R? : e - apome = inf ((e + V@) - ale + VY)),
7]

where the infimum runs over all random fields @ : Q x Z? — R that are stationary in the sense of
Bla,z+2) =@(a(-+2),z) for all z,z € Z% and (-)-almost every a € 2. The Euler-Lagrange equation
associated with (1) is called the corrector equation:

(2) V*a(Ve+e)=0 on Z4, ¢ is a (-)-stationary random field.

We refer to Section 2.1 for the definition of the finite-difference gradient V and its adjoint V*. A
solution to (2) is called a stationary corrector, as opposed to the non-stationary corrector introduced
by Kiinnemann [24]. In case it exists, the stationary corrector minimizes the Dirichlet energy (1), and
the homogenization formula reads

(3) ahome = (a(Vo +e)).

The goal of this paper is to introduce quantitative methods that yield optimal estimates on the
corrector equation (2) and on approximations of the homogenization formula (3). The methods we
present continue and extend earlier ideas of two of the authors in [18, 19].

The quantitative theory for (2) is subtle. As a matter of fact, for general stationary and ergodic
ensembles the minimum in (1) may not be attained and stationary correctors may not exist. On top
of that, in dimension d = 2 stationary correctors do not exist even under the strong assumption of
independent and identically distributed (i. i. d.) coefficients. The only existence result of stationary



correctors has been obtained recently in [18] by two of the authors in the case of i. i. d. coefficients in
dimensions d > 2.

Deterministic approaches to (2) that do not exploit the properties of the underlying probability space
(e. g. when a € € is just viewed as a parameter) are too narrow: One generically does not have
existence of bounded solutions of (2) pointwise in @ € Q (as we learn from the small ellipticity-contrast
expansion). A natural way to benefit from the underlying probability space relies on the observation
that stationary fields ®(a,z) are fully characterized by the random variable p(a) := @(a,z = 0).
Based on this, one can introduce a differential calculus for random variables and rewrite (2) as

(4) D*a(0)(Dp+¢€) =0 ¢ is (-)-measurable.

Here D and D* are what we call horizontal derivatives and related to V and V* via stationarity (see
Section 2.1 for the details). Moreover, a(0) stands for the coordinate projection € 3 a +— a(0) on
diagonal matrices. Thanks to the discrete setting, D*a(0)D is a bounded linear operator on LP({2) for
any 1 < p < co. However, it is highly degenerate as an elliptic operator since the horizontal derivative
D = (Dy,...,Dy) with its d components typically does not yield a Poincaré inequality for functions
on the infinite-dimensional space Q. Our quantitative analysis is based on the assumption that ()
satisfies a Spectral Gap Estimate (SG) with respect to a Glauber dynamics on coefficient fields: We
assume there exists p > 0 such that

1 ¢\ 2
(56) e @ (C-0P) <3 X ((5))
yeZ?
where % denotes the vertical derivative and can be viewed as a discrete version of the classical partial

derivative gi((zg (see Section 2.1 for details). Note that (SG) can be seen as a Poincaré inequality, this

time with respect to the vertical derivatives {%}yezd. (SG) is stronger than ergodicity, but weaker
than the assumption that the coefficients are i. 1. d. (cf. Lemma 1 below).

To circumvent the degeneracy of D*a(0)D one usually considers approximations of (4) that regularize
the problem. In this paper we study two natural approximations, which we introduce now.

The modified corrector equation. In the qualitative works by Papanicolaou & Varadhan [31] and
Kipnis & Varadhan [21], the corrector equation is regularized by introducing an additional Oth-order
(“massive”) term. The result is what we call the modified corrector equation

(5) pdu + D*a(0)(Dp, +e) =0 ¢y is (-)-measurable.

Here, the regularization parameter p is a positive number, sometimes written as an inverse time %
As a merit of the regularization, the modified corrector equation always admits a unique solution
in L?(Q2). By standard arguments, (|D¢,|?) and u(d)?) are bounded uniformly in p. For general
ensembles, bounds on ¢, that are uniform in p are not available, and thus one can only pass to the
limit ;| 0 on the level of the gradient D¢, which is enough for the qualitative homogenization
theory. However, it is not sufficient for proving existence and estimates for the original problem (4).
As an application of our methods, assuming (SG), we shall prove in Proposition 1 that in dimensions
d > 2 the modified corrector ¢, is bounded in LP(€2) uniformly in p for every p < oo. In the case of
the critical dimension d = 2 we obtain the estimate <¢;2L> < (Inp~1)lel?, the scaling in u of which is
optimal.

The periodic approximation. Another natural approach to approximate (4) is to replace (-)
by a stationary ensemble ()7, that concentrates on L-periodic coefficient fields. In that case we can
unambiguously find a solution ¢ of (4) (with (-) replaced by (-)1) by solving for all L-periodic coefficient
fields a the periodic corrector equation on Z%:

(6) V*a(z)(Vd(a,x) +e) =0, ¢(a,-) is L-periodic and Z o(a,z) = 0.
z€([0,L)NZ)4



Standard arguments involving the Poincaré estimate on ([0,L) N Z)? only show that (|D¢|?) and
L=%(¢?) 1, are bounded uniformly in L. Assuming an L-periodic version of (SG), we shall prove that
("), < lelP, p < oo, in dimensions d > 2, and that (¢?);, < (InL)|e? in dimension d = 2 (see
Proposition 1). Again the latter is optimal in terms of scaling in L.

A parabolic key estimate. We study both the modified and the periodic corrector equations by
a unified approach that is based on the parabolic equation

. dwu(t) + D*a(0)Du(t) =0 t>0,
() u(t =0)=C(.

This equation defines a stochastic process on the space € of coefficient fields that can be conve-
niently interpreted in the context of random walks in random environments (see e.g. [4]): Consider a
continuous-in-time random walker (refered to as a particle) on Z? whose symmetric jump rate across
a bond {z,z + e;} is given by a;;(x). Then the above process describes the “environment a as seen
from the particle”.

The solution of (7) is unique and given by u(t) = exp(—tD*a(0)D)¢, where t — exp(—tD*a(0)D)
denotes the group associated with D*a(0)D : L?(2) — L?(2). The parabolic equation (7) and the
elliptic equation (4) are related by means of the formal identity

o= [ utty

where for u(t) we choose the initial condition { = —D*a(0)e. This formal relation becomes rigorous
(and yields estimates on ¢) as soon as we have suitable decay estimates on u(t) in ¢.

Ergodicity of the ensemble implies that (u?(t)) — 0 ast T co. (Indeed, since D*a(0)D is non-negative,
u(t) converges to the L?(f2)-orthogonal projection of u(t = 0) onto the kernel of D*a(0)D, which
by ergodicity only consists of the constant functions). While ergodicity does not yield any rate of
convergence, we prove that (SG) yields an algebraic rate, and thus quantifies ergodicity. As a main
result we prove an optimal decay estimate for exp ( — tD*a(O)D) with initial conditions in divergence
form.

Theorem 1. Assume that
(8) (-) is stationary, L-periodic and satisfies SGL(p) (see Definition 1 below).

Then there exists an exponent 1 < py < oo that only depends on the constant of ellipticity A and the
dimension d > 2 such that the following statement holds for every p € (pg,00):

For & € Cy(Q)¢ and t > 0 define
u(t) := exp(—tD*a(0)D)D*E.
Then we have

1

(9) (u()P)? < (t + 1)*(%%)”85\\[“?1;,

1
2p\ 2p
)

and < means < up to a multiplicative constant that only depends on the integrability exponent p, the
spectral gap constant p, the constant of ellipticity A, and the dimension d.

where

— 0¢
(10 D M

ye([0,L)NZ)?

A similar result that is formally obtained by letting L T oo holds for the whole-space case, under the
assumption

(11) (-) is stationary and satisfies SGoo(p) (see Definition 1 below).



The exponent %—l—% in (9) is optimal, since in the case of vanishing ellipticity contrast (that is, when
a is a perturbation of the identity), one may replace at first order the elliptic operator by the discrete
Laplacian, in which case

x€Z4

2
* * 1 (24 L
(|exp(—tD*D)D*¢[?)2 ~ <Sup |V2G(2f,ﬂf)’> 10€ ]y 22 ~ (¢ +1) (4+2)||35||5;L§>

for () i. i. d. and initial values £(a) that depend on a only through a(0). Here V2G denotes the
Hessian of the discrete heat kernel on Z.

As a corollary of Theorem 1 we obtain in Section 4 several optimal estimates for the stationary
corrector, the modified corrector and the periodic approximation of the corrector. In addition, we
obtain optimal estimates of the error introduced by adding the Oth order term in the modified corrector
equation. Based on these estimates and spectral theory we derive error estimates for the approximation
of the homogenized coefficients by periodization, which we shall present now.

Error estimate for approximations of ay,. In this paper we provide an optimal error estimate
for the approximation by periodization of the homogenized coefficients associated with an i. i. d.
ensemble. Approximation by periodization is widely used in the mechanical community and also called
the “representative volume element method”, see [30] for a qualitative analysis in the stationary ergodic
case. The homogenized coefficients ay, associated with an ergodic ensemble () are approximated
by the homogenized coefficients apom 1, associated with a stationary L-periodic ensemble (), which
we think of as having the same statistical specifications as (-). Since @pom,r, is still not computable
in practice, one replaces @hom,z, by a spatial average @,y 1(a) where a is distributed according to (),
and auy,r, : Q — ]ngxrff is given by
i 1

(12) e Qayr(a)e:= min — Z (Vo(z) +e) - a(x)(Ve(x) + e).

¢ L-periodic L/

z€([0,L)NZ)%

As an application of our method we quantify the speed of convergence when (-) is an i. i. d. ensemble.
In that case it is natural to define (-); as the L-periodic i. i. d. ensemble associated with (-) (cf.
Definition 3). We estimate the mean square error (|aay,r, — @nom|?) 1, which naturally splits into two
parts:

’aaV,L ahom|2 =varp, [aaV,L] |<aaV,L>L ahom‘g
L
(13) - |aav,L <a'av,L>L|2 ’ahom,L ahom‘Z
L

= (random error)? + (systematic error)?,

where vary, denotes the variance w. r. t. the ensemble (-)z. Following the terminology of [18], we
call the (square roots of the) first and second terms of the RHS the random error and systematic
error, respectively. The random error is due to the lack of ergodicity of the L-periodic ensemble
and measures the fluctuation of @, around its average. Although a,y 1 is a spatial average of
highly correlated random variables, we obtain in Proposition 2 (under the weaker assumption that
()1 satisfies an L-periodic version of (SG)) that the random error decays with the rate of the central
limit theorem, i. e.

(14) vary[@ayv.1] S L=,

The systematic error is of different nature: By replacing the infinite ensemble (-) by the L-periodic
ensemble ()1, we introduce artificial long-range correlations (in order to enforce the periodicity of
(-yr,). This produces the systematic error. In contrast to the systematic error, the effect of the
random error can be reduced by empirical averaging: For N € N define the random matrix

N
1 A
(15) Qay, LN ‘= N E 1 aav,L(az)a
i



where a',. .., a’ denote N independent realizations distributed according to (). This is of particular

interest since the systematic error is indeed much smaller than the random error. With the help of
Theorem 1 we obtain the following optimal error estimate:

Theorem 2. Letd > 2, L, N € N. Let (-) be an infinite i. i. d. ensemble and let (-}, be the associated
L-periodic i. i. d. ensemble. Then we have

1 1 4 _
<|aav,L,N _ahom|2>z S ﬁL 2 d

where < means < up to a constant that only depends on A and d.

The proof of Theorem 2 is given in Section 5 and uses new estimates on the modified corrector equation.
For a discussion of the literature on error estimates for the approximation of homogenized coeflicients
(and in particular [33], [5], and [9]), we refer the reader to [18, Section 1.2] and [14]. For a review on
applications of the approximation by periodization, see [20]. Theorem 2 is the first quantitative result
on this method in a stochastic (yet discrete and scalar) setting. For associated numerical results, we
refer the reader to [10].

Estimates of the Gradient of the parabolic Green’s function. An important observation in
the proof of Theorem 1 is that the vertical derivatives 8157?(;) (with u(t) solution of the parabolic problem
(7)) can be characterized as the solution of a parabolic equation whose RHS involves Vu(t). Hence,
it can be represented using the parabolic Green’s function G associated with the parabolic operator
0y + V*aV. The resulting Duhamel formula is a nonlinear identity that involves the gradient of the
parabolic Green’s function. The quantitative statements we are interested in require estimates on
the gradient of the parabolic Green’s function G(t,a,x,y). For our purposes we need estimates that
are uniform in a, but nevertheless, are optimal in terms of the exponent in ¢. By optimal we mean
that the exponent should be identical to the one of the constant-coefficient Green’s function. As a
consequence, these estimates cannot be pointwise in x, but rather integral estimates. In particular we
shall need to capture the decay in = in a better way than the following estimate does: For all t > 0

2
d
zeZd

We do this by establishing weighted integral estimates with weight functions

1 1
o |=)? 2 ([ dist?*(z, LZ%) 2
(16) w(t, x) = (H [HL) s wnlt) = rr1 L)

where dist(z, LZ?) := min,zq |z — Lz| denotes the distance to 0 on the L-torus. Finally, in order to
treat the nonlinear term, we shall need a slightly stronger estimate than the square integral estimate. In
Section 6 we establish the following estimates for the discrete, whole-space parabolic Green’s function
G and the discrete, L-periodic parabolic Green’s function Gyp..

Theorem 3. There exists an exponent qo > 1 (only depending on A and d) such that for all 1 < g < qo
and all o < co we have: For all L € N and a € Qp,

2q
2q —(dylypd 1 t
> (whtta—y)IVaGrlta,a,y)l) S @+ ) E e (— ),
z€([0,L)NZ)%
where the multiplicative constant only depends on «, A, d, and q, and cy > 0 denotes a constant that
only depends on \ and d.

A similar result that is formally obtained by letting L T oo holds for the whole-space Green’s function.



The estimates of Theorem 3 are optimal in terms of scaling. Indeed, the exponents are the same for
the constant coefficient case (i. e. @ = id) as can be seen by a scaling argument in the continuum case
(i. e. Z® replaced by R%). In the proof we make extensive use of the elliptic and parabolic regularity
theory by Nash [29] and Meyers [25]. The methods we use rely in particular on the maximum principle,
which is the reason why we restrict ourselves, in our discrete setting, to the case where a is diagonal.

Structure of the paper. In Section 2 we introduce the general framework, in particular a discrete
differential calculus for functions on the lattice Z%, a “horizontal” differential calculus for random
variables, the description of random coefficients via the ensemble, and introduce our main assumption
on the ensemble, namely the Spectral Gap Estimate (SG). In Section 3 we prove Theorem 1, which is
the main result of the paper. In Section 4 we apply Theorem 1 to the corrector equation in stochastic
homogenization. In Section 5 we prove Theorem 2 which establishes an optimal error estimate for the
approximation of the homogenized coeflicients by periodization. Finally, in Section 6 we prove the
quenched estimates on the gradient of the parabolic Green’s function of Theorem 3.

Relation to previous works. The first paper on quantitative stochastic homogenization is due to
Yurinskii [33]. Yurinskii considered the dependence of the gradient of the modified corrector D¢, on
. For dimension d > 2 and under mixing assumptions on the statistics, he obtained non-optimal
decay estimates in p on the L?(f)-distance between the gradient D¢,, of the modified corrector and
that of the original corrector ¢. As a central ingredient, Yurinskii appeals to optimal deterministic
estimates on the parabolic variable-coefficients Green’s function.

The idea of combining stochastic homogenization methods with statistical mechanics methods natu-
rally arises in the study of scaling limits of Gradient Gibbs Measures. Gradient Gibbs Measures can
be seen as a model for thermally fluctuating interfaces, as introduced in the mathematical literature
by Funaki and Spohn [13], see [12] for a review. Naddaf & Spencer [27] were the first to combine
all the three concepts of (discrete) spatial, of horizontal, and of vertical derivatives. They were also
the first to use methods of statistical mechanics in stochastic homogenization, cf. the very inspiring
unpublished preprint [28]. A main ingredient in [28] are deterministic estimates on the gradient of the
elliptic variable-coefficients Green’s function — as opposed to the estimates on the parabolic Green’s
function itself by Yurinskii. Implicitly, Naddaf and Spencer obtain deterministic ¢?%-estimates (for
some ¢ slightly larger than 1) via Meyers’ argument. They use it to establish a variance estimate in
the spirit of (14) in the case of small ellipticity contrast (that is, when ¢ > 2). This approach has been
further developed by Conlon and Naddaf [6] to obtain estimates on the annealed elliptic and parabolic
Green’s functions (that is, on the expectation of these Green’s functions), and by Conlon and Spencer
[7] to quantify the homogenization error, for small ellipticity contrast. Some optimal annealed esti-
mates on the first and mixed second derivatives of the Green’s function (that is, pointwise-in-space
estimates of moments of order 2¢ in probability) have also been obtained by Delmotte & Deuschel
[8] for any ellipticity constrast (yet for ¢ = 1 for the first derivative, and ¢ = % for the mixed second
derivative only).

Another source of inspiring ideas are the works on qualitative stochastic homogenization by Papan-
icolaou & Varadhan [31] and Kipnis & Varadhan [21], where the modified corrector problem (5) is
introduced. The modified corrector yields an approximation a@pom,, for the homogenized coefficients
Qpom, see Definition 4 below. In [31, 21] the authors appeal to spectral analysis to treat the original
corrector problem (2) with the help of its modified version (5). Furthermore, they devise a spectral
representation formula for the homogenized coefficients and its approximation @nom,, which we use
to develop quantitative estimates on the error |@nom,; — @hom| via Theorem 1.

In [18] and [19], the first and third authors obtained the first optimal quantitative results on the
corrector equation, namely the boundedness of correctors, the optimal estimate of the random error,
and optimal bounds on the systematic error \ahom’” — Qpom| for d > 2. In these contributions, an
auxiliary result are optimal deterministic estimates on the gradient of the variable-coeflicients elliptic
Green’s function. In [26], Mourrat obtained a suboptimal version of Theorem 1 for d > 5 by a



different approach. Then, Mourrat and the first author [15] obtained further quantitative results for
the systematic error by appealing to the spectral calculus mentioned above. In particular, in [15],
motivated by the spectral representation of apom, a different “higher order” approximation scheme by
extrapolation for apq, is introduced, and optimal error estimates for the associated systematic error
are obtained for dimensions 2 < d < 6, still using the deterministic estimates on the gradient of the
elliptic Green’s function. We use this scheme in our analysis of the approximation by periodization.
The interest of the present contribution is threefold. First we obtain optimal results on the corrector
and on the systematic error in any dimension (and in particular for d = 2 and d > 6), and give the
first complete and optimal quantitative analysis of the very popular approximation by periodization.
Second, we introduce a unified method which quantifies optimally the ergodicity of the environment
as seen from the particle, result from which all the other estimates follow. Last, the main auxiliary
result are new deterministic estimates on the gradient of the parabolic variable-coefficients Green’s
function.

This article is the short version of lecture notes [16], which contain in addition detailed proofs of
several classical results which are recalled here without a proof.

2 Differential calculus on stationary random fields

In this section, we introduce two differential calculi on stationary random fields, that we call horizontal
and vertical.

2.1 Spatial derivatives, stationarity, and horizontal derivatives

Random coefficient fields. We consider linear second-order difference equations with uniformly
elliptic, bounded, diagonal random coefficients. We denote the set of admissible coefficient matrices
by

(17) 0 ::{diag(al,...,ad) eR N\ <a; < 1forj:1,...,d},

where diag(ay,...,aq) is the diagonal, d x d matrix with entries aq,...,aq, and A > 0 is an ellipticity
constant which is fixed throughout the paper. We equip €y with the usual topology of R%¥*? A
coefficient field, denoted by a, is a function on Z? taking values in £y. We endow Q with the product
topology. For L € N we denote by €, the subspace of L-periodic conductivity fields (i. e. a € Q with
a(x + Lz) = a(x) for all x,z € Z%).

We describe a random coefficient field by equipping 2 with a probability measure. Following the
convention in statistical mechanics, we call a probability measure on {2 also an ensemble and denote
the associated ensemble average by (-). If (-) concentrates on €y, we call it an L-periodic ensemble.

Unless otherwise stated we always assume that (-) is stationary. Let T, : Q — Q, a(-) — a(- + 2)
denote the shift by z. Then (-) is stationary if and only if T} is (-)-preserving for all shifts z € Z.

Random variables and stationary random fields. A random variable is a measurable function
on Q. We denote by LP(2), 1 < p < oo, the usual spaces of random variables with finite p-th
moment. We denote by Cy(2) the space of bounded continuous functions on € equipped with the
norm ||([|ec := supgeq [¢(a)| < oo

A random field { is a measurable function on Q2 x Z%. With any random variable ¢ :  — R we associate
its (-)-stationary extension ¢ : QxZ% — R via ((a,z) := ((a(-+2)). Conversely, we say that a random
field  is (-)-stationary if there exists a random variable ¢ with ((a,-) = ((a,-) (-)-almost surely. Since
(C(x)) does not depend on x by stationarity, we simply write (¢) for the expectation of a stationary
field ¢.



Spatial and horizontal derivatives. For scalar fields ¢ : Z¢ — R, vector fields & = (£1,...,&,) :
7% - R and all i = 1,...,d, we define the spatial derivatives

Vig(x) = ((z +e;) = ((x), Vi((z) = ((z - &) — (),
d
V¢i=(Vi(,...,Va(), V=) Vig,
=1

where {e1,...,eq} denotes the canonical basis of R?, V is the discrete gradient for functions on Z¢,
and —V* is the discrete divergence for vector fields on Z¢. By discreteness V; and V; are bounded
linear operators on P(Z%), 1 < p < co. They are formally adjoint, as are V and V*.

Next, we recall a similar standard structure for random variables: For scalar random variables ¢ : 0 —
R, vector-valued random variables & = (£1,...&;) : Q@ = R% and i = 1,...,d, we define the horizontal
derivatives

Di((a) := ((a(- + &) = ((a), Dj((a):=((a(- —ei)) = ((a),
d
D¢:=(Di(,...,Dg¢),  D*¢:=) D¢

=1

The horizontal derivatives D; and D] are bounded linear operators on LP(€2), 1 < p < oo, and Cp(£2).
They are formally adjoint, as are D and D*. An elementary but important observation is the following.
Let (-) denote the mapping that associates a random variable with its stationary extension, see above.
Then

(18) V¢ = DiC, V¢ = Di¢, and  V*aV({ = D*a(0)D(.

We use < (resp. 2) for < (resp. >) up to a multiplicative constant whose dependence on the different
parameters is made explicit in each statement.

2.2 Spectral gap on Glauber dynamics and vertical derivatives

Definition 1 (spectral gap & vertical derivatives). We say that (-) satisfies a spectral gap for the
Glauber dynamics with constant p > 0, in short SGu(p), if for all { € L*(Q) with (¢) = 0 we have

(19) (¢*) < ll)gzzd <(§§)2> ,

where the vertical derivative % of C w. . t. y is defined as follows. For all ( € L*(Q) and y € 74,

gg = (= (()y, where (Q)y = <C ‘ {a(x)}mezd\{y}> J

i. e. (¢)y is the conditional expectation of ¢ given a(z) for all x € Z3\ {y}. More analytically, (), is
the L?(Q)-orthogonal projection of ¢ on the space of functions of a that do not depend on a(y).

The L-periodic version of (SG) is the following:

Definition 2 (spectral gap & vertical derivatives, periodic case). We say that (-) satisfies a spectral
gap with constant p > 0 on the torus of size L € N, in short SGr(p), if for all { € L*(Q) with () =0

we have (¢*) < ; > ) <(aafy)2> ;

ye([0,L)NZ)



where the (L-periodic) vertical derivative % of C w. 7. t. y is defined as follows. For all ¢ € L*(§2)
and y € 7.2,

a¢
oLy == (QLy where (Ory = <C ‘ {a(ﬂf)}xezd\{y+de}>»
i. e. (C)1y is the conditional expectation of ¢ given a(z) for all x € Z¢\ {y + LZ%}.

The vertical derivative does not commute with the shift 7, : @ — Q, a(-) — a(- + z). We have
(CoTy), = (C)y_p © To, which in terms of the stationary extension (-) reads

(20) (C(2)), = (€)y—al(2)-

Hence,

(21) 5 = (s @

Both identities also hold in the L-periodic case.

Remark 1. Let us comment on the naming of the derivatives D and a%. A coefficient field a € Q

might be viewed as a “surface” (x,a(x)) in the space Z* x Qy. We call the directions associated with 7%
horizontal and the directions associated with €y vertical. The horizontal derivative D{ monitors the
sensitivity of ( w. r. t. to horizontal shifts of the coefficient field. In contrast, the vertical derivative a%
s associated with variations of the coefficient field in vertical directions. It can be seen as a discrete

version of the classical partial derivatives {%_Lm}izl,_”d, and monitors how sensitively a random
X%

variable ¢ depends on the value of the coefficient field {Z¢ > y — a(y)} at site y.

Remark 2. From the functional analytic point of view, (SG) is a Poincaré inequality on L*(Q) for
the wvertical derivative 8%7 which defines a bounded and symmetric operator 8% : L2(Q) — LA(Q).

Since each site y € Z% is endowed with a vertical derivative, the number of degrees of freedom that the
vertical gradient {a%}yezd controls matches the degrees of freedom of the underlying probability space

Q= Q%d. One can show that SGuoo(p) implies that the underlying ensemble is ergodic (so that the
qualitative stochastic homogenization theory holds).

SGoo(p) is satisfied in the case of i. i. d. coeflicients:

Definition 3 (i. i. d. ensemble). Let B be a probability measure on Q. The infinite i. i. d. ensemble
associated with B is defined as the unique ensemble with the property that the coordinate projections
Q3> aw— alx) €Qy, x €Z%, are independent and identically distributed with a(0) ~ 8. Likewise, we
define for L € N the L-periodic i. i. d. ensemble associated with 5 as the unique, L-periodic ensemble
with the property that the coordinate projections Q > a + a(z) € Qo, z € ([0, L)NZ)?, are independent
and identically distributed with a(0) ~ (.

Lemma 1. Every infinite (resp. L-periodic) i. i. d. ensemble satisfies SG(p) (resp. SGL(p)) with
constant p = 1.

The proof, which relies on the tensorization principle, is standard (cf. [16]) and is omitted here.

3 Decay of the variable-coefficient semigroup

This section is devoted to the proof of Theorem 1. The proof essentially relies on the vertical differential
calculus and the optimal decay estimates of the parabolic Green’s function from Theorem 3. In
order to exploit the vertical differential calculus on the solution u of (7), we shall work with its
stationary extension u, as explained in the upcoming section. Section 3.2 is then devoted to the proof
of Theorem 1.
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3.1 The parabolic equation and Green’s function, and Duhamel’s formula

Solutions of (7) — the parabolic problem in the probability space — are characterized by a corresponding
parabolic equation in the physical space Z%, and thus admit a representation via the parabolic Green’s
function on Z¢. To make that precise, recall that the operator X > ¢ + D*a(0)D¢ € X is bounded
and linear with X denoting any of the spaces LP(Q), 1 < p < oo, or Cp(Q2). Hence, by standard
semigroup theory, for all ¢ € X the function u(t) := exp ( — tD*a(0)D)(¢ is a C*°(R, X)-solution of
(7). Thanks to (18) it is elementary to see that for all ( € C(2), the stationary extension u of u
solves (for all @ € Q) the following parabolic equation in physical space:

~—r
|
Q
~—~
\.@h
8
~—

(22) {atu(t,g;) + V*a(z)Vi(t, ) = for all t > 0, z € Z¢,

u(t =0,z) = go(x) for all z € Z,

with g(¢,z) = 0 and go(x) := ((a, ). The solution of (22) can be represented via Duhamel’s formula:

(23) i(t.a) = 3 Gltaan) + [ 3 Gt = samyglsn)ds
y€ezd

yezd

where G denotes the parabolic Green’s function and is defined for all @ € Q and y € Z? as the
function (t,x) — G(t,a,z,y) in C®° Ry, (Z%)) given by G(t,a,-,y) = exp(—tV*a()V)s(- — y),
where §(z) = 1 if x = 0 and 6(z) = 0 if z € Z%\ {0}. Likewise, the L-periodic parabolic Green’s
function G, L € N, is defined for all @ € Q7 and y € Z? as the function (t,z) — G (t,a,r,y) in
Co°(RT,¢>°(2%)) given by GL(t, a,-,y) := exp(—tV*a(-)V)dr(- —y), where dr(2) := 3,74 6(z + Lz)
denotes the Dirac function on the discrete torus of size L.

Remark 3. Thanks to the assumption that a is diagonal (and elliptic) we have a discrete mean value
property in the following sense: If V*aVu = 0 then u(-) < max{u(-tei),...,u(-teq)}, which yields a
weak mazimum principle for 0y +V*a(-)V. In particular, this implies that G and G, are non-negative.
This is crucial, since our results heavily rely on estimates of the Green’s function that are based on
elliptic and parabolic regularity theory.

3.2 Auxiliary lemmas and proof of Theorem 1

We split the proof of Theorem 1 into several lemmas (which we prove in Section 3.3). The starting
point is the spectral gap estimate. Since we have to estimate higher moments, we need the following
version of (SG):

Lemma 2 (p-version of (SG)). Let (-) satisfy (11). Then for allp € N and all { € Cp(Q2) with ({) =0
we have
1

<C2p> ® S ||86||L?P>gz>

10C1 2 s = <( > (§¢)>>

yeZ

where

and the constant only depends on p and p.
In the L-periodic case, i. e. when (-) satisfies (8), the statement remains valid for 3 .4 and a%

replaced by ZzE([O L)nz)d and %, respectively.
In the course of proving Theorem 1 via Lemma 2, we have to estimate the vertical derivative %’ which

can be conveniently characterized with the help of the stationary extension u of u. Indeed, since w
solves (22) with ¢ = 0 and go(z) = V*¢(a, x), application of 8% to (22) shows that the non-stationary

11



ou(t,a,r)
0

random field is the unique solution of the parabolic equation (with time variable ¢ and space

variable z)

Oy %;’x) + V*a(x)V%;’m) =V'(t,a,z,y) t>0, 22z
ou(t=0,a,x) _ % 0 d

where by Leibniz’ rule

g(t.a,z,y) "= 28 Dyt a)(x).

Since 2% 82/ 2) Vanishes for z # y, Duhamel’s formula (23) yields after integrating by parts

(24) 85(3;@) forrgally Z VzG(t,a,xaz) (
2€7Z4

/ V,G(t saxy) )D (s,a)(y) ds.

Note that the formula for g (and thus the identity above) is only formal, since Leibniz’ rule does not
hold for the (discrete) vertical derivative. However, we obtain precisely the same estimate as if (24)
was correct:

Lemma 3. Let (-) satisfy (11). Consider
u(t) := exp (— tD*a(0)D)D*¢, £ € Cy(Q)%
We then have

(25) 8u(t) ZthOZ (W /VG —5,0,y)-g(s,y)ds

2€74

(-)-almost surely, where g is the stationary extension of some g(t,a) that satisfies

(26) (9®))F < 2(|Dut) )

for all p < c0.

In the L-periodic case, i. e. when (-) satisfies (8), the statement remains valid for ) ,a, %, and

G replaced by Zze([O,L)ﬂZ)df %, and Gy, respectively.

Lemma 3 shows that we need time-decay estimates of VG. These are given by Theorem 3. As we shall
see in the proof of Lemma 4 below, the fact that in Theorem 3 we obtain optimal decay for VG for
exponents up to some 2qq slightly larger than 2 is crucial. In fact, the exponent pg in the statement
of Theorem 1 is the dual exponent of ¢g. This explains why we are forced to estimate high moments
of u even if ultimately we are mostly interested in the second and fourth moments, cf. Section 4.
Combining the Spectral Gap Estimate in its p-version with the representation formula of Lemma 3
we get:

Lemma 4. In the situation of Theorem 1 there exists an exponent 1 < py < oo (only depending on A
and d), such that for all py < p < oo we have

9 1 d_ 1 t (d4+1) I\ o
@) @)F S () Dol [ (- s )TED (DU ds
Y . 0

where ||0|| 1 20 is defined as in Theorem 1, and the constant only depends on p, p, A, and d.
()

To complete the proof of Theorem 1 we have to gain control over the nonlinear term fg (t—s+

1)_(%‘%) {|Du(s)|?*P >ﬁ ds. This is done by using Caccioppoli’s inequality in probability combined with
an ODE-argument. More precisely, the following lemma shows that (| Du(t)|??) has better decay than

(W (1)).

12



Lemma 5 (Caccioppoli). Let (-) be stationary. Consider u(t) := exp(—tD*a(0)D)¢ with ¢ € Cy(2).
Then for all p € N we have
d
(D)) £ % (1)),

where the constant only depends on d and p.

The following lemma shows how to absorb the nonlinear term into the LHS of (27).

Lemma 6 (ODE-argument). Let 1 < p,y < oo and a(t),b(t) > 0. Suppose that there exists C; < 0o
such that for allt > 0,

(28a) a(t)

IN

Cy <(t+ 1)~ +/0t(t— s+1)77b(s) ds) ,

Cy (—jtap(t)) .

Then there exists Cy < oo depending only on C1, p and v such that

(28b) b (t)

IN

a(t) < Co(t+1)77.
We are in position to prove Theorem 1.

Proof of Theorem 1. Let py be given by Lemma 4, and fix an exponent pg < p < co. By homogeneity
we may assume that [|£[|,; ,2» = 1, so that the desired estimate reduces to
vy

1
(29) (P () < (t+ 1)),
Set
a(t) = <u2p(t)>ﬁ b(t) = <|Du(t)\2p>ﬁ vy = 4,1
' ’ ' ’ 1"y
By Lemma 4 and Lemma 5 we have
¢
at) < (t+1)7 +/ (t— s+ 1)7b(s) ds,
0
) < — Lo,
~ dt
Hence, Lemma 6 yields (29) in the form of a(t) < (¢t + 1)_(%+%). O

We finally state a slight improvement of Theorem 1 that yields an additional exponential decay (for
times ¢ > L?) in the L-periodic case:

Lemma 7. In the situation of Theorem 1 the following holds: If (-) satisfies (8), then there exists
co > 0 depending only on d such that

(lexp(~tD*a(0)D)D"EP)? < exp (~ “51) (JeP)?

where the constant only depends on p, A, and d.
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3.3 Proofs of the auxiliary lemmas
We prove the auxiliary lemmas in the case (11). The argument in the periodic case (8) is similar.

Proof of Lemma 2. The only technicality is due to the failure of the Leibniz rule for the vertical
derivative.

Step 1. Substitute for the Leibniz rule: For all p € N,
(30) ((B)7) s (D57 + (5)™).

where the constant only depends on p and d.

By definition of 8%’ (30) can be rewritten as

(€ = (")) S (P = ()2 + (€= (O)*).

Since ((-)y) = (-), it suffices to show that

<(Cp - <Cp>y)2>y N <C2(p_1)(§ - <C>y)2 + (¢ — (C)y)2p> (-)-almost surely.

Y

Since the conditional expectation is an orthogonal projection in L?(f2), we have

V¢ e L2(Q),VeeR : <(§~ - <C~>y)2> < <(§~ - c)2> (-)-almost surely.

Y Yy

In particular, with ¢ = ¢? and ¢ = ()} we get ((C? — (CP)y)?)y < ((CP — (O)F)?), (-)-almost surely.

Hence, it suffices to argue that

(€= (00D, S(CIDC— (0P + (= (%) ()-almost surely.

y y
The latter follows from the elementary inequality:

Va,be R : (a? —°)% < a®PY(a — )2 + (a — b)*P.

Step 2. Application of the Spectral Gap Estimate.
For all p € N we claim that

p
@@y {( @)
y€eZ4
Assume that p > 2. The application of SGoo(p) to (P — (¢P) yields

1
(@ =) <5 3 ((50))
y€Zd
which, by Step 1 and the triangle inequality, turns into
(31) () S+ <<2<p—” > (@) >0 (25)2p> -
yez? yez?

We treat each of the three terms on the RHS of (31) separately. For the third term we appeal to
the discrete £2P-£? estimate. For the second term on the RHS of (31) we use Hélder’s inequality with
exponents (p%l, p), combined with Young’s inequality. We turn to the first term. For p = 2 there is

nothing to do, whereas for p > 2 we may apply Hoélder’s inequality with exponents (2E 2101'%1) to

p—2’
ety = IePP el ):
(ICP)? < ()31 ()T,
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and we absorb the first factor into the LHS of (31) by Young’s inequality.
Step 3. Conclusion.
Application of SGo(p) to ¢ combined with Jensen’s inequality yields

(@< <(Z <2§>2)p> ’

so that the claim of Lemma 2 follows from Step 2. O
Proof of Lemma 3. Recall that the stationary extension w(t, -) of u satisfies (for all a € Q) the spatial

parabolic equation (22) with g = 0 and go(z) := V*£(z). We take the vertical derivative —y of this
equation:

(32) ﬁt%‘zx) + V*a(x)vau[gzz Vi (t,z,y) for all t > 0, z € Z¢,
o (%yom = V*(z,y) for all z € Z4,
where
atey) = al@)VI% — 2 (a(2)Va(t, z)),
Colz,y) = %

Duhamel’s formula, cf. (23), and two integrations by parts yield

(33) aﬁ ZVGL‘OZ) &o(z,9) / ZVG —5,0,2) - &1(s, 2,y) ds.

2€Z4 2€Z4

We then claim that

(34) oy = ()@

(35) fl(t,l',y) = 5(y—l’)§(t,$),

where g(t) := (a(0) Du(t)), — a(0) (Du(t)), -

Indeed, (34) is a consequence of (21). Let us prove (35). Since &i(t,z,y) = (a(2)Vu(t,z)), —

) i
a(z)V (u(t, z)), vanishes for all y # 0, (35) follows from the properties of the stationary extension:
(a(@)Vi(t,2)), —a()(Va(t,)), = (a0)Du(t)(x)) — a(x)(Dult)(x))

2 5y - 2)((@0) Du(t), _, — al0) (Du(t)),_, ) (=)
= 5(3/ - x)§<t7 x)

Since u(t) = u(t,0), we have %éty’o) = ag?(f), and the combination of (33)—(35) yields (25), whereas

(26) follows from the triangle inequality in L?”(Q) and Jensen’s inequality in probability. O

Proof of Lemma 4. Since (D*€) = 0, we have (u(t)) = 0 for all ¢ > 0, so that Lemma 2 yields

(2 (0) < <( S (8gg>>2)p> |

yeZ?
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1

py L
The representation formula of Lemma 3 for 8( ) and the triangle inequality w. r. t. < (Zyezd ()2> > 2p
and in the time integral show that

1

(36) (W) < <( > (X 960,29 (5255 (= \>2>p>2p

y€ZA  2€74

/ <(Z!VG s,o,y>\2m<s,y>\2)”>2pds.

y€eZ4

1 1
Recall that ([g(t, z)|*)? < 2(|Du(t)[*)? . To estimate the first term of the RHS we change variables
and use the triangle inequality w. r. t. <(Zy€Zd(‘)2>p>$:

1

(= (Zmaeoaitzmel)) )

yeEZL  zeZd
1
Ti=y—z € 2\ P\
> <<Z (3 mi6e0s-alEw-o))°) >
yeZL  x€Zd
1
A-inequalit; =5 2\P\ 2
< Z<(Z(|vyG<t,o,y—x>»§§<y—x>!) >>
x€Zd yezZd

HEREEDY <( 3 (]Vx/G(t,O,x’)}gi(:c’)’)2>p>2p.

x€Z4 x'€Z4d

Hence, (36) turns into

1

wroph < X (X (meeoniEol)))’
xeZ4 yEZd
/ <(Z IV, Gt s,o,y)IQ\g(s,y)IZ)p>2p ds.
€z

It remains to show that
1

(37) << > <VyG(t,0,y)H3§(Z/)D2>p>% < (t+1)~(i+a) <‘g§ 2p> 7

yeZ?
1

(38) << Z VyG(t — s, 079)’2|g(37y)!2>p> ) S(t—s+ 1)*(%+%) <|Du(s)\2p>%

yeZ?

We only give the argument for (37), the argument for (38) being similar. Let ¢ := z% be the dual
exponent of p, let @ > 0 be some exponent to be fixed later, and let w(t,x) be the weight defined in
(16). By Holder’s inequality with exponents (¢, p) and the symmetry G(¢,a,z,y) = G(t,a,y,z) of G,
we have

> (ewonlEm) < (Z (wa(t’y)|vyG(t,y,0)|)2q)q<Z vt 85(9)‘)%)10-

yezZd yezd yezd
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Hence, by stationarity of %,

(39) [LHS of (37)] < sup (D (w*(t.y)IV,G(t,y,0 )1( > Wty )2 > (1% 2p>2lp

act) yezd yezd T€Z

We now address the choice of p and «a. First, set pg to be the dual exponent of gg defined in Theorem 3,
and let p > pp, so that its dual exponent ¢ lies in the range [1,qo) of applicability of Theorem 3. We
then choose « so large that 2pa > d. Theorem 3 thus implies

1
sup (D7 (1) [V, Gty 0))*)* 5 (¢4 1) FFR
act) o
yEL
whereas y
—2 = Y —pa a
Zw Pa(t,y)—z<t+1+1> < (t+1)z.
yez? ezl
Combined with (39), this yields the desired estimate (37). .

Proof of Lemma 5. For allt > 0 and p € N

d 1
Du?P~1 . Du) < ——— (u?P).
Mputpuy < -4 L )
Indeed, since u(t) = exp(—tD*a(0)D)(,
9 ]
(40) —u+D*a(0)Du=0 t>0,

ot

whose weak formulation with test-function u?~1 € C®°(R,, Cy(Q2)) reads

dt % < ) = —(Du*"' - a(0)Du) > =\ (Du**"" - Duy,

where we used the diagonality of a(0) in the last inequality. The claim follows form the inequality

Du?~1. Du > |Du|?, which is a consequence of the elementary estimate: For all a,b € R we have
(a®~t — P~V (a —b) = (a — b)?P. O

~

Proof of Lemma 6. The claim can be reformulated as

(41) A(t) == Oitigt(l +s)7a(s) S 1.

Step 1. Two auxiliary estimates.
We claim that

. (19 — 71)1_%61(71) for all 0 <711 < 79,
(42) / b(s) ds
71

1
7 P A(72) foralll1 <m <my.

The first estimate follows from Holder’s inequality, equation (28b), and the non-negativity of a:

(43) / b(s)ds < (rs — 1)\ "% (- / %ap(t) dt)’l’ < (72— 1)\ F a(m).

T1 1
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The second inequality can be deduced from the first one as follows: Let N € N satisfy 2V 7 1r < 7 <
2N7. We then have

™ N—1  ontls (43) N1
/ b(s)ds < Z/ b(s)ds < Z a(2"m)
71 "1
< Z v (1+27m) A2 )
A monotone e
< 2 7‘1 —|—2n7'1) v
n:0
< Am) Y @) 7P S Am)n T
n=0

Step 2. A threshold estimate.
Let 1 <7< it. We claim that

(t+1)a(t) <1+777 + <T”§ 4 D) 12) A(t).
t+1)»

First notice that by (28b) the function a(-) is non-increasing. Hence,

(44) at) < % / ta(t’)dt’

t
2

(28a) 1 rt 1 [t t
< 3 / '+ 1) dt' + t/ / (t' —s+1)"7b(s)dsdt'..
t Jo

i
2

N+

The first term of the RHS is estimated by
1 t
(45) t[ (t+1)77dt’ < (t+1)77
2

For the second term of the RHS of (44), we split the inner integral into three contributions that we
estimate separately. More precisely, we shall prove that

(46) 1/t/7( V= s+ 1)b(s)dsdt < (E+ 1) E,
(47) / / — s+ 1)7(s)dsdt’ < (t+ 1) 7A()
¥ ,In(t +1)
—s Tb(s)dsdt’ < — 2 A(1)..
(48) / / (# — 5+ 1)b(s)dsdt’ < (t+1) oy 0

Argument for (46): Since 7 < % < %, we have t/ —s+1> %/ + 1. Hence,

T T (42)
/ (t'—s+1)77b(s)ds S (¥ + 1)7/ b(s)ds < (U + 1)77717%a(0),
0 0

and (46) follows by (45) and (28a) for ¢ = 0 in the form of a(0) < 1.
Argument for (47): As above we have

t/

(42)

¢ ¢ 1
[T —ss e ds @+ [Tusds S @) TR,
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and (47) follows by (45) and the monotonicity of A.
Argument for (48): Since

<t'<t and §<s<t

[

=
<s<t and max{ s, 5 } <t < min{2s,t},

PN

we obtain by switching the order of the integrals:

t—s
[LHS of (4 < // —s+1)77dt'b(s // (t"+ 1)V dt" b(s)ds

vzt t 1 Y In(t + 1
z / b(s)ds x t/ @+ 'S (1) A (:)
i 0
4
E21 In(t+1
5 (t—|— 1)_7/\(75) M
(t+ 1)
The claim of Step 2 follows from the combination of (44)—(48).
Step 3. Proof of (41).
For 7 > 1, M is monotone decreasing for ¢ > 7. Hence for 7 > 1, Step 2 can be upgraded to
(t+1)P

(t+1)a(t) <1477 + (rl”i + M) A(t).
(tT+1)r

VIS
17775 and 1n(77+11) tend to zero as 7 — oo. Hence, by
(r+1)P

Step 2 we can find a threshold 79 > 0 only depending on p,y and C] such that for all ¢ > 47y

Because of v > 1 and p < oo, the expressions 7

1

(t+1)a(t) < Cy (1 + 7017 > + %A(t),

where Cs is a constant only depending on p,~ and C;. For all ¢t > 0 we then have

A(t) < sup (1+s)%a(s)+ sup (14 s)%a(s)

0<s<471g 419<s<t
1-1 1
< sw (sPale G 1k )+ 3A0),
0<s<dmo 2
that is )
1—1
A(t) <2 sup (1+s)%a(s)+2C2(1+71, 7).
0<s<41g
Since
(28b) 1 (28a) 1
sup (1+s)%a(s) < (1+47)"" 7a(0) < (1+447)" " " »,
0<s<47g
we deduce that A(t) is bounded for all ¢ > 0 by a constant that only depends on p,~, and Cj. O

Proof of Lemma 7. Let v(x) := D*¢(z) denote the stationary extension of the initial data. Since £ is
almost surely L-periodic, we have

Z u(z) = Z V*(z) =0 (-)-almost surely,

z€([0,L)NZ)4 z€([0,L)NZ)4
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and consequently

Z u(t,z) =0 (-)-almost surely.
2€([0,L)NZ)

From the Poincaré inequality for mean free L-periodic functions, we deduce that
= o _ L7 — 2
Z [u(t,z)|” < — Z |Vu(t, z)| (-) -almost surely,
2€([0,L)NZ)4 D 0.0z

and thus, by stationarity,

(u*(t)) < e (IDu(t)?) < L (Duf(t) - a(0)Du(t)) = — L (u*(t))
) ~ oA 2coA dt ’
so that the claim follows by Gronwall’s lemma. O

4 Estimates on the corrector in stochastic homogenization

The corrector ¢ can be formally recovered by integrating in time the function
(49) u(t) := exp(—tD*a(0)D)o,

where 0 := —D*a(0)e is the RHS of the corrector equation (4). Making this connection rigorous for
the modified and periodic correctors yields the following moment bounds.

Proposition 1. Let d > 2 and let e € R? be an arbitrary direction with |e| = 1.

(a) (Modified corrector). Let p > 0. Assume that () satisfies either (11) or (8) (for some L € N).
Then the unique solution ¢, € L*(Q) of the modified corrector equation (5) satisfies
ln%(i%—l) ford=2and 1 <p<2
(lpulP)r < ln(%%—l) ford=2 andp > 2,
1 for d > 2,

1
(Do) ST,

S =

for all1 <p < oc0o.

(b) (L-periodic corrector). Let L € N and assume that (-) satisfies (8). Then the unique solution
® € L%(Q) of the corrector equation (4) in the form of (6) satisfies

Inz(L+1) ford=2and1<p<2,
1
(|oP)» S AIn(L+1) ford=2 andp > 2,
1 ford > 2,

(IDe)> <1,
for all 1 <p < 0.
For both (a) and (b), the multiplicative constants only depend on p, p, A, and d.

(The proof is postponed to the end of this section).

For d > 2 in the case of (11), the boundedness of the corrector was obtained originally in [18,
Proposition 2.1] (the spectral gap estimate SGo(p) indeed implies the version of the spectral gap
estimate used in [18, Lemma 2.3]). For d = 2 in the case of (11), and for d > 2 in the case of (8),
these results are new. In terms of scaling in u and L, these estimates are optimal except for d = 2
and p > 2. In a paper in preparation, Ben-Artzi, Marahrens, and the last two authors prove under a

1
slightly stronger condition on (-) that (|¢[P)r < ln%(% +1) for all p < 0o and d = 2.
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Remark 4. In dimensions d > 2 Proposition 1 implies that the corrector equation (4) admits a unique
solution ¢ € L*(Q) with (¢) = 0. In addition, for all 1 < p < oo,

1
(lolP)r <
In dimension d = 2 stationary correctors do not exist. However, as p | 0, D¢, converges to some
potential field U in L?(Q)¢ which, in view of Proposition 1, satisfies for all 1 < p < oo

(WP < 1.

Proof of Proposition 1. Both statements (a) and (b) follow from Theorem 1 using the same strat-
egy, and we only prove the former. Let u be given by (49). Since for any 1 < p < oo we have

ZyEZd <(g—;)2p >% < 2, Theorem 1 combined with Jensen’s inequality in probability yields

|=

(50) (WP(t)yr < (t+ 1)7(% 2) for all p < oo,

from which we deduce that -
by i= /0 exp(—pt)u(t) dt

defines a function in LP(Q2). By construction ¢, satisfies the identity:
by = u/o exp(—pt)u(t) dt
/OO 9 (exp(—putyu(t)) + exp(—pt) Su(t) dt
= — — (exp(— Xp(—put) =
ot p{—H p{—H o1

- / D*a(0)D(exp(—put)u(t)) dt
— 02— D*a(0)Dg,.

It remains to establish the desired estimates. By the triangle inequality in LP(£2) and (50) we have

@ < [ et (ul)F de s [ el )G

ln(i +1) ford=2,
1 for d > 2.

<

~

For the sharper estimates on ¢, for d = 2 and p < 2, it is enough to use the semi-group property for
p = 2. Since D*a(0)D is symmetric, we have for all t,s > 0, (u(s)u(t)) = (v*(2$)) . Hence,

<</Ooo u(t) exp(—put) dt>2> = / / sE) exp(—p(s 4 t))) dt ds
- / / 7) exp(—2uT)) dT ds

(50)
< / / exp(—2u7)(T +1)"%dr ds
0 =4

s

~

as desired.

It remains to prove the estimates on the gradient D¢,, for d = 2 (for d > 2 this follows by discreteness
and the estimate on ¢, itself). To that end we fix v € (p — 1, p) and note that this yields both

(51) / (t+ 1)_P%1dt < 00 and / (t+ 1)”‘1_pdt < 0.
0 0
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As announced, we then have:

8

1 A-inequality 1
(DguPyp L / |exp(—ut) Du()l?)? dt
0

0

/Ooo

o0

SIS

p—1

) (¢ + 1) dt) (/Ooo(t +1)7r dt) v

1

< / (Du)PYs (t + )3 (t+ 1) dt
(| Du(t)

u(t)P) (¢t +1)7 dt> ’

o0

3 =

Py (t + )V‘Idt> +1

0o 1 (51)
t+1)7 1pdt> +1 < 1.

(
(-
(lu(O)P)51 <
(4

S— S— S

O]

5 Approximation of the homogenized coefficients by periodization

In this section we prove Theorem 2 which establishes an optimal error estimate for the approximation
of apom by periodization. We present a complete analysis for i. i. d. coefficients and partial results for
ensembles satisfying (SG).

5.1 Auxiliary results and proof of Theorem 2

The mathematical version of the periodization method is the following: Let (-) denote a stationary
and ergodic ensemble and ayen the homogenized matrix associated with (-) via (1). To approximate
Qhom W€

e approximate @hom by @hom,r, Where @pom 1, is the homogenized coefficient associated via (12)
with a suitable stationary L-periodic ensemble (-)p, which we think of as having the same
“specifications” as (-). This introduces a systematic error, which we will only fully study in the
case of the i. i. d. ensembles;

e approximate @hom,r, by @ayv 1, cf. (12), for some realization a distributed according to (-)r. By
stationarity and periodicity we have

ey r(a)e = L Z (V@(:ﬁ) +e)- a(x)(Va(x) +e) and (@av,L)L = Ghom,L,
2€([0,L)NZ)

where ¢ is defined via (6). Replacing @nom,z, by @ay, 1 introduces a random error.

We first discuss the random error, which is the variance of a,y . Using the bound on the quartic
moment of the gradient of the corrector in Proposition (1) (b), we shall prove the following optimal
estimate:

Proposition 2 (Optimal variance estimate). Let d > 2, (-) be stationary, L-periodic and satisfy
SGr(p). Then for alle € RY, |e| = 1, we have

varfe - Gay €] S L~

where the constant only depends on p, A, and d.
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Proposition 2 shows that the random error decays at the rate L~% of the central limit theorem. Since
this error is due to fluctuations, its effect can be reduced by empirical averaging: For N € N consider
the random matrix @,y z v defined via (15) where a',...,a’ denote N independent realizations of
the coefficient field distributed according to (-). Under the assumption of Proposition 2, for all e € R,
le] =1, we then have

1

(52) var(e - Gay. 1, N€] = Nvar[e “Qayre] S NL*d,

where the constant only depends on p, A and d.

For the systematic error we prove the following estimate under the assumption that the coefficients
are i. i. d.:

Proposition 3 (Optimal estimate of the systematic error). Let d > 2, () and (-)1, be the infinite and
L-periodic i. i. d. ensembles associated with the same measure B on Qq (cf. Definition 3). Then we
have

<L %mlrL,

’ahom - ahom,L

where the constant only depends on A and d.

Evidently, Theorem 2 is a direct consequence of Proposition 2 in the form of (52) and of Proposition 3.
In order to estimate the systematic error we require additional “inner” approximations that rely on
the modified corrector equation (5). To that end notice that — as a merit of the u-regularization —
the modified corrector ¢,, (associated with a direction e via (5)) can be defined independently of the
ensemble: Indeed, pointwise in a we have ¢, (a) = au(a, x = 0) where au(a, -) is the unique bounded
solution of

(53) pd,(a,z) + Via(xr)Vo,(a,z) = =V a(x)e, x e Z4.

The resulting function ¢, : @ — R is continuous and thus a measurable solution of (5) (see [18,
Lemma 2.6]).

Definition 4. (u-approzimation). Let () be a stationary ensemble. For k € Ng and p > 0 we
mnductively define symmetric matrices aﬁom’u via: For all e € RY,

e- aﬁom’ue = e apomype = (Do, +e)-a(0)(Do, + e)),
1
k o k+1 _k—1 k-1
(54) Chom,pn = ok+1 _q <2 Ayom,p — a’hom,Q,u) )

where ¢, denotes the modified corrector (for direction e).

By elementary spectral theory one can show that apom, ; — @nom as i | 0 for general ergodic ensembles.
The matrix aﬁom i is a “higher-order” approximation for ap., based on a Richardson extrapolation.
With these approximations at hand we split the systematic error |@nom 1, — @hom| into two systematic

sub-errors and a coupling error: For arbitrary p > 0 and k € Ny we have

(55) |@hom,I, — Ghom| < ]aﬁom’ Ly — Ghom, Ll + ]aﬁom’u — @pom| (systematic sub-errors)
+ |aﬁom’ Ly~ aﬁom u| (coupling error),

k

where o,

and aﬁom L, are associated with (-) and (-)1, respectively, through the induction (54).
We first discuss the systematic sub-errors, the estimate of which only requires (SG). Following [15], we
estimate the systematic sub-errors by appealing to spectral calculus. Indeed, since the elliptic operator
D*a(0)D is bounded, symmetric, and non-negative on L?(£2), the spectral theorem yields the existence
of a spectral measure P(dv) on [0, +oc0) such that for all ¢ € L?(92), and suitable continuous functions
f, we have

f(D*a(0) D) = /0 " ) Pv)C.
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As already used by Mourrat in [26], estimates on the semigroup allow one to quantify the bottom of
the spectrum of D*a(0)D. In particular, by [15, Theorem 7] (see also [26, Theorem 2.4]), Theorem 1
answers positively a conjecture of [15] and yields:

Corollary 1. Let d > 2. Let (-) denote either a stationary ensemble that satisfies SG(p), or a
stationary, L-periodic ensemble that satisfies SGL(p). We let P(dv) denote the spectral measure of
the operator D*a(0)D, and let 9 = —D*a(0)e denote the RHS of the corrector equation in some fixed
direction e € RY with |e| = 1. Then, for all 7 > 0, we have

/ QP(dv)) < et
0

where the constant only depends on p, A and d.

Based on this, we shall prove the following estimate of the systematic sub-error:

Lemma 8. Let d > 2. Let (-) denote either a stationary ensemble that satisfies SGoo(p), or a
stationary, L-periodic ensemble that satisfies SGL(p). Let apon, and aﬁom“ be associated with (-) via

(1) and (54), respectively. Then for all non-negative integers k > % — 2 and p > 0 we have

d
’alklom,p, - a‘h0m| S; 2,
where the constant only depends on k,p, A, and d.

Note that this lemma applies to both errors |aﬁ0m’ w Qpom| and \aﬁom’ Ly — Ghom, Ll

Finally, we study the coupling error. It is the only term that relates the original ensemble () with
the periodic proxy (-);. Hence we need to specify the approximation mechanism used to construct
(-)r from (-). In the present contribution we discuss this issue only for i. i. d. coefficients, for which
the L-periodic proxy (-);, can unambigously be obtained by using the same base measure 3. For our
purpose the following estimate on the coupling error is sufficient:

Lemma 9. Let d > 2, (-) and (-)1 be the infinite and L-periodic i. i. d. ensembles associated with
the same measure B on Qo (cf. Definition 3). Then there exist a > 0 only depending on d and cy > 0
only depending on \ and d, such that for all u € (0,1] and any direction e € R, |e| = 1, we have

(56) le - Ghom,1,u€ — € Qhompu€] S /11~ exp(—coy/pL),

where the constant only depends on A and d.

5.2 Proofs of the auxiliary results

Proof of Proposition 2. Set £ := e - aay e = L™¢ > ze([0,L)NZ) (Vé(z) +¢) - a(z)(Vé(z) + ¢). In the

following we drop the subindex L in the notation for % and (-)ry-
Step 1. Estimate of Vg—f:

— B
(57) Yo IVE@I S e+ Vew)P),

z€([0,L)NZ)¢

We apply the vertical derivative 8% to (6):

0 = V'a(2)Vo +V*(a(2) (Vo) + ), — (a(@)(Vo(z) + ), ).

Hence, ad}g‘;”) is an L-periodic function and satisfies

(58) V*a(a:)V%c;’z) = V*(a,x,y) for all 2,y € Z¢ and (-)-almost every a € Q,
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with a RHS given by
fa,a,y) = (a@)(Vo() + o), - ala) (Va(a) +e), .

This yields £(a,r,y) = 0 whenever v —y ¢ LZ%. The weak formulation of (58) with (periodic)
test-function % yields the a priori estimate

XY IVE@E < VEW €y < 2AVEG) e+ VW),
z€([0,L)NZ)e

Combined with [VE2(y)* < 3, o.ynzy |V 5o (@)%, we get (57).
Step 2. Estimate of g—g:

%] S 27 (le+ Vo) + (e + Vo)), )
Indeed, by the following vertical Leibniz rule

8(4142) L 3(2 aclg 910G <8<1 a<2>
dy Oy y’

oy Oy Oy

we have
% = L7 Z a(z): a%( (e + Va(x)) ® (e + Va(x)) )
z€([0,L)NZ)%
+L7¢ Z a'ggf) : (e+ Vo(z)) @ (e + Vo(x))

z€([0,L)NZ)%

Y 28 2 (o4 Vo) © (e + Vo) )

Y (8 (e Vb(@) @ (e 4+ Vd(@) )

2€([0,1)NZ)d Y

For convenience, we denote by I; the first term of the RHS, and by [I» the sum of the other three
terms. Since

‘(M‘<{2 if v —y e LZ9,
Jy —

0 else,

and |8C] < |¢|+ {[¢]yy for all ¢ € L3(R), we have

B S L7 (1V6(y) + el + (IV(y) + ), )

To estimate I; we appeal again to the vertical Leibniz rule:

h=17 3 a)i g ((e+ Vo) ® (e + Vo) )

z€([0,L)NZ)4

=207 N a(@):(e+ Vo(a) @ VI (x)

z€([0,L)NZ)%

—L Y afa):VE@ @ VE®)
z€([0,L)NZ)?

— L Z a(x): <V%($) ® Vg—f(azw .

2€([0,1)NZ)4 Y
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The first term of the RHS vanishes identically by (6), whereas the last two terms are controlled by
Step 1.

Step 3. Conclusion via Spectral Gap Estimate.

We apply the Spectral Gap Estimate to e-ar, nome, use Step 2, and then Jensen’s inequality to bound
the variance of e - ar home by the quartic moment of D¢:

1 2
varfe - arnome] = (€ — (£))?) < py@([%mZ)d <<g§) >

Step 2 _ _
ST S (et Vo)) + (e + VoWIRZ) S L7 e+ Dol
ye([0,L)NZ)4

so that the claim follows from Proposition 1 (b). O

We only display the proofs of Corollary 1 and Lemma 8 in the case (11) since the argument in the
periodic case (8) is similar.

Proof of Corollary 1. We simply apply the semigroup ¢t — exp(—tD*a(0)D) of Theorem 1 to 9, and
define for all ¢ > 0
u(t) := exp(—tD*a(0)D)o.

By the spectral theorem, u(t) = [;° exp(—tv)P(dv)d, so that for all t > 0,

(u?(t)) = /000 exp(—2tv) (0P (dv)d) > exp(—2) /Ot<DP(dV)O).

Corollary 1 thus follows from the estimate (u?(t)) < (t + 1)—(%+1) of Theorem 1. O

Proof of Lemma 8. We start with writing the Richardson extrapolation in spectral variables in the
spirit of [31] and [21]. First, notice that by (4) we have

e anompe = (Dop+e) - a(0)(Doy +¢€))
(59) = (e-a(0)e) +2(Dd,, - a(0)(Doy + €)) — (D - a(0) D)
= (e-a(0)e) — 2u(¢},) — (¢,(D*a(0)D)dy).

Since ¢, = (u+ D*a(0)D)~ 10, the spectral theorem yields ¢, = [
into the spectral representation formula:

HiuP(du)b, and thus (59) turns

¢ apompe = (c-a(0)e) — / T AV b)),

o (p+v)?

By the Lebesgue dominated convergence theorem, we obtain in the limit x4 | 0

(60) e apome = lc-a(0)e) — /0 Oo%(oP(du)w.

The combination of both yields

o0
1
_ 2
€ (ahom,,u - ahom)e =K /0 W(DP(dV)D)
From (54) we conclude by an elementary induction argument that for all k£ € Ny,

pr(v, 1)
20+ v)2-- - (2kp 4 v)?

e (allflom,,u - ahom)e = Nk+2/0 V( <0P(d1/)0>,
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where py denotes a linear combination of monomials pfv7 of total degree i + j = k. Since |pg(v, p)| <
(1 + v)* for all v, u > 0,

o0
1
k k
e (ahom“u — @pom)e| S 1 +2/(; W(DP(CZV)D>.

Corollary 1 implies for all monotone decreasing functions f(v):

/f )(dP(dv)d /f V2dV,
and thus

L apaney < [ty i [P
2 = 2
/0 IE ARSI /0 ek /0 o

d
S prR

d

where we used that 7 — ﬁ is integrable on (0, co) for k > 5—2 Combined with [;* LP(dv)o) <
1 (cf. (60)) the claim of the lemma follows.

O]

Proof of Lemma 9. We split the proof into four steps.
Step 1. Definition of the coupling.
For L € N consider the periodization mapping
TL:Q—>Q, ar—>TLa,

where Ta denotes the unique element in € such that a(z) = Tra(z) for all z € ([-%,%) N Z)%

2
Since (-) is a product measure, (-), is obviously the pushforward of (-) under 77, i. e.

(61) (fyL = (foTyL) for all (-)-measurable f.

Step 2. Reduction to an estimate on the corrector.
We claim that

1
(62) ‘6 * @hom,L,u€ — €~ ahom7ue| S Z <|¢,u ° TIO °dre foo - ¢u|2>2 ’
z0€{0,e1,....eq}

where T, : Q@ — Q, a — a(- + x) is the shift operator. Thanks to (61) we have
e @romipe = ((Dép+e) - al0)(Déy + ),
- (((Doy+e)-a0)(Dgy+€)) o 1)

a(0)oT; =a(0) (D¢, o Ty, + €) - a(0)(Dy, 0 Tt + €))

so that

(Db o Ts +€) - al0)(Déy o Ty +€) — (D +€) - al0)(D +0)
(D65 T - Do)t (100, + (Do)} +1)
S <‘D¢u oTy, — D¢u|2>% )

using the elementary a priori estimates (|D¢,|?), (|Dé,|?), < 1. Combined with

€ (ahom,L,p, - ahom,p,)6

A

<|D¢“OTL_D¢H|2>% < d<|¢uOTL—¢u %+Z<|¢HOT oTroT_, ¢M|2>%a
=1
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this yields (62).
Step 3. Representation formula for the difference of the correctors.
Let xo € {0,e1,...,e4} be fixed. For a € Q define a := (T, 0o T 0o T—,,)(a). We claim that

(63) 6u(@) — du(@)] < D [V.Gu(a,0,2)||Ve,(a,2) + .

zeZd
lz1> %

where G (a,-,-) is the Green’s function of the elliptic operator 4+ V*aV.
Indeed, since ¢,(a,-) — ¢,(a,-) is an £>(Z%-solution of

(,U, + V*dv) (au(dv ) - au(a'a )) = V*(d - a)(vau(aa ) + 6)7
the Green representation formula reads

6,(8,0) = ¢,(a,0) = Y V.Gu(a,0,2)- f(z),  with f(2) := (a(2) — a(2))(V,(a,z) +e),

z€74

By construction, we have a(z) = a(z) for z + zg € ([—%, %) N Z)d. Hence,

1f(2)] < {|V¢M(a,.) +e| for|z| > %7

0 else,

and the desired estimate (63) follows.
Step 4. Conclusion.
We note that 0 < G,(a,0,2) < ptexp ( - co\/ﬁ|z|), for some ¢y > 0 only depending on \ and d, as

can be seen by an elementary argument (see e. g. [16, Lemma 23]). Thanks to discreteness, we get
(64) IV.G,(a,0,z2)| S u_l exp(—co\/mz\).
The combination of (62), (63), and (64) then yields
2 3
¢ (@hom L — o )¢ < < S exp (— cov/alel) V() + ¢ >
|lz|>&

A-ineq. & stationarity of Vgu .
< (D82 +1)° 3wt exp (— covil=]),

|21 %
and (56) follows from the energy estimate (| D¢,|?) < 1 and the evaluation of the sum on the RHS. [
Proof of Proposition 3. Fix a non-negative mteger $—2<k< 2, and let ahomu (resp. aﬁom’L u) be

the approximate homogenized coefficients of Deﬁmtlon 4 associated with (-) (resp. (-)1). By combining
(55), Lemma 8, and Lemma 9 in the form of

|a{€10m,L,u - a’ﬁom,u| 5 sup ‘a’hOHl,L,ﬁ - a’hOHI,ﬁ‘?
p<p<2kp
we get
d _
(65) ’ahom,L - ahom\ S n2 + \/ﬁ @ exp ( — co\/ﬁL).

It remains to optimize (65) in u. To this aim, note that for all &’ > 0, ¢y > 0 and L > 1, we have

<mf>d51;28 (Vi i (i) 5 (IDLL> |

where the constant only depends on ', ¢y and d. Combined with (65), Lemma 3 follows. O
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6 Estimates on the gradient of the parabolic Green’s function

6.1 Auxiliary lemmas and outline of the proof of Theorem 3

Unless stated otherwise, a denotes in this section an L-periodic coefficient field in €27, (cf. Section 2.1)
and G1,(t,a,z,y) is the associated L-periodic Green’s function. When no confusion occurs, we suppress
the argument a in the notation. Note that G, := L% is the spatial average of Gr(t,-,y) for all t > 0
and y € Z4. Throughout this section we shall write [ dz for the sum over z € ([0, L) N Z)¢. We denote
by dg, the L-periodic weight dr,(z) := dist(x, LZ%) + 1 and recall that

1
dj (z) 2
tx)= (-2 41 .
wr(t, ) ( Prl
We first recall standard pointwise bounds on the Green’s function itself:

Lemma 10 (Estimate of G1,). For any weight exponent < oo we have

(6) Grltry) S (4 1) 2w (te—y) fort <17
= _ t
(67) Gultiey) = Gul S L%exp(—copz) fort2 L%

~

where the constant depends only on B, next to X and d, and cg > 0 is a constant that only depends on
A and d.

Lemma 10 essentially reflects the exponentially decaying tail of the Green’s function. It is well-known
that in the continuum case the exponential decay can be upgraded to a Gaussian decay:

[S]ISW

Gcont (t) $7 y) fg ti

Ix—yl2>

exp(—co ;

as was first established for the continuum Green’s function G by Nash [29] and Aronson [1]; see
also Fabes & Stroock [11] for a stream-lined approach. In the spatially discrete case the Gaussian
behavior of the tail does not hold. A lower bound with the exact (exponential) tail behavior has
been obtained by Delmotte [?]. For the upper bound and a partial Aronson lower bound see also [?,
Propositions B.3 and B.4].

Lemma 10 treats the L-periodic Green’s function, not the whole-space Green’s function as addressed
in [?]. Its proof is a slight refinement of the classical approach by Nash, smuggling in the weight
function when needed. Since the argument is standard, we omit the proof and refer to [16, Section 7]
for details.

In addition, we need for the proof of Theorem 3 the following Meyers estimate for discrete L-periodic
parabolic equations:

Lemma 11 (discrete, L-periodic, parabolic Meyers’ estimate). There exists ¢ > 1 depending only on
X\ and d such that for allu :RxZ% 5 R, f:RxZ* 5 R and g : R x Z% — R?% compactly supported
in t and L-periodic in x, with u smooth in time and related to f and g via the equation

(68) ou+VaVu=Vig+ f

for some a € Q, we have for all1 < qg<q

1 1 2q+d %
& 2q o0 2q o0 2qd d

where the constant only depends on q, X\, and d.
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This result is the discrete counterpart of the well-known parabolic version of the original Meyers
estimates for elliptic equations [25]. Since the proof is standard we only sketch the argument and refer
to [16, Section 7] for details. The argument relies on the Calderén-Zygmund estimate for discrete
parabolic and elliptic equations (with periodic boundary conditions), and a perturbation argument
where a is viewed as a perturbation of the constant matrix %id —recall that we assume the uniform
ellipticity in the form of A < @ < 1. Indeed, a direct calculation shows that we may rewrite (68) in
terms of the function @ := uw — @ (where @ denotes the mean of u) as

i+ AV Va = V¥
with RHS
§gi=g+Vv—(a—22id)Vi

and v given as the unique solution with Z([o, Lnz)d ¥ = 0 of the L-periodic Poisson equation
VVo=f—-Ff (with f the mean of f).

In the constant-coefficient case, i. e. when a = #id and therefore § = g + Vo, the estimate (69)
directly follows from

(70) /_ Z / Vit )27 dedt < /_ Z / (¢, )29 dadt,
() Jwr@pas 5 ( [l - f#a)

Estimate (70) is a discrete, parabolic Calderén-Zygmund estimate, while (71) is obtained by combin-
ing a discrete elliptic Calderén-Zygmund estimate with a Sobolev-Poincaré inequality. Both discrete
Calderén-Zygmund estimates can for instance be obtained from their well-known continuum counter-
parts by a direct comparison of the associated discrete and continuum Fourier multipliers (see [16,
Section 7.4] for details). The additional Vo-term that appears in the variable-coefficient case in the
definition of § can be absorbed into the LHS. Indeed, the multiplicative constant in (70) tends to 1
as ¢ — 1, whereas |(a — 3£2id)Vi| < 152|Vi| by uniform ellipticity. For the details we refer to [16,
Step 3 and 4, Proof of Lemma 24].

2q+d
d

The proof of Theorem 3 is organized as follows. We only address the L-periodic case, that is, state-
ment (b). Based on Lemma 10, we shall derive the following pointwise-in-time estimate

" [ @it =G ) ar S ¢+ ) e (— ).

see Steps 1 and 2 of the proof. The most delicate part is to increase the exponent of integrability
from 2 to 2¢ > 2 by appealing to Lemma 11. Statement (a) of Theorem 3 follows from statement (b)
by soft arguments in the limit L 1 co. Indeed, by the Arzela-Ascoli theorem, the periodic Green’s

function G (ay) converges pointwise to the whole-space Green’s function G(a) if ar € Q is the
periodic extension on Z? of the restriction Q|([=L/2,L./2)"Z)-

6.2 Proof of Theorem 3 (b)
We shall need a Leibniz rule and a chain rule for discrete spatial derivatives:

Vi(uwv) = (Viu)v + u(- + e;) Vv,

. 7d
(73) Vu,v: Z° = R, { V;k(uv) = (V;"u)v + U( - ei)V;‘v,

and for all 5 >1

(74) Ya,b >0 : |a® —b°| < Ot + P H|a— 1),
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where C only depends on f5.
For further reference we note that

(75) Vwr(t,z)] < (t+1)73,

(76) wr(t,z) < 1 fort> L2
and recall that the weight d; satisfies

(77a) dr(x £e;) < dp(ax),
(77b) |Vdr(z)] < 1.

so that for 2a > 1, we have

. (74),(T7b),(T72)
(77c) Vidp* ()] S di* ™ (z).

~

Step 1. L?(? estimate of VG :

2T
2 _d_ T
/ / Wit~ IVaGult e y)) dedt S (14173 exp (— ey,
In what follows, the spatial gradient of the Green’s function is always taken w. r. t. the first variable,

and we write VG (t, z,y) for V.G (t,x,y). Since the estimates are uniform in a € €2, we may assume
y = 0. In view of (76), this statement follows from the two inequalities:

2T
(78) / / t,z)|VGL(t,z,0)|*dedt < (T + 1)—%—1 for T < L2,
2T T
(79) T/ /\VGL(t,m,o)dexdt < L_dT_lexp<—coﬁ> for T > L2,
T

up to changing ¢y when bounding LT~ ! exp ( —Co Lg) by T~ 5= Lexp ( —cp LQ) for T > L?. We first
note that integrating the inequality

d

2 (GL(t 2,0) — Gp)2ds = / (GL(t2,0) — Gp)OGL (L 2, 0)da

= — /VGL(t,Q?,O) -aVG(t,x,0)dx
< —)\/\VGL(t,x,O)Qda:
from T to 2T yields
27 -
(80) / /|VGL(t,:c,O)|2dxdt§/(GL(T,x,O)—GL)2dx.
T
Combined with (67), it yields (79). We now turn to (78). For 7' < 1 this reduces to
2T
/ / o, 2) VGt z,0)dzdt < 1,

which follows from the discrete estimate |V;Gr(t,2,0)| < |GL(t,z,0)| + |GL(t, z + €;,0)| and (66). It
remains to address the case 1 <7 < L2. By definition of wy,

2T or
/ / o(t, )| VG (t, z,0)2dxdt < / /yVGL (t,x,0)2dzdt
2T ) )
+(T+1)““/T /dLa(x)|VGL(t,l‘,0)| dadt.
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Hence, we need to show that for all o > 0,
2T 4
(81) / / &2(2) VGt 0)2dadt < TO5  for T < I2.
T

By Hélder’s inequality, it is enough to show (81) for & = 0 and « sufficiently large. For a = 0, this is
a consequence of (80) and (66), where the latter is used for a 8 with 8 > 4. The starting point for
a > 1 is the identity

(Z/d%a(x);G%(t,x,O)dx = /V(d%a(SU)GL(t,l‘,O))-a(.T)VGL(t,CC,O)dl‘

(7:3) _/d%a(x)VGL(t,a:,O)-a(ﬂf)VGL(t7$7O)dm

d
— / Z GL(t, -+ e, O)VZd%a(JJ) aii(a:)ViGL(t, x, O)dx,
=1

which, combined with (77c), yields

1
% d%a(x)§G%(t,x,O)d:U < —A/d%a(x)wGL(t,m,o)de

+ C/d%o‘_l(a:) Gr(t,z,0)|VGL(t,z,0)|dx
for some constant C' only depending on « and d. Young’s inequality then yields
d 1
[ @VGLt a0 Pds £ -5 [ )6 n0)dn + [ a2 Ha)GE (. 0)d
which we integrate between T' and 27"
2T 2T
/T / &2(2) |V G (t, 2, 0)[2dadt < / 2%(2)G2 (T, 2, 0)da + /T / 292 () G2 (¢, , 0)dadt

2T

< (T—|—1)0‘/w%a(T,:c)G%(T,x,O)d:c—F/

(t+ 1)t /w%o‘_z(t, 2)G3 (t, x,0)dxdt.
T

We combine this inequality with (66) for a 5 with 2a — 2 < —d, and the estimate

_ |z|? = d
2 "(t,x)dr < 1 de < (t+1
® ot < [, (2t e sy

which holds for T < L? and any r > d, and which we apply with 7 = 2(3 — ) and r = 2(8 — (a — 1)).
In conclusion we get (81) for a > 4 + 1.
Step 2. L°/2 estimate of VG:

(%) [ @it —pIVGut o) de £ ¢+ e (—egy).

This upgrade of Step 1 follows from the semigroup property Gr(T,z,y) = [Gr(t,z,2)Gr(T —
t,z,y) dz, which we use in the form of

27/3
G y) = 2 /T . [ Gulta )G .z y)dzat

We differentiate this identity w. r. t. x and use that %f;/g/ngL(T —t,z,y)dzdt = 1, so that by
Jensen’s inequality

2T/3
(34 VeuUTayf <y [ [ 6T~ b )VGLt a2 Pl
T/3
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Note that for all 6 € [0, 1], we have by the triangle inequality for all t > 0, z,y, z € Z%,

di (z —y) d3(z—2)+d3(z—y)
2 L 7 7
tx—y) = =— L 4+1<2 1
(85) wL(vx y) P +1 < ] +
di(z — z) di(z —y)
< 9oL = Ga\=—Y < 9,2 Y o
_2( 1 +1)( P} +1>_2wL(0t,x 2)wi((1—0)t,z—y)

Thus, integrating (84) on ([0, L) N Z)% and using (85) with § = % € [0, 1] yields

27/3
86) [ Wi - I VOLT.29) Pl / [T =ty = 6T t2)
X /w%a(t,x — 2)|VGL(t,x, 2)|2dx dzdt.

Next, we use Lemma 10 to estimate the term w?*(¢, z — y)GL(¥', z,y) for ' = T — ¢ in (86):

Case t' < L% Estimate (66) shows that G (¥, z,y) < (¢ + 1) 2w27(t',z — y) for any weight
exponent v < co. Taking v = 2a + r for some r > d yields

W 2= )Gt 2 y) S (F+ 1) R (2 — ).
Case t' > L?: Estimate (67) shows that G (t,z,y) < L~% Combined with (76), this yields
Witz —y)Gr(t, z,y) S L™
Since t' =T —t € [T/3,2T/3], we get

(T—i—l)_ngr(T,z—y) for T<L2}

2c
T—t,z— T—t <
(87) wr, ( y 2 y)GL( ,Z,y) ~ { L_d for T > L2

We note for further reference that the integral of the RHS is of order 1:

_d _,
(88) Tng : f(T_jir )" 2w (T, z — y)dz <1,
T>L? : [L %z

which follows from (82).
Inserting (87) into (86) yields by Fubini’s theorem

d
2 2 TH+1) 2w;"(T,z—y) for T <L?
/wL (T, — y)|VGL(T,z,y)|"de < /{ (L_d ) 2w ( ) P

27/3
/ Ut,x — 2)|VGL(t, x, 2)[2dzdt dz.
T/3

By Step 1 (with T replaced by T'/3 and y replaced by z), this estimate turns into
/w%a(T,x —y)|VGL(T,z,y)|*dx

d
T+ 1) 2w, (T,z — for T < L? _d_ T
< /{(L—d ) L( y) o T£L2}dz><(T+l) 2 1exp(—00ﬁ>,

which by (88) yields (83).
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Step 3. Weighted quﬁq—estimate of VGp: For all 1 < g < qp := min{q, d%‘IQ}, we have

d

1
1 2T 2q _d_1,d1 T
(39) (T/T /(w%(t,:p—y)\VGL(t,x,y)])quxdt> S @+ ep (- a),

where the constant only depends on \, d, a, and ¢. In order to treat the cases of T < L? and T > L?
simultaneously, we introduce the notation

! o Gr(t,x,y) for T <1I2
G (t,z,y) == { ot oGy fr T > L2

W. 1. o. g. we assume that y = 0. We first treat the case T' < 1. Since |V;G(t,x,0)| < |GL(t,z,0)| +
|GL(t, x + ¢;,0)|, (77a) and the discrete £29-£2-estimate yield

/(wg(t,waL(t,:c,0)|)2qu < /(wg(t,x)yGL(t,x,0)|)2"dx < (/ (w%(t,xﬂGL(t,x,O)\)de) ,

so that (89) follows from (66) for 7" < 1.

We now assume that 7' > 1, so that T' ~ (T'+1). Let  : RT — [0, 1] be the following temporal cut-off
function for the interval [T, 27:

0 for t < %
% —1 for % < t < T
(90) n(t) = 1 for T < t < 2T
2 — % for 2T < t < 4T
0 for 4T < ¢

We shall apply the Meyers estimate of Lemma 11 to u(t,z) = n(t)w}(T,x)G’ (t,2,0) (note that
wi (T, z) does not depend on t). By applying the (continuum) Leibniz rule to the time derivative, by
adding and substracting the term 7(V*aV G’ )w®, and by the defining equation of the Green’s function

0Gr(t,a,2,0)+ Via(r)V,G(t,a,z,0) =0,
we have

ou+V*aVu = (0:G} +V*aVG)nwt +nV* aV(wiGr) —n(V*aVGy)wi + (0m)wi G,
(91) = nV'aV(wiGy) —n(V'aVGy)wi + (0mwi Gl

For the first term on the RHS we use the discrete Leibniz rule (73) for alli =1,...,d:

Vi(aiVi(wiGL)) = Vi(au(ViGp)wi) + Vi(ai(Viwd)GL(- +e:))
= (V?(a“VzG’L))w% + (Vfwi‘) (a“VZG/L) ( — 61) + V;k (a”(VZw%)G’L( + Cl))

Hence (91) turns into

(92) O+ V*aVu = V*(ago) + f1 + f2
with
d
gO(ta ZL‘) = Z (viw%(Tﬁ $)) n(t)GlL(tv C ey 0)7
i=1
filt,z) = () w(T,z)G(t,2,0),
d
fo(t,z) = nt)>  (Viwf(T, 1)) au(z — ) ViGy(t, z — €;,0).
=1

34



Since we have written (92) in the form of (68) we may apply Lemma 11. We thus need to estimate
ago, f1 and fo. It suffices to establish the pointwise-in-time estimates

1
2q _d_14d1 t
(930) ([la@amopar)” < a0 e (- ag),

2g+d
_2qd 2qd _d,1.,d1 t
(93b) </ |f1(t71')|2qa—ddx> a ,S |cClT7t7(t)|t g+;+321q exp < B Coﬁ)7
2q+d t
2qd 2qd d 1 d 1
(93c) </|f2(ta$)|2q%rdd$> ' < tTz72tem exp(—coﬁ).

Indeed, (93a)—(93c) yield

o0 2i o0 2qd 2q;d 2171
q
</ /]a(m)go(t,x)|2qudt> + (/ (/\f1(t,g;)|2qq+ddx> dt)
oo 2qd Zqu i 1 d_1,d1 T
+ /_OO (/ ]fg(t,x)|2¢1+ddx) dt < T2 2 2723 exp ( — coﬁ),

so that the desired estimate (89) follows from Lemma 11 and the identity Vu = nwi¥VGr + go.

It remains to prove (93a)—(93c). From (74), (77a), (75), and the definitions of gy, f1 and fa, we learn
that

A

/|a($)90(t,$)|2qu
(94) /|f1(t,$)|22‘;1*ildx
e 294 1 2qd o1 2qd
/|f2(t,1:)|2q+dd:13 < pard(t) (T + 1) 22q+d/(wL (T,:E)|VGL(t,:L‘,0)|)2‘1+ddx.

P9(E) (¢ + 1) / WOV (T, )G (¢, 2, 0)[da,

A

dn % « / %
‘E(t)‘ e {WL(Ta:L‘)GL(taxao)‘ a diU,

By definition of 7, we only need to consider ¢t > T > 1. Since wy(t,2) ~ wr (T, z) (uniformly in z) for
all T <t < 4T, estimates (93a)—(93c) follow from (94) combined with

1

(95a) </ W (t, 2) G (L, =, 0)|2qda:) B < R ET exp ( - coé>,
2q+d

(95b) (/ |w%(t,w)G£(t,$,0)|mdaz> o < fatatia exp ( - CU%),
2g+d

(95¢) </(wg—1(t,x)|ch(t,x,@)\)zi%dx> < it S exp ( - coi),

which we prove next.

Note that (95a) and (95b) can be combined into the single statement: For all 1 < ¢’ < oo and
0<a< oo,

‘ =

a / e\ " < EtEy t
(96) |wi (t, )G (t, z,0)|7 dz <t 7 exp ( — coﬁ)
To prove (96) we distinguish the cases T' < L? and T > L?. In the latter case we have t > % > %LQ,
so that (67) in Lemma 10 combined with (76) yields
1 2
_ , Py _d di, t t>L d é% t
(/ W (t,2) (GL(t, 7,0) = Gu)|* dm) S ewp(—ag) 5 1 ew (—ars).
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This proves (96) for T > L2.
For T' < L?, we have t < 4L?, so that (66) in Lemma 10 (with 8 = a + /¢’ for some r > d) yields

1
7

7 T>d,(82) 4 d1
/w;r(t,x)dx <t 2t2d

Qe
[NJIW

(/@ﬁuwxauwm»%m> <t

This establishes (96) for ¢ < L2.
We finally turn to (95¢). We note that for ¢ < ﬁ in dimensions d > 2 (and all ¢ < oo in dimension

d = 2) we have 2;’% < 1. For all 1 < ¢ < gp := min{q, d%‘lQ}, we then have by Hoélder’s inequality with

2q9+d 2q+d)
2q+d—qd’ qd /)’

exponents (

2q+d
2qd

<J[(w%1@7xMV«?L@,x,on)iﬁ3dx)

2q+d

L o M 2qd
= </ wr, 2q+d (t, J/') (w%(tyx)’VGL(t,{I;’ O)D 2q+dd$>

2i‘fgl<2,H61der _ 2qd qugqu 9 %
< </ w, 2q+d—qd (t, x)dac) </ (w%(t, $)|VGL(t, x, O)D dﬂf)

serii=g > h(82) d 2q+d—qd 2, \?
< A reavGs o))
(83) - 2
S G )
- _dyd1 t
< R exp (o).

This establishes (95c¢).
Step 4. Lfofiq—estimate for VG: For all 1 < ¢ < qp = min{q, d%lz}’ and all 0 < o < oo, we have

1
9 2q _d_14d1 T
(/ (w¢ (T, 2 — y)|VGL(T, z,y)|) qu> ST+ e (—corz ).
We essentially repeat the argument of Step 2. The only differences are:

e In (84), we use Jensen’s inequality applied to R? 3 g+ |g|??:
27/3

VGuUT P <y [

/GL(T —t,2,y)|[VGL(t,x, 2)[*dzdt.
T/3

e In (86), we multiply by w???:
9 3 27T/3
(97) /qua(T,:I:—y)|VGL(T,x,y)\2qd:1; < /
T Jr/3

X /Wiqa(tal’ — 2)|VGL(t, x, 2)|**dxdzdt.

e In (87), we replace 2a by 2qa:

[SUNTTY

wi'(T,z—y) for T <L? }

200(p _y 5 Tt <! T
08 WT -tz Gl -tz s T for 7212
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Inserting (98) into (97) then yields

SN

2qa 9 T
T,z —y)|VGL(T,z,y)[*dz <
/ (T,z —y)|VGL(T, z,y)[Mdx < /{ - for T > L?

T/3

w,"(T,z—y) for T§L2}

2T/3
/ 209 (¢ g — 2)|VGL(t, @, 2)[*Udadt dz,

and the conclusion follows from Step 3 and estimate (88).
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