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Abstract

The effective large-scale properties of materials with random heterogeneities on
a small scale are typically determined by the method of representative volumes: a
sample of the random material is chosen—the representative volume—and its effec-
tive properties are computed by the cell formula. Intuitively, for a fixed sample size
it should be possible to increase the accuracy of the method by choosing a material
sample which captures the statistical properties of the material particularly well; for
example, for a composite material consisting of two constituents, one would select
a representative volume in which the volume fraction of the constituents matches
closely with their volume fraction in the overall material. Inspired by similar at-
tempts in materials science, Le Bris, Legoll and Minvielle have designed a selection
approach for representative volumes which performs remarkably well in numerical
examples of linear materials with moderate contrast. In the present work, we pro-
vide a rigorous analysis of this selection approach for representative volumes in the
context of stochastic homogenization of linear elliptic equations. In particular, we
prove that the method essentially never performs worse than a random selection of
the material sample and may perform much better if the selection criterion for the
material samples is chosen suitably.

1. Introduction

The most widely employed method for determining the effective large-scale
properties of a material with random heterogeneities on a small scale is the method
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of representative volumes. It basically proceeds by taking a small sample of the
material—a “representative volume element” (RVE)—and determining the proper-
ties of the sample by the cell formula. The criteria for the choice of the representative
volume have been the subject of an ongoing debate; while in principle increasing
the size of the material sample increases the accuracy of the approximation of the
material properties, this comes at a correspondingly larger computational cost. It
has been conjectured that for a fixed size of the material sample, selecting a material
sample which captures certain statistical properties of the material in a particularly
good way may be beneficial; for example, for a composite material consisting of
two constituent materials, one would try to select a material sample for which the
volume fraction of each constituent material within the sample matches the over-
all volume fraction of this constituent in the composite as closely as possible (see
Fig. 1). Alternatively, for linear materials one might try to match the averaged ma-
terial coefficient in the sample with the average taken over the full material. There
have been efforts in materials science and mechanics towards replicating further
statistical properties of the material in a representative volume, an approach called
“special quasirandom structures” [82,83,86] or “statistically similar representative
volume elements” [15-18,28,81]. A particularly successful approach in this direc-
tion has been developed for linear materials by LE BRis et al. [64]; their method
proceeds by considering a large number of material samples, evaluating one or more
cheaply computable statistical quantities of the samples (like, for example, the spa-
tial average of the coefficient), and then choosing the sample as the representative
volume that is most representative for the material as measured by these quantities.
In the present work, in the context of stochastic homogenization of linear elliptic
PDEs we provide the first rigorous justification of these approaches.!

For materials with random heterogeneities on small scales, the approximation
of the effective material coefficient by the method of representative volumes is a
random quantity itself, as the outcome depends on the sample of the material. In the
setting of linear elliptic PDEs with random coefficient fields—which corresponds
to the setting of heat conduction, electrical currents, or electrostatics in a material
with random microstructure—GLORIA and OTTO [48,53,54] have investigated the
structure of the error of the approximation of the effective material coefficient by the
method of representative volumes: the leading-order contribution to the error (with
respect to the size of the RVE) consists of random fluctuations; in expectation the
approximation of effective coefficients by the method of representative volumes is
accurate to higher order, that is the systematic error of the RVE method is of higher
order.? For a given size of the RVE—which corresponds to a fixed computational
effort—the accuracy of the RVE method may therefore be increased significantly
by reducing the variance of the approximations of the effective coefficient. It is

1 Note that for one-dimensional linear elliptic PDEs—a case in which homogenization is
linear in the inverse of the coefficient and thus independent of the geometry of the material—
an analysis has directly been provided in [64].

2 At least if a suitable periodization of the probability distribution of the coefficient field
is available, see below for an explanation of this concept.
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Fig. 1. Among the six depicted material samples, the method of Le Bris, Legoll, and Min-
vielle in its simplest realization would choose either the first sample or the fifth sample
as the representative volume element and discard the others, as the volume fraction of the
inclusions in the first and the fifth sample is closest to the overall material average. Note
that in the depicted material samples the volume fraction of the inclusions is proportional
to the number of inclusions, as all inclusions are of equal size. For a better illustration of
the method, both the size and the number of the depicted samples have been chosen much
smaller than in actual computations

precisely such a reduction of the variance by which the selection approach for
representative volumes of LE BRIS et al. [64] achieves its gain in accuracy.

For linear elliptic PDEs with random coefficients and moderate ellipticity con-
trast, the reduction of the variance by the ansatz of LE Bris et al. [64] is particularly
remarkable; by selecting the representative volume according to the criterion that
the averaged coefficient in the RVE should be particularly close to the averaged
coefficient in the overall material, in numerical examples with ellipticity contrast
~ 5 they observed a variance reduction by a factor of ~ 10. Going beyond this
simple selection criterion, they devised a criterion based on an expansion of the
effective coefficient in the regime of small ellipticity contrast, which numerically
achieves a remarkable variance reduction factor of ~ 60 even for a moderate el-
lipticity contrast ~ 5. Note that this basically corresponds to the gain of about one
order of magnitude in accuracy for a negligible additional computational cost and
implementation effort.

However, the analysis of the selection approach for representative volumes has
been restricted to the one-dimensional setting [64], in which the homogenization
of linear elliptic PDE:s is linear in the inverse coefficient and therefore independent
of the geometry of the material. Besides the highly nonlinear dependence of the
effective coefficient on the heterogeneous coefficient field in dimensions d = 2,
one of the main challenges in the analysis of the selection method for representative
volumes is the fact that it is only expected to increase the accuracy by a (though
often very large) constant factor, at least for a fixed set of statistical quantities by
which the selection is performed. At the same time, the available error estimates for
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the representative volume element method in stochastic homogenization are only
optimal up to constant factors. For this reason, the analysis of the selection approach
for representative volumes necessitates a fine-grained analysis of the structure of
fluctuations in stochastic homogenization.

1.1. Stochastic Homogenization of Linear Elliptic PDEs: A Brief Outline

The subject of the present contribution is the rigorous justification of the se-
lection method for representative volumes by LE BRris et al. [64] in the context of
linear elliptic equations

-V - (@aVu)=f (D

with random coefficient fields a on RY for arbitrary spatial dimension d. Note
that this setting describes, for example, heat conduction or electrostatics in a ran-
dom material. Our assumptions on the probability distribution of the coefficient
field a are standard in the theory of stochastic homogenization; we assume just
uniform ellipticity and boundedness, stationarity, and finite range of dependence
(see conditions (A1)—(A3) below). In particular, our analysis includes the case of
a two-material composite with random non-overlapping inclusions as depicted in
Fig. 1.

The theory of stochastic homogenization of linear elliptic PDEs predicts that for
coefficient fields with only short-range correlations on a scale ¢ < 1 the solution
u to the equation with random coefficient field (1) may be approximated by the
solution upem of an effective equation of the form

=V - (ahom Vithom) = f, 2

where anom € R?*? is a constant effective coefficient which describes the effec-
tive behavior of the material. In this context of linear materials, the method of
representative volumes is employed to compute the effective coefficient apnom.

Let us describe the method of representative volumes for the approximation of
the effective material coefficient anom in more detail. It proceeds by choosing a
sample of the material, say, a cube with side length Le for some L > 1, uniformly
at random. Roughly speaking—for the moment passing silently over the question
of boundary conditions—by solving the equation for the homogenization corrector
¢; associated with the i-th coordinate direction on the representative volume

—V -(ale; +V$:) =0  on]0, Le]? (3)

(e; € R4 denoting the i-th vector of the standard basis) one may obtain an approx-
imation a®VE for the effective coefficient anom in terms of the averaged fluxes

a®VEe; = ][ alej + Ve;) dx. 4)
[0,Le]d

This expression is also known in homogenization as the cell formula. As already
mentioned before, the approximation a®VE for the effective material coefficient
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anom 18 a random variable itself, as it depends on the realization of the random
coefficient field ¢ on the sample volume [0, Le]?. It has been proven by GLORIA
and OTT1O [54,55] and also observed in numerical computations that the main
contribution to the error of the RVE method is caused by the random fluctuations of
the approximation a®VE, while the systematic error is of higher order: For spatial
dimensions d 2 1 one has

v Var aRVE < [=4/2, (5)
but
|E[a®VE] — anom| < L™¢|log L|*. (6)

As a consequence, a reduction of the fluctuations of the approximations aRVE would
lead to an increase in accuracy of the approximation for the effective coefficient
anom- It has been observed numerically by LE Bris et al. [64], and shall be proven
below rigorously, that the selection approach for representative volumes achieves
its gain in accuracy precisely by reducing the fluctuations of the approximations

for the effective coefficients.

1.2. Informal Summary of Our Main Results

In the present work, we prove that in the setting of stochastic homogenization
of linear elliptic equations the selection approach for representative volumes by LE
Bris et al. [64]

e cssentially never performs worse than a completely random selection of the rep-
resentative volume element, but may perform much better for suitable selection
criteria,

e basically maintains the order of the systematic error of the approximation for
the effective coefficient, and

e reduces also the error in the approximation for the effective coefficient that
may occur with a given low probability, that is reduces also the “outliers” of
the approximation for the effective coefficient.

As mentioned before, in the setting of linear elliptic PDEs the method of repre-
sentative volumes is employed to obtain an approximation aR®VE for the effective
(homogenized) coefficient anom. The role of “material samples” is assumed by
realizations of the random coefficient field a : [0, Le]? — R9*4 on which the
computation of the approximations a®"E is based.

The selection approach for representative volumes proposed in [64] then pro-
ceeds as follows: at first, one or more statistical quantities F are chosen which
assign a real number F(a) € R to any realization a : [0, Le]? — R4*?. Note
that the simplest statistical quantity proposed in [64] is the spatial average F(a) :=
JC[O, Lejd @ dx. Next, one considers a sequence of independent samples of the random
coefficient field until a sample meets the selection criterion

|F(a) — E[F(a)]| <8 /Var F(a) (7
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for some chosen parameter 8 with CL~4/?|log L|¢ < § < 1. Finally, the approx-
imation for the effective coefficient is computed by solving the equation for the
homogenization corrector (3) and using the cell formula (4) for this sample of the
random coefficient field.

To give a flavor of our main result, let us formulate it informally in the case of a
single statistical quantity F(a). We denote the approximation for the effective co-
efficient by the standard representative volume element method (without selection
of material samples) by a®VE and the approximation for the effective coefficient
by the selection approach for representative volumes by a**"RVE In this case, our
main theorems Theorems 2 and 3 may be summarized as follows:

e The systematic error of the approximation a*"RVE is essentially (up to powers

of log L and some prefactors) of the same order as the systematic error of the
standard representative volume element method aRVE: We have

32

|E[asel—RVE] — hom| < Cr L™ log L|.

The quantity « will be discussed below.

e The fluctuations of the approximation q*¢"RVE

are reduced by the fraction of

the variance of aRVF that is explained by F(a). More precisely, we derive the
estimate

Var asel—RVE CKS/ZFV: B

Var aRVE S1—-(1- 52)|P]—'(a),aRVE|2 +———=L"|log L|®

where pr ) rve € [—1, 1] denotes the correlation coefficient of F(a) and
a®VE, given by
_ Cov[a®E, F(a)]

V/Var F(a)Var aRVE’

PF(a),aRVE

—d .
and where ryyr = m denotes the ratio between the expected order of

fluctuations of a®VE and the actual magnitude of fluctuations. Note that the

last term in the estimate on Var a**'"RVE converges to zero as the size L of the
representative volume increases.

e The probability of “outliers” is reduced by the selection method just as suggested
by the variance reduction, at least in an “intermediate” region between the
“bulk” and the “outer tail” of the probability distribution: One has a moderate-
deviations-type estimate of the form

] ]

i
V(= 17 grve P + 62) Var aRVE 4 =428
Cs c c
< + —)IE”[|N1| 2 5]+ = exp(—L¥)

( J1—1pPs  OLF

forany s > C max{(1—|p|*)'/26~,8(1—|p|>)~/?} and some 8 = B(d) > 0,
where N denotes the centered normal distribution with unit variance.
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e In the above bounds, x := (1 — | p‘y_‘(a)yaRVE|2)_] denotes (essentially) the con-
dition number of the covariance matrix Var (a®VE, F(a)). For the case that the
correlation | pz(, 4rvE| is close to one, we derive bounds which are independent
of k but come at the cost of a lower rate of convergence in L, namely

CLfd/Zfd/8| log L|€

|E[asel—RVE] _ ahom| § E

and

Var a sel-RVE

Var aRVE
Our estimate on the variance reduction achieved by the selection approach for

representative volumes is implicit in the sense that it is determined by the correlation
coefficient

Cr
1= (1= 8oy anve|” + = L log LIC.

_ Cov[a®E, F(a)]
V/Var F(a)Var aRVE’

,0].‘<a)’aRVE .

In fact, the failure of the correlation coefficient p £, 4rvE to be nonzero also implies
the failure of gaining accuracy by the selection approach for the representative
volumes (see Theorem 4): In such a case of vanishing correlation, the method of
LE Bris et al. [64] is not superior (but essentially also not inferior) to the standard
method of choosing a representative volume randomly.

This raises the question whether such a degeneracy of the correlation coefficient
can occur for “natural” choices of the statistical quantity F(a). In Theorem 4, we
shall prove that even for a “natural” choice like F(a) := f[o’ L) @ dx there is

a priori no guarantee that there is a nonzero correlation between a®VE and F(a):
We construct an example of a probability distribution of a for which the covariance
of a®VE and the average of the coefficient field fa in fact vanishes, while the
variances Var JC[O, L)l @ dx and Var aRVE are nondegenerate.

However, the failure of the variance reduction approaches to effectively reduce
the variance is presumably limited to rather artificial examples: we prove that the
covariance of aRVE and the average of the coefficient field f a is positive for coeffi-
cient fields which are obtained from iid random variables by applying a “monotone”
function, see Proposition 5.

1.3. Outline of Our Strategy

The basic idea underlying our analysis of the selection approach for repre-
sentative volumes is the observation that the joint probability distribution of the
approximation for the effective coefficient aRVE and one or more statistical quan-
tities F(a) like the average of the coefficient field F(a) := f[o, Lejd @ is close

to a multivariate Gaussian, up to an error of the order L=%|log L|€ in a suit-
able notion of distance between probability measures. The selection of represen-
tative volumes by the criterion (7)—which amounts to conditioning on the event
|F(a) — E[F(a)]| £ 8+/Var F(a)—then reduces the variance of the probability
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a RVE a RVE
B T T .

Fig. 2. For a multivariate Gaussian probability distribution, conditioning on the event of one
variable being close to its expectation reduces the variance of the other variable, provided
that the two random variables are nontrivially correlated. In our setting, conditioning on the
event “spatial average of coefficient field is close to its expectation” reduces the variance
of the random variable “approximation for the effective conductivity” a®VE a5 their joint
probability distribution is close to a multivariate Gaussian

distribution of aRVE by the variance explained by the statistical quantity 7 (a), up
to error terms due to the deviation of the probability distribution from a multivari-
ate Gaussian and the non-perfectness of the conditioning § > 0, see Fig. 2. Note
that for an ideal multivariate Gaussian distribution, the expected value of the ap-
proximation aRVE would be left unchanged under conditioning since the criterion
(7) is symmetric around E[F (a)], that is the conditioning would not introduce a
bias. As a consequence, for our approximate multivariate Gaussian (a®F, F(a))
the expectation of a®VE is changed under conditioning only by the distance of our
probability distribution to a multivariate Gaussian, which is a higher-order term.
Note that both the reduction of the variance by conditioning and the estimate on the
bias introduced by the conditioning rely crucially on the fact that our probability
distribution is close to a multivariate Gaussian (and not another probability distri-
bution); it is obvious from the picture in Fig. 2 that a probability distribution other
than a multivariate Gaussian could introduce a large bias under conditioning and
even an increase in variance. Our analysis of the selection approach for represen-
tative volumes by LE BRis et al. [64] is a first practical application of the beautiful
theory of fluctuations in stochastic homogenization, which has been developed in
recent years and which our work both draws ideas from and contributes to.

The underlying reason for the convergence of the joint probability distribution
of a®VE and one or more functionals F () towards a multivariate Gaussian is a cen-
tral limit theorem for suitable collections of vector-valued random variables. We
show that the approximation aRVF for the effective coefficient anom—and also the
functionals F(a) that are used in the work of LE BRris et al. [64]—may be written as
a sum of random variables with a local dependence structure with multiple levels,
see Definition 6 and Proposition 7. For such sums of vector-valued random variables
with multilevel local dependence, a proof of quantitative normal approximation is
provided in the companion article [43] (see also Theorem 9 below). To the best of our
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knowledge such quantitative normal approximation results were previously known
only for sums of random variables with local dependence structure [33,34,80] (cor-
responding more or less to just the lowest level of random variables in Fig. 4 below),
a framework into which the approximation for the effective coefficient a®VE does
not fit. Note that the sharp boundaries of the region defined by the selection criterion
(7) (see also the sharp boundaries in Fig. 2) necessitate the use of a rather strong
(though standard) distance between probability measures for our quantitative nor-
mal approximation result (see Definition 8); in particular, a stronger notion of dis-
tance between probability measures than the 1-Wasserstein distance must be used.

As a by-product, our work also provides a proof of quantitative normal approx-
imation for aRVE in a different setting than available in the literature so far. To the
best of our knowledge, the results on quantitative normal approximation for aRVE in
the literature always rely on an assumption that the coefficient field a is obtained as
a function of iid random variables [39,52,77] or that the probability distribution of
a is subject to a second-order Poincaré inequality like in [38]. In contrast, our result
holds under the assumption of finite range of dependence, in which to the best of
our knowledge only a qualitative normal approximation result had been known [6].

The companion article [43] also provides a result on moderate deviations in the
sense of Kramers for sums of random variables with multilevel local dependence
structure, see Theorem 10. Our result on the reduction of the error by the selection
approach for representative volumes in the case of unlikely events (Theorem 3) is
based on this moderate deviations theorem.

Our counterexample for the variance reduction—which shows that even “nat-

ural” statistical quantities like the spatial average F(a) := J[[O Lejd @ dx do not

necessarily explain a positive fraction of the variance of a®YE—is based on the

nonlinear dependence of the effective coefficient in periodic homogenization on
the underlying coefficient field. More precisely, our counterexample consists of an
interpolation between a standard random checkerboard and a random checkerboard
with two types of tiles, one tile type being a constant coefficient field and one tile
type being a second-order laminate microstructure; see Section 6 for details of the
construction.

1.4. Computation of Effective Properties of Random Materials: A More Detailed
Look

In the homogenization of periodic linear materials—that is in the homogeniza-
tion of the linear elliptic PDE (1) with periodic coefficient field a in the sense
a(x) = a(x +¢k) forall k € Z9—itis possible to compute the effective coefficient
anom by exploiting the periodicity of the coefficient field, basically reducing the
problem to solving a PDE—the PDE for the homogenization corrector—on a single
periodicity cell: for a period of length ¢, the effective coefficient is given by the cell
formula

Anomé; - €; :=][ a(e; + V@) - e dx,
[0,£]4

with the homogenization corrector ¢; defined as the unique e-periodic solution with
zero average to the PDE
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—V - (a(ei + V) =0.

As a consequence, in periodic homogenization the numerical computation of the
effective coefficient anom typically requires only modest effort.

In contrast, in stochastic homogenization this simplification is no longer pos-
sible due to the absence of a periodic structure in the random coefficient field
a®' 1 RY - RI*d and the computation of the effective coefficient becomes a
computationally costly problem. The effective coefficient in stochastic homoge-
nization is given by the infinite volume limit cell formula®

. d i
Ahome; - €j := lim a® (e; + V¢;"Dlr) cejdx
L—o0 [0,Le}d

with qbl!“ /Dir denoting the solution to the corrector problem with Dirichlet boundary
conditions

—V - (@ (ei + VoPT) =0 in [0, L1,
p-Pr =0 on 9[0, Le]?.

1

In practice, in order to approximate the effective coefficient anom a representative
volume [0, Le]? of finite size must be chosen. However, the approximation of the
effective coefficient by the standard cell formula with Dirichlet boundary conditions
for the corrector

~ RVE . RY L,Dir
Gnhomei - €j ~ ap;. €; - € .=][ da (ei + Vo )-e;dx
[0,Le]

is only of first-order accuracy E[|a§XE —anom|?1Y/? < L~! due to the presence of a

boundary layer: the artificial Dirichlet boundary condition leads to the creation of a
boundary layer in an O (g)-neighborhood of the boundary 9[0, Le]¢. The limitation
to first-order accuracy is present even in the systematic error E[a®VE] — anom.
Note that while replacing the volume average in the cell formula by an average
taken strictly in the interior of the representative volume typically increases the
accuracy [84], for general probability distributions it does not increase the order of
convergence due to global effects of the boundary layer. To achieve the convergence
rates [E[a®VF] — anom| < L™ 1og L|? and E[|aRVE — apom|?11/? < L4/ stated
in (6) and (5), the boundary layer phenomenon must necessarily be addressed by
the use of a more careful approximation technique than the method of correctors
with Dirichlet boundary data.

One possibility of avoiding the creation of boundary layers is the use of a so-
called “periodization” of the probability distribution: Given a probability distribu-
tion of coefficient fields a®* , one first fixes the size Le of the desired representative
volume and then attempts to construct a probability distribution of Le-periodic

coefficient fields a such that the law of al, 0.1 Lepd (i.e the law of a restricted
°2

3 This limit is to be read in an almost sure sense: By ergodicity, for almost every realization
of a this limit exists and is equal to a matrix which is independent of the realization.
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to some box of half the size of the representative volume) coincides with the law
of a®’ |10, 1Lepd for any x € R?. For one realization of the periodized probabil-
ity distribution of coefficient fields a one may then solve the corrector equation
—V-(a(e; +V¢;)) = 0 with periodic boundary conditions on 9[0, Le]? and define
the approximation a®VF for the effective coefficient anom as

a®VEe; :=][ a(ej + Vi) dx. ®)
[0,L&)4

This approximation aRVE then has the desired approximation properties (5) and (6).

Note that this construction requires the knowledge of the probability distribution
of aRd and must be done in a case-by-case basis; it is therefore not feasible in all
practical situations.

To give an example, random non-overlapping inclusions like in Fig. I may be
constructed by considering a Poisson point process on R? x [0, 1], ordering the
points (xg, yx) € R? x [0, 1] with respect to their last coordinate yg, and then
successively placing inclusions in R? centered at the x; and with diameter ¢ if the
“previous” points x;,1 < k,have adistance of atleast & from xy (thatis |x; —xi| = €).
The result of such a construction is shown in Fig. 3a. For this probability distribution,
one may define a periodization in a natural way by considering a Poisson point
process on [0, Le)? x [0, 1] and defining an Le-periodic coefficient field with
non-overlapping inclusions in the obvious way, replacing the Euclidean distance
|x; — x| by the periodicity-adjusted distance |x; — Xk |per := inf,cza [X; —x;+ Lez|.
A sample from the periodized probability distribution is shown in Fig. 3b.

If no periodization of the probability distribution is available—for example if
only samples from the probability distribution are available and the underlying
probability distribution is not known, like in applications where one has access to
samples of the materials—, one has to resort to an alternative means of increasing
the rate of convergence of the method of representative volumes. One feasible
option is to “screen” the effect of the boundary by introducing a “massive” term in

Fig. 3. a An example of random spherical inclusions distributed according to a Poisson
point process, with overlapping inclusions removed. b A sample from the corresponding
periodization of the probability distribution (rescaled); the periodicity cell is indicated by
black lines
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the PDE for the homogenization corrector [24,47,54]: Fixing a scale JT ~ @,
one replaces the equation for the homogenization corrector by the PDE

1
—V - @™ (e + Vo)) + o7 =0 in [0, Le]?,

o7 =0 on 30, Le]?

1

and approximates the effective coefficient anom by

1 d LT
anome; ~ a®"Fe; 1= —/ nd™ (e; + Ve, )dx,
Jio.Le1¢ 19X Jio, e

where 7 is a smooth nonnegative weight supported in the slightly smaller box
[%Le, 1- %)La]d . In up to four spatial dimensions d < 4, this approximation also
admits error estimates of the form

v Var gRVE < [74/2

and
|E[a®*] = ahom| < L™ (log L)C.

Due to the already substantial length of the present paper, we shall limit our-
selves to the analysis of the selection approach for representative volumes in the
context of periodizations of the probability distribution and defer the analysis of
the screening approach to a future work.

Generally speaking, in the method of representative volumes the equation for the
homogenization corrector may be solved by any numerical algorithm that is feasible
for the given size of the representative volume; for example, standard finite element
methods may be employed for representative volumes of moderate size, while for
very large representative volumes one may use appropriate instances of modern
computational homogenization methods like the multiscale finite element method,
heterogeneous multiscale methods, and related approaches (see for example [1, 14,
29,40,60,61,71]) or the local orthogonal decomposition method by MALQVIST and
PETERSEIM [70].

Note that besides the modern numerical homogenization methods—which are
in principle applicable to any elliptic PDE involving a heterogeneous coefficient
field—there have been numerous numerical works on the more specific problem
of the approximation of effective coefficients in stochastic homogenization, see for
example [13,32,41,42,62,72,79].

1.5. The Selection Approach for Representative Volumes by Le Bris, Legoll and
Minvielle

Let us describe the selection approach for representative volumes by LE BRris et
al. [64] in more detail. The selection approach for representative volumes achieves
its gain in accuracy of approximations a®VE for the effective coefficient anom (as
compared to the standard representative volume element method with completely
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random choice of the material sample) by selecting only those realizations of the
random coefficient field a|jy .« Which capture some important statistical prop-
erties of the coefficient field a in an exceptionally good way. For example, in the
simplest setting LE BRIs et al. [64] propose to restrict one’s attention to realizations
of the coefficient field a for which the average on [0, Le]¢ is exceptionally close
to its expected value in the sense that

b[ adx — IE|:][ a dx:|
[0,Lg]9 [0, Le]d

for some § < 1. Note that for generic realizations of a only

V adx — E |:][ a dxi|
[0,Le]¢ [0,Le]d

is true by the central limit theorem for the averages f[o’ Lepd @ dx and the finite range
of dependence ¢.

On a numerical level, such a selection approach typically provides an increase
in computational efficiency if the accuracy is indeed increased by conditioning on
the event (9): usually, the most expensive step in the computation of the approxi-
mations aR®VE is the computation of the homogenization corrector as the solution
to the PDE (3). In contrast, the generation of random coefficient fields a and the
evaluation of the average of a is typically cheap. Therefore it is often worth gener-
ating about % independent realizations of a to obtain on average one realization of
a which satisfies (9); for this single realization, the corrector equation (3) is solved
numerically and the approximation a®VE for the effective coefficient is computed.
This strategy is also applicable to situations in which the probability distribution
of the coefficient field is not known, but one has only access to a large number of
samples of the coefficient field, like in applications in which one has access to data
from actual material samples.

The selection criterion (9) based on the average of the coefficient field in the
material sample is the first out of two selection criteria proposed by LE BRIs et
al. [64]. In order to reduce the variance of aRVE further, they propose to consider
several such statistical quantities at the same time, for example in addition to the
spatial average

<L 9)

~ 142

Favg(a) :=][ a(x)dx,
[0,Le]?

the quantities

(F2—point)i, j (@) 12][ aVv; -ejdxdy (10)
[0,Le)d

for some (approximation of the) solution v; to the constant-coefficient equation

—Av; =V - (ae;),
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require that all of these statistical quantities be close to their expectation at the same
time. The quantities (10) arise as a second-order correction to the effective conduc-
tivity a®VF in the expansion in the regime of small ellipticity contrast: Expanding
the homogenization corrector ¢; and the approximate effective conductivity aRVE
as a power series in v for the family of coefficient fields

a =1Id +va,
we deduce
¢ =) + v} + ¢} + 0(v)

with ¢>? = 0, ¢>l.1 = v;, and ¢i2 defined as the solution to another PDE. As a
consequence, for the approximation of the effective conductivity we obtain

aRVEei =][ ae; +vaVv; + V2 1d Vd)iz + O(v3) dx
[0,Le}d
=][ ae; +vaVv; dx + O(v3)
[0,Le}d

where in the last step we have used the periodicity of q)iz. To see that the contribution
of v; is actually of second order in v, one uses again a = Id +va and the periodicity
of v;.

By selecting the representative volumes by the two criteria (9) and

Fo-point — E[Fa-point]| < 57412 an

at the same time, in the model problem of the random checkerboard with an elliptic-
ity ratio of 5 Le Bris, Legoll, and Minvielle were able to reduce the variance of the
approximations a*"RVE for the effective conductivity by a factor of 60, compared
to the approximations a®VE by the standard representative volume element method.

Another remarkable feature of the selection approach for representative vol-
umes by Le Bris, Legoll, and Minvielle is its compatibility with the vast majority
of numerical homogenization methods: As the selection approach for representa-
tive volumes operates at the level of the choice of the coefficient field a, it may
be combined with essentially any numerical discretization method for the correc-
tor problem (59). Note that there exist many numerical homogenization methods
that are particularly well-adapted to certain geometries of the microstructure; the
selection approach for representative volumes may be employed in most of these
methods to achieve a further speedup.

The selection approach for representative volumes is only one out of several
variance reduction concepts in the context of stochastic homogenization: BLANC et
al. [22,23,25] have succeeded in reducing the variance by the method of antithetic
variables; note that however for this approach the achievable variance reduction
factor is much more limited. The method of control variates has also been demon-
strated to be successful in the context of the computation of effective coefficients
in stochastic homogenization [25,65].
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1.6. A Brief Overview of Quantitative Stochastic Homogenization

For the sake of completeness, let us give a short overview of the tremendous
progress that has been achieved in the quantitative theory of stochastic homogeniza-
tion in recent years. The earliest (non-optimal) quantitative homogenization results
for linear elliptic equations are due to YURINSKI [85]. A decade later, NADDAF and
SPENCER [76] introduced the use of spectral gap inequalities in stochastic homog-
enization and derived optimal fluctuation estimates in the regime of small ellip-
ticity contrast ||a — Id ||p~ < 1, that is in a perturbative setting. Another decade
later, Caffarelli and Souganidis derived the first—though only logarithmic—rates
of convergence for nonlinear stochastic homogenization problems [31]. GLORIA
and OTTO [53,54] and GLORIA et al. [49] succeeded in the derivation of optimal
homogenization rates for discrete linear elliptic equations with i.i.d. random con-
ductances. Subsequently, these results were generalized to elliptic equations on R¢
and correlated probability distributions by GLORIA et al. [50,51]. For coefficient
fields a whose correlations decay quickly on scales larger than ¢ > 0, these quan-
titative estimates for the homogenization error—that is, for the difference between
the solutions to the PDE with the random coefficient field (1) and its homogenized
approximation (2)—read

C@| fll2e/Tloge] ford =2,

12
C@llfll e ford = 3, (12)

[lu — thomllLr § {

with C(a) satisfying stretched exponential moment bounds and for suitable p =
p(d). ARMSTRONG and SMART [9] were the first to obtain power-law rates of con-
vergence for nonlinear equations, deriving and employing an Avellanda—Lin type
regularity estimate [12]; see also ARMSTRONG and MOURRAT [8]. Their estimates
also come with optimal—almost Gaussian—stochastic moment bounds. Recently,
the progress in stochastic homogenization culminated in the derivation of the opti-
mal homogenization rates with optimal stochastic moment bounds by ARMSTRONG,
etal. [5] and GLOR1A and OTTO [55]: For finite range of dependence ¢, a quantitative
error bound for the homogenization error of the form (12) holds true with a random
constant C(a) with almost Gaussian moments E[exp(C (@)*>7%/C(8)1 < 2 for any
5 > 0.

Higher-order approximation results in terms of homogenized problems have
been derived in [19-21,56,69], relying on the concept of higher-order correctors
which was first used in the stochastic homogenization context in [44] to establish
Liouville principles of arbitrary order in the spirit of Avellaneda and Lin’s result
in periodic homogenization [11]. Further works in quantitative stochastic homog-
enization include the analysis of nondivergence form equations [7], a regularity
theory up to the boundary [45], degenerate elliptic equations [2,46], and the ho-
mogenization of parabolic equations [3,66]. Recently, ARMSTRONG and DARIO [4]
and DARI1O [36] succeeded in establishing quantitative homogenization for super-
critical Bernoulli bond percolation on the standard lattice.

The fluctuations of the mathematical objects arising in the stochastic homog-
enization of linear elliptic PDEs have been the subject of a beautiful series of
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works, starting with the work of NOLEN [77] and a subsequent work of GLORIA
and NOLEN [52] on quantitative normal approximation for (a single component of)
the approximation of the effective conductivity aRVE and a work of MOURRAT and
OtTo0 [74] on the correlation structure of fluctuations in the homogenization correc-
tor ¢;. MOURRAT and NOLEN [73] have shown a quantitative normal approximation
result for the fluctuations of the corrector. GU and MOURRAT [57] have derived a de-
scription of fluctuations in the solutions to the equation with random coefficient field
(1). Recently, a pathwise description of fluctuations of the solutions to the equation
with random coefficient field (1)—namely, in terms of deterministic linear func-
tionals of the so-called homogenization commutator & := (a — anom)(Id +V¢),
a random field converging (for ¢ — 0) towards white noise—was developed by
DuEerINCKX et al. [39]. The scaling limit of certain energetic quantities—related
to the homogenization commutator—as well as the scaling limit of the homoge-
nization corrector has been identified in the setting of finite range of dependence
by ARMSTRONG et al. [5]. As far as quantitative normal approximation results are
concerned, all of these works work under the assumption of i.i.d. coefficients (in the
discrete setting) or second-order Poincaré inequalities. To the best of our knowl-
edge, the present work provides the first quantitative description of fluctuations
(though so far limited to the approximation of the effective conductivity a®VE)
when the decorrelation in the coefficient field is quantified by the assumption of
finite range of dependence instead of functional inequalities.

Note that despite its long history [35,63,67, 78], the qualitative theory of stochas-
tic homogenization has also been a very active area of research in the past years, see
for example [10,27,58,59]; however, due to the substantial length of the present
manuscript we shall not provide a more detailed discussion and refer the reader to
these references instead.

Notation Throughout the paper, we shall use standard notation for Sobolev
spaces and weak derivatives; for a space-time function v(x, s), we denote by Vv
its spatial gradient (in the weak sense) and by dsv its (weak) time derivative.

. dx . .
The notation fB fdx = §B J; d; is used for the average integral over a set B
B

of positive but finite Lebesgue measure. The space of measurable functions f with
1 fllLr = (fRd | £1P dx)!/P < oo will be denoted by L”. By Lfac we denote the
space of functions f with f x<gy € L forall R < co. We shall also use the

weighted space LZ of functions with ||f||L£ = (fRd | £ (x)|Ph(x)dx)"/?P < oo for

a nonnegative measurable weight function z. By H'(R?) we denote as usual the
Sobolev space of functions v € L2(RY) with Vv € L2(R?); similarly, HZL C(Rd)
is the space of functions v with v € LIZDC (R%) and Vv € leoc (R?). For a Banach
space X we denote by L” ([0, T']; X) the usual Lebesgue—Bochner space.

As usual, we shall denote by C and ¢ constants whose value may change from
occurrence to occurrence. We are going to use the notation C(a) and similar ex-
pressions to denote a random constant subject to suitable moment bounds; again,
the precise value of C(a) may change from occurrence to occurrence.

For a vector v € R™ we denote by |v| its Euclidean norm. We denote the
identity matrix in RV*" by Id or Idy. For a matrix A € R"*" we shall denote by
|A| its natural norm |A| := max, yerm jv|=|w|=1 |V - Aw| and by A* its transpose
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(as all our matrices are real). For x € RY we denote by |xX|eoc = max; |x;]| its
supremum norm. By |x — y|per respectively (for sets) distyer (U, V'), we denote the
periodicity-adjusted distance (in the context of the torus [0, L&]?). By |x — |5 and
dist® (x, y), we denote the corresponding distances associated with the maximum
norm. For a positive definite matrix A, we denote by « (A) its condition number.

Given a positive definite symmetric matrix A € RV >V we denote the Gaussian
with covariance matrix A by

Na @) 1 ( LA )

Ax) ;= ——exp| — = x-x|.

Qm)N/2/det A P 2

For y > 0, we equip the space of random variables X with stretched exponential
moment Elexp(|X|” /a)] < oo for some a = a(X) > 0 with the norm || X ||expr :=
Sup > p~V/YE[|X|?]"/P. For a discussion of this choice of norm, see Appendix B.

For amap f : R — V into a normed vector space V, we denote for any
r > 0 by osc, f(xg) := SUPy ye(x—xo|<r} | f(x) — f(y)|v its oscillation in the ball
of radius r around xg.

The conditional expectation of a random variable X given Y is denoted by
E[X|Y].

2. Main Results

In the present work, we establish a rigorous justification of the selection ap-
proach for representative volumes by LE BRris et al. [64] in the context of stochastic
homogenization of linear elliptic PDEs for quite general probability distributions
of the coefficient field a®’. Our only assumptions on the probability distribution
of the coefficient field a®' : R? — RI* are uniform ellipticity and boundedness,
stationarity, and finite range of dependence, which is a standard set of assumptions
in stochastic homogenization [9,55] (note that we equip the space of uniformly
elliptic and bounded coefficient fields with the topology of Murat and Tartar’s H -
convergence [75]). Let us remark that all of our results and proofs are also valid
in the case of strongly elliptic systems, upon adapting the notation in the obvious
way:

(A1) Uniform ellipticity of a coefficient field a as usual means that there exists a
positive real number A > 0 such that almost surely we have a(x)v-v = A|v |2
for almost every x € R? and every v € RY. Furthermore we assume uniform
boundedness in the sense that almost surely |a(x)v| < %|v| holds for almost
every x € RY and every v € RY.

(A2) Stationarity means that the law of the shifted coefficient field a(- + x) must
coincide with the law of a(-) for every x € R4, On a heuristic level, this
means that “the probability distribution of a is everywhere the same” or, in
other words, that the material is spatially statistically homogeneous.

(A3) Finite range of dependence ¢ means that for any two Borel sets A, B C R?¢
with dist(A, B) = ¢ the restrictions a|4 and a|p must be stochastically
independent. In particular, this assumption restricts the correlations in the
coefficient field to the scale ¢ < 1.
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Note that these assumptions include for example the case of a two-material compos-
ite with random (either overlapping or non-overlapping) inclusions of diameter ¢,
the centers distributed according to a Poisson point process (up to removal in case of
overlap); see Fig. 3a. Further examples include coefficient fields aRd x) :=&@(ax))
that arise by pointwise application of a nonlinear function £ : R9*¢ — R4*? 0 a
(tensor-valued) stationary Gaussian random field a with finite range of dependence
¢ and integrable correlations, provided that the function £ is Lipschitz and takes
values in the set of uniformly elliptic and bounded matrices.

For the approximation of the effective coefficient anom, it is of advantage to
work with a so-called periodization of the stationary ensemble of random coefficient
fields a®* (employing terminology from statistical mechanics, a probability mea-
sure on the space of coefficient fields shall also be called an ensemble of coefficient
fields). By a periodization of an ensemble of coefficient fields a®' we understand
an ensemble of coefficient fields @ which are almost surely LeZ?-periodic for some
L > 1 and for which the probability distribution of a on each cube of size of half
the period % coincides with the probability distribution of the original coefficient

field aRd, that is for which the probability distribution of a|, 9 7./« coincides

with the distribution of a®* | x+10,L621¢ Tor all x € R¥. For such a periodization,
the condition (A3) is replaced by the following conditions (A3,), (A3}), (A3.):

(A3,) The coefficient field a is almost surely LeZ-periodic.

(A3p) There exists a finite range of dependence ¢ > 0 such that for any
two measurable LeZ¢-periodic sets A, B C R? with dist(A, B) = ¢ the
restrictions a|4 and a|p are stochastically independent.

(A3,) For any x¢ € R the law of the restriction al xoH[— e Led coincides
with the corresponding law for some (non-periodic) ensemble of coefficient
fields a®” satisfying (A1)~(A3).

Furthermore, to include examples like the random checkerboard in our analysis,
we need the following notion of discrete stationarity:

(A2’) We say that our probability distribution of coefficient fields a satisfies dis-
crete stationarity if the law of the shifted coefficient field a(- + x) coincides
with the law of a(-) for every shift x € eZ4.

Our main assumptions stated in Assumption 1 below consist of two parts. First,
we assume that the probability distribution of coefficient fields a®' satisfies the
standard assumptions from stochastic homogenization and that there exists a suit-
able periodization a of the probability distribution. Second, we require the statistical
quantities F (a) to admit a “multilevel local dependence structure decomposition”
as introduced in Definition 6 below. Let us remark that both the spatial average

Favg(a) :=][ adx
[0,L&]d

and the higher-order quantity > point(@) considered by LE Bris et al. [64] as
defined in (10) satisfy the conditions in Definition 6; a proof of this fact is provided
in Proposition 7 below. As a consequence, both the spatial average F,.¢(a) and
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the higher-order quantity 7> poinc (@) may be chosen as the statistical quantities by
which the selection of representative volumes is performed in our main theorems
Theorem 2 and Theorem 3.

Assumption 1. (Assumptions and Notation) Consider a probability distribution of
random coefficient fields aRd on R4 ,d = 1, which satisfies the conditions of
ellipticity, stationarity, and finite range of dependence (A1)-(A3). Let L = 2 and
suppose that there exists an Le-periodization a of the probability distribution of
aRd subject to (A1), (A2), (A3,)—(A3.). Denote by aRVE the approximation for the
effective coefficient anom by the standard representative volume element method
with a material sample of size [0, Le]d, that is set

aRVEei :=][ a(ej + Vi) dx
[0,Le]d

with ¢; being the unique Le-periodic solution with vanishing average to the cor-
rector equation

=V - (a(ei +V¢;)) =0.

Let F(a) = (Fi(a), ..., Fn(a)) be a collection of statistical quantities of the
coefficient field a which are subject to the conditions of Definition 6 with K < Co,
B < Collog LI, and ¥ = ¢( for some 0 < c¢p, Co < oo. Suppose that the
covariance matrix of F(a) is nondegenerate and bounded in the natural scaling in
the sense

L™91d < Var F(a) < CoL™?1d. (13)

Forany 1 < i, j < d introduce the condition number «;; of the covariance matrix
of (aRVF, F(a))

kij := « (Var (a}}VE, F(a)))

and the ratio rvar, ;; between the expected order of fluctuations and the actual fluc-

tuations of the approximation aEVE

L*d

Var aSVE '

"Var,ij -=

Denote by C a constant depending on d, A, y, N, and Cy.

Under the above assumptions, the selection approach for representative vol-
umes to capture certain statistical properties of the material in the representative
volume particularly well—as proposed by LE Bris et al. [64]—Ieads to the follow-
ing increase in accuracy of the computed material coefficients:
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Theorem 2. (Justification of the Selection Approach for Representative Volumes)
Let the assumptions and notations of Assumption 1 be in place. Denote by a**"®VE
the approximation for the effective coefficient anom by the selection approach for
representative volumes introduced by Le Bris et al. [64] in the case of a repre-
sentative volume of size Le. Suppose that the representative volumes a|g .y are
selected from the periodized probability distribution according to the criterion

|F @) - E[F(@)]| < sL79/> (14)

for some § € (0, 1]. Let the selection criterion be chosen not too strict in the sense
that 8V > CL™/2|10g L|€“-V-C0)_ Then the selection approach for representative
volumes is subject to the following error analysis:

(a) The systematic error of the approximation a**"RVE satisfies the estimate
cdl?
1-RVE ij 7—d cd,
|E[a*"®VE] — ahom| = L |log L|€@7), (15)
sel-RVE

(b) The variance of the approximation a is estimated from above by

sel-RVE 3/2 B
Var a;; <1_a- 52)|p|2 N CKl-j 'Var,ij
Var atRjVE - sN

L™210g L€V (16)

explained by the F (a), that is,

|p|? is the maximum of the squared correlation coefficient between aleVE and

any linear combination of the F,(a). The explained fraction of the variance is
given by the formula

where | p |2 is the fraction of the variance of alR/.VE

cOv[alF'}VE, F(a)]- (Var F(a))~! Cov[F(a), a}}VE]

RVE
Var q; ;

Ipl* = (17)

(¢) The probability that a randomly chosen coefficient field a satisfies the selection
criterion (14) is at least

P[|F (@) — E[F(@)]| £ 8L~ = c(N)8". (18)

(d) The systematic error and the variance of a*"™®VE may be estimated indepen-

dently of k;j at the price of lower rate of convergence in L

] C
IE[a*"RYE] — apom| < 5_NL_d/2_d/8| log L|C@) (19)
and
Var ag(:l-RVE Cr ..
v e S 1= A= 8Dlpl + =L log 174 20)

v



The Choice of Representative Volumes 655

The previous theorem states that the approximation of effective coefficients by
the selection approach for representative volumes is essentially atleast as accurate as
arandom selection of samples (except for a possible additional relative error of the
order CL=%/?|1og L|€, which however converges to zero quickly as L increases), at
least when measuring the mean-square error. If the selection is based on a statistical
quantity JF(a) which is capable of explaining a large part of the variance of aEVE
the selection approach achieves a much better accuracy than a random selection of
samples (namely, by a factor of about /1 — |p|?).

However, the previous theorem only provides a statement about the reduction
of the mean-square error by the selection approach for representative volumes. A
natural question is whether this reduction of the error also applies to rare events:
More precisely, if we fix a small probability p > 0, is the bound on the error
|a“el RVE _ hom.; /] which holds with probability 1 — p also improved as suggested
by the variance reduction estimate (16)? The following theorem shows that this is in
fact true for “moderate deviations”, that is basically for probabilities p > exp(—L#)
for some B > 0. More precisely, the theorem is to be read as follows: up to error
terms that converge to zero as L — oo and s — 00, the probability of aSel -RVE
deviating from anom ;; by more than s times the ideally reduced standard dev1ation

\/ (1 —|p|?)Var alR/.VE behaves like the probability of a normal distribution devi-

ating from its mean by more than s standard deviations, at least in some regime
< LB3
s S .

Theorem 3. Let the assumptions and notations of Theorem 2 be in place. Suppose
in addition L 2 C. Then the selection approach for representative volumes leads to
a reduction of the “outliers” of the probability distribution of a**"®RVE in the sense
of the moderate-deviations-type bound

sel-RVE __ .
‘al] ahom,lj| > @1
\/( + —==)(1 = |p|*) Var af'F +CL=4=F

(o) C
> _ 7B
<1 + SNIP + — |p|2s)]P’[|./\f1| Zs|+ — 3 exp (— LP)

for any s 2 max {1, ﬁ} and some B = B(d) > 0.

We have shown in the preceding two theorems that the selection approach for
representative volumes by Le Bris et al. essentially does not increase the error; it
succeeds in reducing the fluctuations of the approximations as soon as the func-
tionals F(a) and the approximation aRVE have a nonzero covariance.

Howeyver, as we shall show in the next theorem there exist cases in which the
selection approach for representative volumes in fact fails to reduce the variance
significantly, even for a “natural” statistical quantity like the average of the coeffi-

cient field
Fla) := ][ adx.
[0,Leld
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Theorem 4. (Possible Failure of the Reduction of the Variance) Suppose that the
assumptions of Theorem 2 hold. Then the estimate (16) on the reduction of the
variance is sharp in the sense

Var a‘-“-:l_RVE CK-S-/zrvar ij
W 21— ol = — =L log L], (22)

1y

Furthermore, for d 2 2 there exist Le-periodic probability distributions of coef-
ficient fields a which satisfy the conditions of ellipticity, discrete stationarity, and
finite range of dependence (Al), (A2’), (A3,)—-(A3.) with the following property:
the covariance of a®VF and the spatial average f a vanishes

Cov | a®VE | ][ adx| =0, (23)
[0,Le)d

while the fluctuations of a®VE and JC[O, Leyd @ are nondegenerate in the sense that

Var a®VE > cL 9 1d®1d,

Var][ adx = cL?1d®1d,
[0,Le)d

for some universal constant c. These coefficient fields may be chosen to be of the
form a(x) = a(x) Id for some scalar random field a.

As a consequence, for these probability distributions of coefficient fields the
selection approach for representative volumes based on the spatial average f a
fails to efficiently reduce the variance in the sense that

Var gS¢-RVE Ci3 iy
S sy T R o O, 24
Var aRVE  — 8N

ij

Let us note that it is presumably not too difficult to replace the random checker-
board in our construction of the counterexample featuring (23) by random spherical
inclusions distributed according to a Poisson point process (with overlaps of the in-
clusions). This would yield a counterexample subject to the continuous stationarity
(A2).

The next theorem suggests that the failure of effective variance reduction is
atypical and may be limited to rather artificial examples. For a large class of random
coefficient fields—namely for coefficient fields that are obtained from a collection
of iid random variables &, k € €Z?, by applying a stationary monotone map
with finite range of dependence—the correlation coefficient between aRVE and the
average F(a) := fa is bounded from below by a positive number. Therefore,
for such (ensembles of) coefficient fields both the method of special quasirandom
structures and the method of control variates in fact reduce the variance by some
factor T < 1 when applied with the choice F(a) := f a.
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Proposition 5. (Reduction of the Variance for a Large Class of Coefficient Fields)
Let ¢ > 0 and let L = 2 be an integer and let V denote some measure space. Let
(Tx), k € eZ? N[0, Le)?, be a collection of independent identically distributed
V -valued random variables, and denote by (T'y) an independent copy. Extend T'y to
k € eZ? by Le-periodicity. Fork € ¢Z¢ and z € V, denote by Ag ;T the collection
(T'x) obtained by setting T'y := z and f‘j =T forall j # k.

Let a = a(x, ') be a measurable map into the uniformly elliptic Le-periodic
symmetric coefficient fields with the property that a(x, I') depends only on the T'y
with |x — klper = Ke for some K 2 1 (in a measurable way). Suppose that the
map is stationary in the sense that a(x +y,I') = a(x,'.4y) forany y € e74.

Suppose that the dependence of a on T is monotone in the sense that for every
k € eZ? and every pair z1, zo € V, either for all x the inequality

a(x, Mg, T) 2 alx, Ag,I)
holds, or for all x the reverse inequality

a(x, Mg, T) S alx, Ag D)

holds. Suppose furthermore that there exists v > 0 such that we have the quantified
IE[ 3 g—d /[OL . (@ —a(A ¢, T)E - §|dx(a. T) — a(x, A, 1))

monotonicity
F]
keeZdN[0,Le)d

>vid (25)

for all x € [0, Le)d and all T, where (a(x, I —alx, Ak,mr))lf denotes the
matrix square root and where T' denotes an independent copy of T.

Then the probability distribution of a = a(x, ") satisfies the conditions of
ellipticity, periodicity, and finite range of dependence (Al), (A3,), and (A3p) (with
¢ replaced by 4K ¢), as well as the discrete stationarity (A2’). Furthermore, for
such coefficient fields a the correlation between & - aRVEE (where & € R? is any
nonzero vector) and the average

]:avg(a) ::f & -afdx
[0,Le)d

is bounded from below by a positive number in the sense

Cov[a}}VE, Favg(@)] < v2

Jar R Nar Fyea) €@K

P

In the statements of our main theorems, we have made use of the following
notion of “multilevel local dependence decomposition”; this structure will also be
at the heart of the proof of our main results (an illustration of this decomposition
is provided in Fig. 4):
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X3

X2 X? X2 X2

Xl X/l X} Xl

Fig. 4. An illustration of the “multilevel local dependence structure” introduced in Defi-
nition 6 (in a one- dimensional setting). At the bottom, a sample of the random coefficient
field a is depicted; the Xk may depend not only on the values of the coefficient field directly
below their box, but on t ﬁe coefficient field in a region that is wider by a factor of K log L

Definition 6. (Sums of Random Variables with Multilevel Local Dependence Struc-
ture) Letd 2 1, N € N, ¢ > 0, and L = 2. Consider a probability distribution
of coefficient fields a on R subject to the assumptions of ellipticity and bound-
edness, stationarity, and finite range of dependence ¢ (Al), (A2), and (A3), or
the periodization of such an ensemble subject to the conditions (A1), (A2), and
(A3,) - (A3,). Let X = X (a) be an RN -valued random variable.

We then say that X is a sum of random variables with multilevel local depen-
dence if there exist random variables ng’ = XZ‘ (@,0 <m < 1+1logy L and
y € 2"eZ4 N[0, Le)?, and constants K > 1,y € (0,2], and B > 1 with the
following properties:

e The random variable X' (a) only depends on al, | 164 1 [—27¢ 2m1d- MoOTE pre-
cisely, X{'(a) isa measurable function of al, | k 1og 7 [—2m¢,2m )¢ €quipped with
the topology of H-convergence.

o We have

I+log, L

X= > > X,

m=0  ye2me7ZdN[0,Le)d

e The random variables X' satisfy the bound

XY [expr < BL™Y. (26)

The next proposition shows that the approximation aRVE of the effective coef-

ficient by the method of representative volumes may indeed be rewritten as a sum
of random variables with a multilevel local dependence structure. We establish the
same result for the spatial average of the coefficient field Fyy4(a) := f[o’ Lejd @ dx
and the second-order term J_oinc (@) in the low ellipticity contrast expansion of
a®VE given by (10).
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Furthermore, the last result of the next proposition shows that the fraction of
the variance of aRVE that is explained by the statistical quantities Fyg(a) and
F2—point(@)—that is, the gain in accuracy achieved by the selection approach for
representative volumes when employing these statistical quantities—stabilizes as
the size L of the representative volume increases; more precisely, it converges to
some limit with rate L~=%/%|log L|°.

Proposition 7. Let the assumptions (Al), (A2), (A3,)—(A3.) be satisfied, that is
consider the periodization of a stationary ensemble of random coefficient fields.
For any coefficient field a, denote by ¢; the unique (up to additions of constants)
periodic solution to the corrector equation

-V - (ale; +V¢;)) =0.
Then the approximation a®VF of the effective coefficient anom by the representative
volume element method, given by

a®VEe; ::][ a(ej + Vo) dx,
[0,L&]d

is a sum of a family of random variables with multilevel local dependence. More
precisely, a®VE satisfies the criteria of Definition 6 foranyy < 1withK := C(d, A)
and B :== C(d, y, ))|log L|€@-¥).,

Furthermore, the spatial average

Favg(a) :=][ adx
[0,Le]d

is also a sum of a family of random variables with multilevel local dependence. The
criteria of Definition 6 are satisfied by F,ye(a) for any y < oo with K := C(d)
and B :=C(d, y).

Additionally, the second-order correction to the effective conductivity in the
setting of small ellipticity contrast Fo_point, given by

Fapoint(@) = —][ avv; - ejdx, @7)
[0,Le]d

with v; denoting the solution to
—Av; =V - (aVe;), (28)

is a sum of random variables with multilevel local dependence structure: the random
variable F>_point (@) satisfies the criteria of Definition 6 for any y < 1 with K :=
C(d, ) and B := C(d, y, 1)|log L|€“-V).

Finally, the rescaled variances and covariances of a and the statistical
quantities Fuyg(a) and Fp_point(a) converge as L — o0. There exist positive

RVE
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semidefinite matrices VRvE, Vavg, V2—point and matrices V. RVE, avg, Ve, RVE,2—points
Ve,avg,2—point independent of L such that the estimates
[LYVar a®VE — Vaye| £ CL™9?(1og L)C,
|LYVar Foug(a) — Vangl = CL™?(log 1)C,
|LdVar F2—point (@) — Va—point| < CL_d/Z(log L)C,

and
ILY Cov[a®"E, Favg(@)] — Ve rvE,avel < CL™*(log L)€,
|9 Cov[a®E, Fspoini(@)] = Ve RVE.2—point] < CL™4*(log L)€,
|LY CoV[Fag (@), Far—point(@)] — Ve.avg 2—point] < CL™?(log L)€,
hold true.

It is interesting to compare our approach on quantitative normal approximation
of a®VE with concepts employed in the derivation of optimal error estimates in
stochastic homogenization [5,6,55]. A central theme in [5] is the approximate
additivity of certain energetic quantities: the energy quantity on a certain scale
may approximately be written as a sum of the energy quantities on smaller scales,
allowing for an application of the central limit theorem. In [55], the application of the
central limit theorem is facilitated by the homogenization of the flux propagation in
the parabolic semigroup associated with the random elliptic operator. In our context,
while we also introduce an additive decomposition of a®VE, we do not require the
summands to be of the same structure as a®VE and allow for a multilevel structure.
This enables us to derive an optimal-order normal approximation result for the
fluctuations.

Note that in [5,6] a certain localization property of the considered energy quan-
tity has been established. In principle, sufficiently strong localization properties of
a random field allow for a multilevel decomposition of (linear functionals of) the
random field in the sense of Definition 6 and therefore for an application of our
quantitative normal approximation result in Theorem 9; see, in particular, the proof
of [43, Theorem 2] for such a construction. However, the locality of the energy
quantity established in [5,6] is non-optimal and in general not sufficient for our
purposes. In the forthcoming work [37], an optimal-order localization result for
(linear functionals of) the homogenization commutator E := (a — apom)(Id +V¢)
will be provided, implying an optimal-order normal approximation result.

3. Strategy of the Proof and Intermediate Results

Our main result relies on a quantitative normal approximation result for the
joint probability distribution of the approximation of the effective conductivity
a®VF and auxiliary random variables F (a) like the spatial average f;, ;s @ dx. The
distance of the probability distribution to a multivariate Gaussian will be quantified
through the following notion of distance between probability measures. Note that
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this distance is a standard choice in the theory of multivariate normal approximation,
see for example [33] and the references therein.

Definition 8. Given a symmetric positive definite matrix A € RN*N and some
L < oo, we consider the classes CDIL\ of functions ¢ : RN - R subject to the
following properties:

e ¢ is smooth and its first derivative is bounded in the sense |V (x)| < L for all
x e RV,
e For any r > 0 and any xo € R", we have

/ 08¢, @ (x) Na(x — x0)dx < r, (29)
RN
where osc,¢ (x) is the oscillation of ¢ defined as

0sc ¢ (x) := sup ¢(x +z) — inf ¢(x + 2)
lzI<r lzl<r

and where

Na(x) == ;ex <— lA_lx -x)
M= oV aea P\ 2 '

The class @, is defined as

L
oy = J of.
L>0
Furthermore, we introduce the distance D between the law of an R -valued random
variable X and the N-variate Gaussian N, as

D(X, Np) = sup (E[¢(X)]—/RN¢(X)NA(X)(1X>- (30)

(IS0

Note that defining the distance D with the class of functions ® }\ instead of ® 5
would lead to the 1-Wasserstein distance. The distance D is a stronger distance
than the 1-Wasserstein distance. The 1-Wasserstein distance is defined by taking
the supremum in (30) only over all functions ¢ which are 1-Lipschitz. In contrast,
the condition (29) corresponds more or less to a slightly stronger condition than an
L }Oc—type bound for V¢: It in particular implies by letting » — 0

/RN IVl (x)NA(x — x0) dx = 1 €1y

for any xog € RV.

It is well-known that Stein’s method of normal approximation allows one to es-
tablish a quantitative result on normal approximation for sums of random variables
with local dependence structure, see for example [33,34,80] and the references
therein. However, the approximation of the effective coefficient «®VF—that is, the
random variable aRVE as defined by (4)—features global dependencies. It is shown
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in Proposition 7 that aRVE may nevertheless be approximated by a sum of random

variables with a multilevel local dependence structure. We then employ the follow-
ing quantitative central limit theorem for sums of vector-valued random variables
with a multilevel local dependence structure, which is not covered by the normal
approximation results for sums of random variables with a given dependency graph
in the literature and which is established in the companion article [43]:

Theorem 9. ([43, Theorem 4]) Consider a probability distribution of uniformly
elliptic and bounded coefficient fields a on R? or a periodization of such a proba-
bility distribution, and suppose that assumptions (Al)—(A3) respectively (Al), (A2),
(A3,)—-(A3.) are satisfied. Let X = X (a) be a random variable that is a sum of
random variables with multilevel local dependence in the sense of Definition 6.
Then the law of the random variable X is close to a multivariate Gaussian in the
sense that

D(X - E[X1,Na) £ C(d, y, N, K)B*(og L)V (L= A2 || A7) L7,
(32)

where A := Var X and where the constant C(d, y, N, K) depends in a polynomial
wayond, N, and K.

Furthermore, we have, for any symmetric positive definite A € RN*N with
A > Var X and |A — Var X| < L9,

D(X — E[X],Na) £CW, v, N, K)B>(log L) @) (L= | A2 A7 2P) L~
(33)

+ C(d, N)(log LY@ |A — Var X|'/2,

providing a better bound in the case of degenerate covariance matrices Var X.

Our result on moderate deviations of the probability distribution of a*RVE
is based on the following simple general moderate deviations result for sums of

random variables with multilevel local dependence structure:

Theorem 10. ([43, Theorem 5]) Consider an ensemble of coefficient fields a on
RY, d 2 1, or its periodization for some L 2 1, subject to the conditions (Al)—(A3)
respectively (Al), (A2), and (A3,)—(A3.). Let X = X(a) be a random variable
that may be written as a sum of random variables with multilevel local dependence
structure X = Zrlj:]ggz L Y ieomezdno.Leyd Xi' in the sense of Definition 6.

Then there exists B = B(d,y) > 0 and a positive definite symmetric matrix
A € RV*N with |A — Var X| £ C(d, y, N, K)B>L™2PL=4 such that for any
measurable A C RN we have the estimate

P[X € A] g/ Na(x) dx

(xRN dist(x, A)SL—BL—4/2}

+Cd,y, N, K)exp(— FL )
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4. Justification of the Selection Approach for Representative Volumes

We now provide the proof of our main result—the error estimates for the selec-
tion approach for representative volumes by LE BRris et al. [64]—which is stated in
Theorems 2 and 3.

The idea for the proof of all statements of Theorem 2 is that Theorem 9 enables
us in conjunction with Proposition 7 to approximate the joint probability distri-
bution of aRVE and F(a) by a multivariate Gaussian with the same covariance
matrix. The probability distribution of a*"RVE arises as the probability distribution
of a®VE conditioned on the event (14). As a consequence, the probability distribu-
tion of a*"RVE may be approximated by the marginal of the conditional probability
distribution of an ideal multivariate Gaussian. The results of Theorem 2 on the prob-
ability distribution of a**"RVE are then a consequence of corresponding properties
of multivariate normal distributions.

Proof of Theorem 2. For the proof of the theorem we may assume without loss
of generality that E[F (a)] = 0. Throughout the proof, the constants ¢ and C may
dependond, A, N, y, co, and Co, if not otherwise stated.

Recall that the probability distribution of a*"RVE is given by the probability
distribution of a®VE conditioned on the event (14). Theorem 9 and Proposition 7
entail that the joint probability distribution of any component aRVE of aRVE and
F(a) is close to a multivariate Gaussian N\,ar (aRVE }—(a))( ]E[al] E]..). Asacon-

sequence of this result, the probability distribution of asel RVE may be approximated

in a quantitative sense by the first-variable marginal of the conditional distribution
of]\/Var (@RVE, ]_—(a))( ]E[a VE] ) given the event | F(a)| < §L™ 4/2 As we shall

show below the latter margmal probability distribution has the density

MP(x) = / Var aRVE|pexp (x— Cov[aleVE, F(a)](Var F(a) 'y — E[QSVE])
(34)
X X{|y|§5L*d/2}NVar Fa»dy,

where the renormalization factor p is given by

p= /R /R | Xyl SsL-y D Nyar (@RVE 7@ (%, ¥) d dx,

and where the unexplained variance Var a® o |unexp1 (that is the variance of aRVE

which is not explained by the .7-",, (a)) is given by
Var ay"" lunexpt = Var a3~ — Covla"", F(a)l(Var F(a))~' CovlF(a), afy 1.

The assertions (15) and (16) on the systematic error and the variance reduction in
Theorem 2 will be a consequence of the lower bound (18) on the probability of a
random coefficient field satisfying the selection criterion, the related lower bound

—-N/2
/RN/ Xiyi<sr-amNyar W@RVE iy (6 ) dxdy Z e(N)Cy 28N, (35)
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the stretched exponential moment bounds for any y < 1/2,

118%VE — E[a®VE)|lexpr < C(d ., VIL=2|10g L|C, (36a)
||NV3I (aRVE,]-—(a))”expV § C(d, )\,, Y, Co)Lfd/zl IOg L|C, (36b)

and the approximation result of the distribution of a?j?l'RVE by M?

3/2

5 Ck:!
E[¢(assRVE)] —/d)(x)/\/la(x)dx < —y L7 og LY (37)
R

for any continuous ¢ : R — R satisfying
Pl = L™ (382)

and
/ oscrqb(x)./\/'\,‘lr ABVE unenp [ (x —x0) dx <r (38b)
R

for all r > 0 and all xg € R. To obtain the «-independent estimates (19) and (20),
the bound (37) is replaced by

‘ [6(as™RVE)] — /R G )M (x) dx ga%L—d/2—d/8|1ogL|C<‘*”. (39)

We defer the proof of (18) and (37) (as well as (39)) to the last step and first
demonstrate that these estimates entail the assertions (15) and (16) of our theorem.
Step 1: Estimate on the systematic error. In order to derive the estimate on the
systematic error (15), we first use the formula (34) and Fubini’s theorem to see that

/x M8 (x)dx (40)

= % /R . (Ela}YF1 + Covia;"®, F(a)](Var F(a)™'y)

X X{yi<sr-42Nvar Fay (v) dy

= Ela;""1,

where in the second step we have used the symmetry of the Gaussian Nyy 7(q)-
In other words, if the probability distribution of (aRVE, F(a)) were an ideal multi-
variate Gaussian, we would have the perfect equality E[a*¢"RVE] = E[4RVE].

We would now like to transfer the property (40) (up to an error) from M? to our
actual probability distribution a*"RVE by choosing ¢ (x) := x in the estimate (37).
However, this choice is not possible due to the upper bound on ¢ in (38a). Instead,
for some cutoff factor B, > 1 we consider the function ¢(x) = min{max{x —

]E[aleVE], —B.L~%/2y, B.L=%/2}, Note that for this choice of ¢ we have |V¢| < 1
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and |¢| < B.L™%/2. Asa consequence, B%qg satisfies (38) and hence is an admissible
choice in (37), which gives, by (40),

]E[a?j?l—RVE RVE / (x _ E[aleVE]) Ma(x) dx

+ / |(x — Ela;s""]) — ¢(x)] M“(x) dx
R

‘E[as(asel RVE)] — / ¢ (x) M®(x) dx

37)
I-RVE RVE —d/2
< E[(las™™VF — Elay "1 — B.L™Y?). ]
+ /R (Ix = E[afYF1l = B.L™42) , MP(x) dx
3/2

K:!
+ B, 81’\; L~ 1og L|€U-),

Using first the lower bounds (18) and (35) and the representation (44) and then in
the next step Holder’s inequality, the previous estimate implies

|E[aisjf_51-RVE] _ ]E[alRVE]|

< 5C [(|aRVE E[a!RVE]I . BCL_d/2)+]

C(N)// RVE]| BCL—d/Z)

Var (05\157]:([1)) (.X E[a VE] y) dy dx

32

Ck;!
+ Bc—y’vf L™ |log L|€“V)

¢ 12p onl)2
< — [|aRVE E[al}}VE]F] / [|aRVE ]E[al%VE]' > B.L d/2] /

sN
C(N
el ( ) E[IN, 12

ar a;

RVE| ] 172 IP’[|NV

ar aRVE| > B.L™ d/z]
32

Ck;!
+ B, Sjvf L™ 1log L|€“1),

This yields, by Lemma 19b and the bounds (36a) and (36b),

|]E[Cll-S;I_RVE] _ E[GSVE] |
3/2

C(N) Bc v CKij —d cdd,y)
< 5N eXp<_C<|log—L|C> >+BC(3—NL [log L|~'%7).
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Choosing B, := C|log L|€"), we deduce
ci’?
|E[a?;:l-RVE] . ]E[al}}VEH < 311(7/ L7d| logLIC(d’y)- 41)

Plugging in the bound for the systematic error of the standard representative volume
element method [E[aRVE] — apom| < CL™Y log L|¢ from [55] (note that this
estimate for the systematic error of the standard representative volume element
method may also be derived by slightly modifying the proof of our Proposition 7),
we obtain (15). Repeating the previous proof but replacing the use of the estimate
(37) by (39), we obtain (19).

Step 2: Proof of the variance reduction estimate. To prove the variance estimate
(16), we proceed similarly and define for a cutoff factor B, = 1 the function
¢(x) ;= min{(x — ]E[a}}VE])Z, Bch’d }. Note that this function satisfies the global

bounds [V¢| < 2B.L~%/? and |¢p| < B>L~¢. Thus, sz]—_mqb satisfies (38) and
is therefore an admissible choice in (37), yielding ‘

‘IE[ Inln{(aSel RVE [a}}VE])za BZL™] “42)

— f min{(x — E[a} E])?, BZL™}MP (x) dx
R

3/2
Ci
<2B2L 2. :;—’Ajr'ﬂ log L|€@-).,

The tails (subject to truncation in our choice of ¢) can be estimated by

/ G~ E[aFVED ~ ¢ M‘S(x) dx
: [(|asel RVE E[G,SVE“Z . Bchid)_i_]
+ /R (x — ElaR¥E11> = BZL™), MP(x) dx

£]E[(| RVE E[ RVE]| _BLZL—d)+]

RVE 2 2y —d
/f aij 1" =B;L )+NVar (aEVE,f(a))(x’y)dydx’

where in the last step we have used (18), (35), and (44). Applying Holder’s inequal-
ity, we obtain
ij

+ f [(x — Elay""1)* — ¢ ()] M“(x) dx
R

c
sV

A

E[| 1§VE ]E[aleVE]|4]]/2P[| SVE ]E[aleVE” > BCLfd/2]1/2
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IE[l'/\/Var aRVE| ] IP>[|~/\[Va1r a}}VE' z BcL_d/2]1/2

- c B. \”
< —exp| —c| ——— ,
=N *P [log LIC

where in the last step we have used Lemma 19b and the bounds (36a) and (36b).
Combining this estimate with (42) and choosing B, := C|log L|€@"), we
infer

‘ [( sel RVE E[GSVE]) /(x _ ]E[GRVE ) M(S(x) dx (43)
32
Ck;
< 81’; L7372 10g L|€@D),

sel-RVE :

In other words, the variance of a; 7 is determined up to an error by the vari-

ance of the probability distribution M?. To estimate the latter, a straightforward
computation yields

f (x — Ela;"" > M® (x) dx
34) 1
sl /R } / Var @RV e (x — Covl[a¥", F(a)l(Var F(a))™'y — Ela;'"])
x x{|y,<5L-d/z}NVar F@®) - (x —Ela ") dx dy
/ i / 7 + CovlaRVE, F(a)](Var F(a@)™'y) Ny, ARV gy (F) 0F
R 1l
X X{|y|§8[,*d/2}NVar Fa(y)dy.
By the symmetry of the set {|y| < §L~%/2} and the probability density Mvar F(a)(y)
Yy y (a)
we have [on YX(jy1<sr-d2)Mvar F(a)(¥) dy = 0. As a consequence, we get

/ (x — Ela;"" 1> M® (x) dx

= % /R (Var e + (Coviaf®, F@)(Var Fa)™'y)’)

X X{|y|§3Lfd/2}NVar Fay(y) dy

—~

13)

3
< (Var BV unexpt + 82 Cov[aRVE, F(a)](Var F(a))™" Cov[F(a), aRVE])

1
X ;A;{ X{‘y|§8L*d/2}NVaI Fla)(y)dy

(Var BV unexpt + 82 Cov[aRVE, F(a)l(Var F(a))™' Cov[F(a), aRVE])
= (1= —8%|p/*)Var a3'".

Together with (43), this entails (16). To prove (20), we repeat the proof of (43) and
just replace the use of (37) in the proof of (43) by (39).
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Note that the lower bound (22) on the variance given in Theorem 4 follows also
from the estimates (43) and (15) and the lower bound f (x— IE[aleVl“:])zj\/l‘S (x)dx 2

(1 —|p|*)Var a,RjVE, the latter of which is derived analogously to the upper bound
[(x — E[aleVE])zM‘S(x)dx <1 —(1—8%|pl*)Var aleVE.

Step 3: The probability density of the reference distribution. For the purpose of
this subsection, introduce the abbreviation for the covariance matrix

Var aR.VE COV[QR-VE f(a)]
. RVE _ ij 17 ]
A := Var (‘11] , F(a)) (Cov[]—"(a), a}}VE] Var F(a)

The probability density M?® of the first-variable marginal of the corresponding
multivariate Gaussian conditioned on |F(a)| < § L~%/2 which is the probability
distribution by which we approximate the distribution of ais;l'RVE, is given by
1 J
= = Xy <sL—d/2
Jo Jev xyi<se-amNa G, y) dy di Jgu " VIEE

X Na(x — E[a}}VE], y) dy.

M (x) = (44)

Our goal is to show that this probability density M® may be rewritten in the form
(34). To this end, we recall some basic linear algebra. The Schur complement of

the symmetric block matrix
A B
M= (BT D)

(with AT = A and DT = D)is givenby T := A — BD~!' BT and the inverse of
the matrix may be written as

A B\ 7! ~7-'BD~!
B" p) “\-D7'BTT"! D '4+ D 'BTT-'BD7!)"
The determinant may be expressed asdet M = det T'-det D. The Schur complement
allows us to rewrite the quadratic form defined by M~ as
M@y @y =T"«~BD'y) - «=BD 'y)+D7'y-y.
As a consequence, we get for M := A that
T = Var a;"" — Covla;"", F(a)](Var F(a))~ ' Cov[F(a), a;'"]

RVE
= Var a;; lunexpl

and

_ L
Natr.y) = (zn><N+1>/2me"p<‘§A (x,y>-(x,y>) (45)

= Miar @RV} (¥ = CoVIa;™, Fl@)l(Var F(@)™'y)Myar 7o) ().

Now, (34) and (44) are seen to be equivalent.
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Step 4: Proof of the normal approximation estimate and the lower bound on the
probability of the event | F(a)| < L™/, First, let us show the lower bound (35).
We have

/RN[RX“”SL_M}NVN (aEVEy]:(a))(X, y) dxdy

= /15@ X{|y\§aL*d/2}NVar Fa(y)dy

(13)
2 /RN Xyi<sr—a2yNeop - (v) dy

1 2
2 ox YISSL—P) (5 S L=y exp(—87)dy

> c(Nycy Vs,

establishing (35).

The estimate (36b) is a consequence of the estimate on Var (a®VE, F(a)) which
follows from (36a), (13), and the exponential moment bounds for Gaussians. The
bound (36a) is a consequence of Lemma 12 (note that by Proposition 7, Lemma 12
is indeed applicable).

Our next goal is to show (37) and (39). Let q~> : R — R satisfy (38) and suppose
that we would like to estimate the error

E[¢(as V)] - /R GO)M° (x) dx.

As the distribution of afj‘?l'RVE is obtained from the distribution of a[R/.VE by condi-
tioning on the event |F(a)| < SL—4/2, by (34) and (44) this error expression is
equal to

E[(aRVE)] - / FOMP (1) dx

_ 1 < RVE
T P[|F(a)| < 5L-4/2] <]E[X[\-7:(64)\§5L7d/2}¢(aij )]

- A;{ . &(X)X(\)v\gaLfd/z}NA(x - E[HEVEL ydix, )’))

(46)

ey Ayisr-amNaGe ) dx,y) 1)

7 P
* /1% POMI) d"( PlIF(@)] < 5L-17]

Up to the normalizing factor 1/ ]P’[ | F(a)| < 8L~/ 2] , the first term on the right-hand
side is given by

E[(b(aRVE _ E[QEVE])] _ /

RxR

N¢(x’ y)NA(x’ }’)d(xa Y),

where ¢ : R x RY — R is defined as

x RVE —d/2
d(x +E[aij D for |y| = 8L / s

47
0 for |y| > §L—4/2. “7)

d(x,y) :=!
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We would now like to show that (a suitable multiple of) the function ¢ is admissible
in the error bound (33). By the estimate

oscr@(x, y) §X{|y\§6L*d/2+r}OSCr($(x + ]E[aleVE])

+ Xiyletsr-ar2—rsL-4r+r |9 + Elafy PN,

we obtain, for any zg = (xo — IE[aleVE], y) € R x R¥, also making use of the
abbreviation Q := Cov[aRVE, F(a)](Var F(a))™",

/ 0s¢, ¢ ()N (z — z0) dz
RxRN
< ./RN '/R(Oscﬂl;)(x)X{|y‘§5L7d/z+r}NA(x —x0,y — yo)dx dy

+ /RN /R @1 X yjersr-d2—r.sr-dr2 1 NA (& = X0, y — yo) dx dy

XiylelsL-4/2—r.s1-4/2 411 Nvar F(a)(Y — Yo)

(45)
= /RN X{y1<sL 4241 NVar F(a) (¥ — Y0)
x /R (05¢,$) (¥) Ny, ARVE |perp (¥ — X0 = Q(y = y0)) d dy
o

RN

X /R |1 ()N ARVE|penp X — X0 = Q(y — o)) dx dy
A{N X{|y|§6L*d/2+r}NVar Fay(y —yo) -rdy

—dn
+ /RN Xiylesr—d2—rsi-4/2+rNvar F (v — yo) - L™ dy,

and therefore
/ 0sc, ¢ (2)Na(z — z0) dz
RxRN

—d)2
<r+L7Y A@N Xly+yoleldL-d2—r,s1 42411 NVar Fia)(¥) dy

Sr L sup / Nar Fa) () dy
(WISIBY (L2 4r)N —L=d22—r)} ) I W

8L7d/2 N _ aLfd/Z_ N
<r+ L min 1,|va|-( +r)” —( r)+}

(2m)N/2/det Var F(a)
N@L™42 4 r)N=1.2r
(2m)N/2/det Var F(a) }
C(N)rN + C(N)(SL™4/%H)N =1y
V/det Var F(a) }

<r+ L ?min{l1,|BV|

<r+ L% min{1,
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(13) C(N)L—d/Z C(N)8N_1L_d/2
S r+ i + N’
J/det Var F(a) J/det Var F(a)

By our assumption (13), this yields, for any zog € R x RY,

f 08¢, ¢ (2)NA(z — z0)dz S Cr.
RxRN

Looking at Definition 8, we would have %d) € ®, if it were not for the qualitative
Lipschitz continuity condition for functions in ® 5. However, for a standard family
of mollifiers p, supported in {|x|> + |y|> < &} the approximations ¢ (x, y) :=
(pe * §)(x, (1 — 2871 L9/2e)y) satisfy ¢ € P forany & € (0, F8L4/2] (see
Definition 8) for some constant C. Furthermore, the ¢, converge poinwise to ¢ for
& — 0 (by (47) and the continuity assumption on ¢; it is here that we need the
dilation factor (1 — 28~'L%/2¢) in the second variable due to the discontinuity in
the definition (47)) and satisfy a uniform bound of the form | (x, y)| < L™¢/?
(by (47) and (38a)). Choosing the functions %q&g in the definition of the distance
D and passing to the limit ¢ — 0, we infer

’E[X{lﬂangﬂd/Z}‘lB("FjVE)]

- /R By oo Na (6 = Bla . ) dex, )

(47),(30)

< CD((@" — Ela3 1, F@), Na).
Theorem 9 is applicable to the random variable X := (aleVE, F(a)) by our assump-
RVE
ij
provided by Proposition 7. In total, with the notation A := Var (a}}VE, F(a)) the

tions on F(a) (see Assumption 1) and by the multilevel decomposition of a

application of Theorem 9 to (a}}VE, F(a)) yields

’E[X{lﬂangsLd/2}¢3(a5VE)]

- /R By o N (6 = Bl ) dx, ) 48)

< CWd,y, N, K)B*|log L|C4Y (LAY A2 P L
< CWd, 2y, N, Cok;/ L™ log L|€@),

where in the last step we have used (13) (which entails L4 < |A1/ 2|2) and the
definition of «;;.

Applying a similar line of argument to the random variable 7 (a) and the func-
tion

1 for|y| < 8L/,

o)== 0 for|y| > 8L~9/2,
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we obtain

Elxirwizsi-im] - fR | XL Nar F () dy (49)
< Cd.y. N, Co)CyN 2L~ log L|C@7C0),

where we have estimated « (Var F(a)) by (13). Together with the lower bound (35)
and our assumption ¥ > CL~4/?|log L|€@7-C0) this estimate implies (18).

Plugging in the estimate (48), the lower bound (18), and the estimate (49) as
well as the assumption (38a) into (46), we deduce (37). The estimate (39) follows by
repeating the above steps, but appealing in the proof of (48) to the bound (33) instead
of (32) and choosing A := Var (a}}VE, F(a)) + L~4/>=4/81d (which ensures by
(13) that k (A) < CL4/3). 1

We now turn to the proof of the moderate-deviations-type result for the selection
approach for representative volumes stated in Theorem 3.

Proof of Theorem 3. Fix § > CL~4/>~F/2_Qur goal is to estimate the probability

[S—)

= P[1aR"E — ElafVE) 2 § ‘ |F@)| £ sL7]

P[|aRVE — E[aRVE]| = S and | F(a)| < §L~/?]
= Y Y . (50)
P[|F(a)| < 8L=4/2]

The main task is the derivation of a suitable estimate for the numerator. To this
aim, we apply the moderate deviations estimate from Theorem 10 to the random
variable (aleVE — E[aFjVE], F(a)) and the set A := A| x Ay with
Ap:={xeR:|x| = §+CL_d/2_ﬂ},
Ayi={y eRY 1|y S 5L},

By Proposition 7 and our assumptions, the application of Theorem 10 is possible,
resulting in the estimate
P[(a3¥" — Ela;'"1, F(a)) € A]

<

> N[\(xvy)d(x7y)

N /{(x,y)eRxRN:dist((x,y),A)fCLﬂLd/2}
+ Cexp(—cL*|log L|7©)

< / X< 6 CLfy ) /  Ni(y) drdy+ Cexp(—LP) (51)
RN R\[-S,S]

for some positive definite matrix A with

|A = Var (aR'E, F(a)| £ CWd.y. N, K)|log LI°L™> L™ (52)
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We intend to apply the factorization property (45) to the matrix A with the notation

- A B
A=y =]).
(i 5)

By (52) and the bounds L~ Id < Var F(a) £ CL~¢1d (see (13)) and Var aleVE <
CL™ | log L|? (see (36a)), we deduce

|ID~!' — (Var F(a))"'| < cLIL™? (53)

and

|BD™! — CovlaRVE, F(@)1(Var F(a)™'| < CLPllog L. (54)

As a consequence of these estimates and (52), the formula (17) for | p|? implies for
T := A— BD 'BT that

[T — (1= |pP)Var ai¥®| < CL™*P|log LI“. (55)

Using the bounds Var aleVE < CL | logL|? and |p| < 1 as well as (54), (17),
and (13), we obtain for any |y| < (8§ + CL™#)L~4/2 that

BD™! RVE —dj2—
BD™'y| < Calply/Var af® + L7, 56)

Applying the factorization property (45) to the first term on the right-hand side of
(51), we obtain

/ X{y|S@+CLB)L~ d/Z}f o N[\(X,)’) dxdy
R\[-S,5]

/ / L — BD™'Y) xqyi<ercr-py-amNp(y) dx dy
RN JR\[ ss =

< / / _NG(x) -exp (]N’*lx . B[)*]y)
RY JR\[=3.5]

X X(y|S@+cL-#-12Np () dx dy

(56) —x2 4 C8|p|,/Var a}}VE|x| + Clx|L™4/2=8
o Lsa e )
RN JR\[-S,5]

2T
X X{|y|§(3+CL*ﬂ)Lfd/2}N[)(y) dx dy.
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Assuming that § > CL~4/2=P/2 we deduce

X{y|< -8 —d/z/ ~ Ni(x,y)dxdy
/RN (VSGHeL=nL=aly [ oo A

Cd|pl,/ Var a}}VE L*ﬁ/z

1 —(1 - .
= / / — exp( ( S
RN JR\[-S.81 /27 T 2T

X Xqy<@rer-pyL-aNp(y) dx dy

1
= / Ny (x) dx
R\[-3,5] | C6|p|,/\~’ar aSVE Y

N

x /RN XyiE@+cL-pyL-42yNp () dy,

with

T
V-

- cmmWS—l -2

)x2>

(57)

Using (53) to estimate the last factor in this estimate and assuming for the moment
S > C8|pl,/Var alRVE as well as L > C(pB) to estimate the quotient in the first

J
factor, we get

X{y|£@+CL=B)L=d/2 f ~ Ni(x,y)dxdy
/RN (rerer-mr=ary fo o Na

RVE

Cé|p|,/Var a;; s
S({1+——+L Ny (x) dx
S R\[-5,5]

x /]RN Xyi<ereL-# -4 Nvar Fray-cL-a-261a(y) dy.

Using the bound L=?1d < Var F(a) from (13) and assuming L2 < ¢, we get

X{y|£@+CL—# —d/2/ ~ Nji(x,y)dxdy
/RN {lyIS(@+CL=F)L=4/2} R\[5.5] A

RVE

Cé|p|,/Var a;; o
(i N T / Ny dx
N R\[-3,3]

X /}RN Xy @+20L-#) 1423 Nvar Fa)(¥) dy,
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and therefore by the upper bound [Ny 7o) < C(L™%/?)~% and the estimate on
the volume [{8L~%/2 < |y| £ (8 + 2CL~P)L=/2}| < C(L=4/?)d-1[—=d/2=B,

X{y|S@+CL-P)L=d/2 / ~ Nji(x,y)dxdy
/RN {IyI=6+ ) ) R[5 A

C$|p|,/Var aleVE
<(1+ AT ) [ s
R\[-S, 8]

X (./RN Xyi<sr-a2Nvar Fay(v) dy + CL—ﬁ)-

By T < (1 —|p|*)Var a}}VE + CL=P1d (which follows from (55)) and

Var a}}VE < CcL7%1d, we deduce from (57) under the assumptions

S > Cs|p|,/Var afVEand L = C(B)

3 C$|p|,/Var aleVE
Vv<Vi= <1 + f>(1 — |p[*)Var afYE + CL™F2 (58)

As a consequence, we obtain

X{y|S@+CL-P)L—d/2 / ~ Nji(x,y)dxdy
/RN {Iyl=6+ ) ) R\ A

C$|p|,/Var aleVE L
<(1+4 ——M+1L Ny dx
S R\[-3.3]

X (./RN Xyi<sr-a2Nar Fa)(v) dy + CL_/S>~

Plugging this bound into (51), we obtain
PllaS'® —Ela*1| = §+ CL™*7F and |F(a)| £ 6L7/]
RVE

Cé|p|,/Var a;; iy
§ 1+ ———+L / ~~./\f‘~,(x)dx
S R\[-S.,5]

X (/I‘RN X{‘y|§8L*d/2}NVar Fa(y)dy + CL_ﬁ)

+ Cexp(—Lﬁ).

Inserting the previous estimate into (50) and using (49), (35), and (18) as well as
the assumption 8V > CL~¢/? to estimate the denominator, we get

Pllags™®VE — ElaF1 = § + L™/ F]

C81 /Var ClleVE C C
< (1 + LW) / Ny dx + —exp(—LF).
R\[-5,5] 3

S N
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Note that we have the estimate |E[aleVE] —anom,ij| < CL™|log L|€. By redefining

S (and possibly increasing the constant in (58); recall that § > L~9/278/2) we
obtain

sel-RVE R
P[W;; - ahom,ij| 2 S]

C§. /Var af}VE C 5 C 5
S|4+ ————+ 5L >/ Ny (x) dx + — exp(—L").
( S 8N R\-5.5 §N
Finally, tS:= 1+ —L—)1—|p®)Var aRVE 4+ L-4-B/2 . 5. U
inally, we se (1+ «/ms)( |p|#)Var a;; + s. Upon

redefining B, this yields the desired estimate (21). O

5. The Multilevel Local Dependence Structure of the Approximation for the
Effective Conductivity

We now prove that the approximation a®VE for the effective conductivity ob-
tained by the representative volume element method may indeed be written as a sum
of a family of random variables with multilevel local dependence structure in the
sense of Definition 6. Furthermore, we show that the same is true for the spatial av-
erage of the coefficient field F g (a) := JC[O, Lejd @ dx and also for the second-order

correction F_point(a) to aRVE in the setting of small ellipticity contrast.

Proof of Proposition 7. Part 1: The spatial average of the coefficient. First, let us
show that the average Fg (@) := JC[O Lejd @ dx is approximately the sum of afamily
of random variables with multilevel local dependence structure. Decomposing

1
Favg (@) =][ adx = Z vl a dx,
[0, Le]d L)y 110,614
’ yeeZdn[0,Le)d "
::X()),

defining the X(y) as indicated in this formula, and setting X ;’ =0form = 1, we
immediately observe that the average F,,,(a) is the sum of a family of random
variables with multilevel local dependence structure with K := 1. The bound (26)
follows immediately from the uniform bound on a (with B := ||a||.~ and arbitrary
y > 0).

Part 2: The approximation a®VE for the effective coefficient. Next, let us show
that a®VF is approximately the sum of a family of random variables with multilevel
local dependence structure. For simplicity of notation, let us assume that ¢ = 1.

Recall that the corrector ¢; associated with the periodized ensemble is the
unique L-periodic solution to the equation

V- (a(ei + Vi) =0 (59)
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with vanishing average f[o L @i dx = 0. We shall use the decomposition of the
(L-periodic) corrector ¢; according to

o0
6= [t as (60)
where u; = u;(x, s) is the (L-periodic) solution to the parabolic PDE
d . d
d—ui =V - (aVu;) in [0, L]* x [0, 00),
s
ui(-,0) =V-(aeg) in [0, L]d.

Observe that the parabolic PDE directly entails

'
V. (a(ei + V/ ui(-, 8) ds)) =u;(-,1). (61)
0

Thus, decay of u; for t — oo implies that ¢; may indeed be decomposed as
fooo u; (-, s) ds. Note that exponential decay of u; (with an L-dependent constant)
is immediate by the standard energy estimate, the vanishing average of u; (-, s) for
any s = 0 (as the average of the initial conditions on [0, L1 vanishes), and the
Poincaré inequality.

Recall the key result from [55] which states that under the assumptions of
ellipticity, stationarity, and finite range of dependence (A1)-(A3) the full-space

. d . . .
variant u{g (-, s)—that is, the solution to the equation

d
au]}kd =V (@' vul) in R x [0, 00),
WF (L 0) =V (@) inRY,

with a®’ denoting a coefficient field from the original (non-periodic) ensemble of
coefficient fields—actually decays like s ~(174/2)/2 in suitable norms.

Theorem 11. ([55], Corollary 4) Consider an ensemble of random coefficient fields

L subject to the assumptions (Al)—(A3) with range of dependence ¢ := 1. Then
forany T > 0 we have the estimate

12
][ Vul (. D)Pdx)  <c@® )T (62a)
{(IX|SVT}

1/2
<]€| <ﬁ}|u1R"(~,T>|2dx> <c@®, )T (62b)
Xl=

where the random constant C (aRd, T) satisfies for any § > 0 a bound of the form

E[ex (M)} <
P\7cars )|=
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Note that the second inequality (62b) is actually not contained in [55, Corol-
lary 4]. However, it is an easy consequence of (62a) (the proof is provided below).

By ¢>;‘ and u;‘ we shall denote the corresponding quantities for the adjoint
coefficient field a*, that is ¢>;‘(~) = fooo u“;.(o, s) ds with uj‘ being the L-periodic
solution to

—ui =V (a"Vu?) in [0, L1¢ x [0, 00),
ds J J
ui(,0)=V-(a‘e)) in [0, L]%.

The full space variants u"f’Rd satisfy also estimates of the form (62a)—(62b), as the

conditions (A1)—(A3) are invariant under passing to the adjoint coefficient fields.
We introduce a “cutoff scale” L as the largest integer power of 2 not larger

than m for some constant K = 1 that remains to be chosen. Defining Ty :=

(Lk)?, we now compute, using the properties (59), (60) and (61), that

aRVEei e =][ ae; +V@;)-ejdx
[0,

‘5_—9)][ alei + V) - (ej + V) dx
[0.L)¢

©0) ! .
= alei +V ui(-,s)ds |- e +V uj(~,s) ds ) dx
[0,L14 0 0

log, L gk+1 4k
+ Z ][ aV/ u;i (-, s) ds-<ej+V/ ujf(-,s) ds)dx
i—o JI0.L1 4k 0
logy Lk 4k gkt
+ Z ][ a(ei+V/ ui (-, s) ds>~V/ uj(-,s) ds dx
=0 “10.L1¢ 0 4k
log, L gk+1 gk+1
+ ][ aV/ ui (-, s) ds~V/ u®(.,s) dsdx
,; [0,L1¢ 4k ' 4k /

o0 4TL
+][ aV/ u; (-, s) ds - <ej + V/ uj‘( s) ds) dx
[0,L14 41 0
4TL [e¢)
+][ a(ei—i—V/ u; (-, 8) ds)-V/ uj‘»(~,s) ds dx
[0,L)4 0 ATy
o0 o
+][ aV/ u;i (-, s) ds - V/ u;‘»(~,s) ds
[0,L]4 ATy 4T,

©1) ! .
= alei +V ui(-,s)ds |- e +V u/(~,s)ds dx
[0.L1¢ 0 0

10g2 Lk gk+1

— Z ][0 . u; (-, 8) dsu;‘f(-,4k)dx
k=0 vI0.LIT /4
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logy Lk 4l
Z ][ ui (-, 4 )/ Wi, s) dsdx
0,L}4
10g2 LK gk+1 4k+1
+ ][ an ui (-, s) ds~V/ uh(-,s) dsdx
,{2:% [0,L14 4k l 4k !

o0
—][ / u; (-, s) ds u’;(~,4TL)dx
(0,219 Jar,

o0
—][ ui(-,4TL)/ uj(-,s) ds dx
[0,L14 ATy

o0 o0
+][ aV/ u; (-, s) ds-V/ u}f(-,s) ds dx.
[0,21 4Ty 4Ty

We now decompose the integrals into integrals over cubes with side length ~ 2%,
resulting in

aRVE (63)

1
= Z ][ a<ei+V/ u;i(-,s) ds)
(x0+[0,119)N[0, L) 0

onZd
1
. (ej + Vf u7(~,s) ds) dx

10g2 Lk gk+1

1
Z Z —d/ / u;i (-, s) ds u}f(-,4k) dx
=0 xgerrze B oot0.290000.L1
]og2 Lk 1 gh+1
- Z — ui (-, 4)/ Wi, s) ds dx
k o L J(xo+10,2414)n10, L1
log, Lk 1 gkl
+ Z Z 7d o daV/k u;i(-,s) ds
20 xgedizd (x0-+[0,2514)N[0, L] 4

4k+1

~V/ uj(-,s) ds dx
4

k

o
—][ f ui (-, s) ds u§(~, 4T) dx
[0,L14 J4Ty,

o0
—][ Mi(-,4TL)/ ui(-,s) dsdx
[0,L14 ATy

o0 o0
+][ aV/ u; (-, s) ds - V/ u}’f(-,s) ds dx.
[0,L}4 a7y, 4T,

We now intend to replace u; and uj in each of these expressions by a proxy with

localized dependence. To this end, for any k € Ny and any xo € 2¥Z¢, define the
coefficient field ay y, on the full space R4 as
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a(x) for |x —xo| £ /K[log L]2K"1,

Oz (¥) = Id otherwise. ©4)
Define a corresponding u; k x, as the solution to the equation
d
E“i,k,xo =V. (ak,xovui,k,xo)’ (65a)
Uik, (. 0) =V - (ag x€i), (65b)

and introduce, analogously, the function u], v 38 the solution to the equation
with ay , replaced by a,’: 0 Note that while u; and a are defined on [0, L]¢ and

extended to RY by periodicity, both ai x, and u; k x, are defined on R4 and lack any
periodicity.
By Lemma 15—applied with M := %«/K| Tog L[ and r := 2K—we have

][ i 1) — g D (66)
{lx—xo| S2d-2k}

d .
< cJKlogL"? exp(—cK|log L) < C(d, 1, K)L~K

for any r < 4¥+1 and
/

and analogous estimates for the difference u* I u’

4k+1

][ Vi — Vi o) dx dr (67)
lx—xol Sd-2k)

< Cexp(—cK|logL|) £ C(d, », K)L™K,

k,xg*

As our probability distribution of coefficient ﬁejlds aon [0, L] is the periodiza-
tion of a probability distribution of coefficient fields a®' on R4 , by definition of a
periodization (see (A3.)) for each xo € [0, L) and any k < log, Lg the law of
Al 4K log L[—2k 2 coincides with the law of a®’ |xO+K10gL[_2k’2k]d. As a conse-
R4

quence, the law of u; x v, coincides with the law of ul where u;", 0 is defined

i, k xo
analogously to u; , x, (replacing a in the definition by a®’ ). Therefore any moment

bound on MRZ carries over to u; k x,. Applying Lemma 15 to ul k o> We obtain
estimates analogous to (66) and (67). The estimates from Theorem 11 therefore

carry over to u; Z’ o provided that we choose K = C; we have for ¢ € [4]‘, 4"‘“]
and T = 4% with 2 < L that

172
][ Wi P dx | < c@®, i,
{lx—xo|=d-2k}

4T 12 |
f f | lkxO(T)| dxdt éc(aR{’T) T_l_d/47
T H{lx—xo|<d-2¥}
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]Rd R4 .
for some random constants C(a™ , t), C(a™ , T), with

1C@™, D)lloxp2s < Cd. 1, K. 8),
1C@™ Tl < C(d. 2, K, )

for any § > 0. By the coincidence of laws, we get, for ¢ € [4k , 4k+1] and T = 4%,

1/2
][ i fxg O dx | S Cla, 0712744 (68a)
{lx—x0|<d-2k}

4T 172
][ ][ |Viti oo (T))? dox dt <C(a, T)T~'74/4, (68b)
T J{x—xo|Sd2k)

for random constants C satisfying

||C(a7 l‘)”expzf(5 g C(d7 )"9 K? 8)9
||C(a7 ]‘)llexpz_’S g C(d7 )\'7 K’ 8)

for any § > 0. Furthermore, the bound (102) yields an estimate of the form

<J€|XX0|§11}

By (61), its analogue for u; ¢ x,, and the definition of ag y,, we have in {|x — xg| <

1 .
2d} that —V - (aV(fy ui(-, ) — i 0,50 (-, 8) ds)) = u; (-, 1) — 0,5, (-, 1), which
implies, by the Caccioppoli inequality,

1 1
][ ei + V/ u;ds — (e,' + V/ Ui 0,x0 dS)
{lx—x0|<d} 0 0

< c][ (o 1) = g 0,00 (s D2 dx
{lx—xo|<2d}

+cf
{lx—x0|=2d)

< C][ i (-, 1) = t7.0.00 (- 1)|* dx
{lx—x0|=2d}

1
+C][ [ i (-, 8) = 1,05 (-, $)|* ds dx
{lx=x0|=2d}) JO

(6 e
< C(K)L~K, (70)

2 1/2
dx) <CWd,\). (69)

1
e + V/ Ui 0,xo ds
0

2
dx

2

1
/Oui(~,S)—ui,o,xo(~,S)ds dx
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As a consequence of our definition of u; x y,, for the choice

1 1
x0 ::—/ a<e~ +V/ Ui 0.x0(, ) ds) (71a)
0L o000, \ o

1
. (ej + V/O ujf’o’xo(gs) ds) dx,

4k+1

1
péag :=—_/ / Ui koo (o 8) ds u (45 dx (71b)
o 7d (0t 1029000217 Jat i,k,xo J.k,xo

4k+1
k *
_ u; 4 u® -, 5) dsdx
Ld /(XO+[0,2k]d)ﬁ[0,L]d oo )[tk oo >9)

gk+1

1
+ —d/ aV/ Ui k,xo (e 8) ds
L J(xo+10,2414)n(0, L1 4

gk+1

-V/k ujf’k’xo(ys) ds dx
A

for 0 < k < log, Lk, we see, by (64) and (65) and /K logL = 1, that X’;O
is a random variable which depends only on al, | k jog 1[0k 2k1¢, that is the first
condition of Definition 6 is satisfied. Furthermore, by (68) and (69), we obtain, for
any 0 < y < 1, an estimate of the form

X lexpr < C(d. 1y, K)L™, (72)

We now intend to replace the terms in the first five terms on the right-hand side of
(63) by the X’;O with 0 < k < log, Lx + 1, using the estimates (66), (67), (70),
and Holder’s inequality to bound the arising error. For example, we may estimate

1 4k+1
‘ — —d/ ui(~,4k)/ ujf(-,s) ds dx
L J (xg+10,241)n(0, L1 4

gk+1

e / "
- — Wi xo(ys) dsu, . (-, 4%)dx
( LY J ot10.2419)000, L1 Jak b S0

4k+1)/2 o 172
—d(f i (-, 44)] dx)
L (x0+[0,2419)N[0, L1

4k+l 1/2
X ui(-,s) —u’ 8 ds dx
</<xo+[o,2k]d)n[0,ud A’f 14708 = ko €9 )
4k+1)/2 1/2
] </ i (-, 4%) =t vy (-, 45 dx)
L (x0+10,2519)N[0, L1

4k+1

1/2
) |u§ 4 (-, 8)> dsdx !
(x0+[0,2%19)N[0, L4 J4k Jik,xo

66 C(d, r, K) o2
< —d< / |t o (- 45) P dx + L CK)
L (x0+[0,2€1)N[0, L]
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X (Zk)d/zL—cK
Cd, X K)
oLd

gk+1

1/2
: / f [ gy > )17 ds dx /,
(x0+[0,2619)N[0, L1 J 4k Jk,xo

where in the last step we have used 4¢ < CL? and (2%)?/2 < CL4/2, absorbing
these factors in the factor L=¢X (possible for cK > 4+42d). Proceeding analogously
for the other terms in (63), we deduce

+ (2k)d/2L7c1(

1+log, Lk

RVE 0 )

a-eicej E X% Z E X
x0€Z4N[0,L)4 k=1 xoe2k7Z4n[0,L)d

2

1
e+ V/ Ui 0,x, (- 8) ds
0

1
e x o wll
= Z Ld o410, 114

x0€Z4N[0,L)?
2

1/2
+ dx + L"K> L*CK

1
ej+ V/O ujf‘o’x()(.’ s)ds

log, Lg

1
+C —(/ |M',k, (.’4/()'2
Z Z Ld 040,261 i,k,xq

k=0 xoe2kz4n[0,L)?
12
100 gy (2 AP o+ L"K>

x (2kyd/2p <K

log, Lk o

1
" _(f / i ko ()1
Z Z Ld X0+[0’2k]d i,k,xo

k
k=0 XOEZkZdO[O,L)d 4
1,2
2
+ |u7,k,)(0('3 S)' dS dx)

X (Zk)d/szcK

log, Lg o

1
e _(/ / Vit oy ()1
Z Z Ld x0+[0’2k]d 4k 1,K,X0

k=0 X()€2kZdﬂ[(),L)d

o0

+][ / ui (-, s)ds
[0,L19 1 J4Ty,
o0

+][ |ui(-,4TL)|‘/ ”?(',S)ds
[O’L]d 4TL

o oo
—i—C][ V/ ui(-,s)ds V/ Wi, 5) ds
(0,3 4T, 4

Ty

172

|u (-, 4Tp)| dx

dx

dx.




684 JULIAN FISCHER

Inserting the estimates (68) and (69), we get, for some C(a) with [|C(a)|lexpr <
C(d, A, K,y)forany y € (0, 1),

1+log, Lk
RVE 0 k
PR S D S S 2
x0€Z4N[0,L)4 k=1 xoe2kZ4n[o,L)4
log, L log, Lk log, Ly
<cLf4c@ Y L +cC@) Z VALK p @) Y LK
k=0 k=0

(-, 4Tp) | d

o0
+][ / u;(-,s)ds
[0,L14 | J4T,,
o0
+][ |ui('a4TL)|‘/ u7(~,s)ds dx
[0,L)4 ATy

o0 o
+C][ 'V/ u;i (-, s)ds V/ ujf(~,s)ds dx
[0,21 4Ty 4T;

The bound (66) and its equivalent for u]le and u®

enable us to transfer the

i, k X0
bounds in Theorem 11 from ul.Rd to u;. Recalling that 71, = (L K)2, we obtain
][ i, T)Pde = ) —"f i (-, To)Pdx (74)
[0,L]14 xoeLgZd x0+[0,Lx14N[0,L]4
©® —cK 2
<c Y L <L + f o liogy L L) dx)
roeLaZA y+H0.L1N(0.L)
and
d 2
U Flog, L xo - TL)I dx
fy+[o,LK]dm[o,L]d 1082 BK0

< 2/ |u1R"(-, Tp)> dx +2CL~<K/2,
VHO,Lg19N[0,L14

The latter estimate entails, in view of Theorem 11 (choosing K = C and recalling
that /T, = Lg < m), that

R (. Tp) 2 dx "
y+[0LK]dm[0L]d iogy Lic.xo "> TE

<c@®,y, Ty,

where again ||C(aRd, Vs To)|lexp2-s < CWd, », K, 8). By coincidence of the laws
d

Ofa'xo—‘rK]OgL[—LK,LK]d and aR |x0+K10gL[—LK,LK]‘1’ we get, fOf K 2 C from the

previous estimate and (74),

—1-d/2

][ lu; (-, Tp) 1> dx < Ca, Tp)T, (75)
[0,L14
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where ||C(a, T)|expr < C(d, &, K, y) forany y < 1. An analogous bound holds
for uj Finally, the energy estimate for u; implies

d
— lui)? dx < —c][ |Vu;|? dx.
drJo, L 0,1

As the average of u; over [0, L]? vanishes, the Poincaré inequality implies, for
T 2Ty,

d c c
— lui|* dx < ——][ |V |* dx — 2][ Jui|* dx,
dr [0,L14 2 [0,L14 2CL [0,L]14

and as a consequence,

T
]L |u; (-, T)|* dx ~I—/ ][ |Vui|? dx dr
[0,L]¢ max{Ty,T/2}J[0,L]¢

T-T
<cdmen (- gos)f e TP
[0,L]4

C(d,)L?

Note that this estimate yields, in particular, that

21+1L2 2
][ / Vu; dt dx<2 Z ][ / Vu;dt| dx
[0,L1¢ [0,L1¢ 2012
I=—1log, T
2l+1L2
<2 Z ][ 2Ll L% |Vu; |2 dt dx
[0,L14 2012

I=—1log, T

<cC Z 22 L2 exp(— czl)][ lui (-, Tp)|* dx
I=—1log, T2

(75)

< C(a, TL) 4

< C(a, TL)(K|log LN*T2L™2,
where in the last step we have used that /77 = Lk is the largest power of 2 with
L
Lk g 4K logL"
Plugging these bounds and (75) into (73), we get, for K = C,

I+log, Lk

CREED DD S

k=0 xge2kZdN[0,L)d
< CL™ 4+ C(a, T)(K|log L)L,

(76)

with ||C(a, TL)Hexpy S C(d,A,K,y) forany y < 1. Choosing y € (0, 1) and

B:=C(d, i K,y)4K log L)** in Definition 6, defining the variable X, logy L+1

(which may depend on a on the full volume [0, L]¢) to account for the remaming

. I+log, L . ..
difference a®VEe; -¢; — k:ng K > xoe2k74A[0. L) X’;O,andsettlngtheremammg
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Xf.‘ :=0forlog, Lx +1 < k < log, L + 1, establishes that a®E may be rewritten
as a sum of a family of random variables with multilevel local dependence.

Part 3: The higher-order statistical quantity Next, we derive the multilevel
decomposition of the higher-order quantity in the small ellipticity contrast setting
F2—point- To do this, we decompose the solution v; to (28) as

o
vi() = / wi (-, 5)ds, (77)
0
where w; is defined as the solution to the parabolic PDE

—w; = Aw;,
dt
w;(-,0) =V - (ae).

As before, the representation (77) follows from the exponential decay of w;, as we
have —A [ wi(-,1)dr = V - (ae;) — w; (-, T).

We introduce analogous definitions for v;’.‘. Again, we may assume without loss
of generality that e = 1. We then observe, following an argument of MOURRAT [72],
that by formula (78) below, we have

fZ—point(a) 2][ aVv; - €j dx
[0,L]¢

=][ —Vv; - Vv dx

][ / / —Vw; (-, s1) - Vw (-, 50)dsy dsp dx

0,L14

(7=8)][ / / —Vw,- . St sz) . ij (-, m) dsj dsp dx.
.14 Jo Jo 2 2

Next, we deduce

o0
Fr—point(@) = —][ / 4s Vw; (-, s) - Vwi(, s) ds dx
0,L14

_ Z / / 4sVu),-(~,s)-Vw7(',S)dXdS

(x0+[0,119)N[0, L1

eZd
log, Lk
— Z Ld/ ][ 45 Vw; (-, 5) - Vi (-, 5) dx ds
il ez 4k=1J10,L14

o, f
- — 4s Vw; (-, ) - Vw*(-, s) dx ds.
L Jr, Jio,p l /

We may now proceed to argue just as in the case of aRVE. The required decay
estimates for the semigroup of the form

1/2
(7[ |le-(-,T)|2dx) <C(a,T,xp)T~'—4/*
|x—x0| SV/T}
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(with ||C(a, T, x0)||expz < C(d, )\)) are now a consequence of the explicit heat
kernel representation of the solution w; (as we are now dealing with a constant-
coefficient parabolic equation), the finite range of dependence ¢ = 1 of the ini-
tial data w; (-, 0) = V - (ae;), and standard Gaussian concentration estimates (or,
alternatively—though then with a less strong stretched exponential bound—the
concentration estimates of Lemma 20).

In the computation above we have used the simple fact that

][ Vw; (-, 51) ® Vwi(:, s3) dx
0,14 /
_ ' s1 + 82 % s1 + 82
_][o L) Vw’<” 2 )@ij(-, 2 >dx
2 —p)si + ps «f PSI+@2—p)sy
/ dp][ f) ® Vw; ( f) dxdp

=]€o e <” %) @ vus (- 12 ax. (78)

Part 4: Convergence of the variance Finally, we prove that the rescaled vari-
ances LYVar aRVE, L4Var Favg(a), and L9Var F2-point(a) and the covariances
L4 Cov[a®VE, Fue(@)]l, LY Cov[a®VE, Fo_poine(@)], and LY Cov[Fue(a),
Fa—point(@)] converge for L — oo. We limit ourselves to proving the conver-
gence of the rescaled variance L¢Var a®VE; the proofs for the convergence of the
other variances and the covariances are analogous. Furthermore, to simplify nota-
tion, we limit ourselves to proving the convergence of the variance for L = 2" for
some n € N; the proof in the general case is similar.

By Lemma 12, we obtain Var a®VE < C(d, A, K)L™9|log L|¢® . Using (76)
and this estimate, we deduce

1+log, Lk 1+4log, Lg

Var aRVE — Z Z 3 3 covixk xk)

ye2XZ4N[0,L) 5eokzdn(o,L)d

< Cd, 2, K)|log L|CL—3d/2.

Expanding the sum and using stochastic independence of many of these terms, we
may write

I+log, Lk

‘Var a®VE _ Z Z Z COV[Xk Xk]

k=0 ye2kzdn[o,L)d  je2kzdn[o,L)?:
[y—Flper SCK log L-2¥

I+log, Lg 1+log, Lx

- > ) > > (Cov[X%, xé] +Cov[X§, X4)

k=0 k=k+1 ye2kzdn[o,L)d S‘EZIEZdﬂ[O,L)d;
|y—Flper SCK log L-2F

< C(d, x, K)|log L|€L™3/2,
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d

Denote by X ]y"R the quantities defined asin (71) but with u; x , and uj k.x, Teplaced
d

by uE.Rd and u;‘.’R , that is for example, fork = O and y € 2k7d.

4k+1

d 1 d R4
Xy® = L7 Jiyi10 2k]d>/ ui (os)ds a4 dx
y

gk+1

1 R4
7 u 4")/ (- 5)ds dx
LE J(y+10,2419)
1 4k+1 4k+1

d
+ — aV/ M%-Rd(', s)ds - V/ ut R (-, s)ds dx.
LY S04y Jak w

Set X];’oo = LdXI;’]R . Note that Cov[Xl;’oo, X]}f,’oo] does not depend on L (by

definition of Xy’ k Rd) By the full-space variants of the estimates (66), (67), and (70)

(that is the estimates for the differences uR — ule . €tc., which are derived in

exactly the same way) and (72) as well as the equahty of laws of (products of the)
Ui k,x, etc. and (products of the) u; Z»xo etc., we get for k, k < 1+ log, Lk that

| Covixt, x%] — CovXE™ x5 < c(d.n K)L™K. (79)

By the definition of the X ’y‘ (see (71)), the definition of the u;  x,, and the stationarity
d  d
of the probability distribution of aRd, the covariance Cov[le"]R , X’;’R ] depends

only on k, k, y—J, L, and the law of a® (butnot on y for fixed y — y). Furthermore,
by (72) we have | COv[x’;, X%]| £ CL24. This implies, by (79),

I+logy Lk I d p .,
kR kR
Var aRVE _ Z (2_k> Z Cov[Xy™ , X5 ]
k=0 ye2kzdn[—L/2,L/2)¢:

|5—0|SCK log L-2F

—ZZz—k

I+logy Lk 1+log, Lk < L >d
k=k+1

d 7 d 7 od d
x 3 (Cov[ x5 ¥ ,X’;R ]+C0v[X§’R , XhE ])‘
jeakzdn[—L/2,L/2)%:
|5—0|SCK log L-2F
I+logy L 1+4log, L I d
< C(d, », K)|log LICLT34/? 4 Z Z (2—k> .Cd,» K)L™K
k=0 k=k
< C(d, », K)|log L|€L3/?
for K chosen large enough. i
The fact that (by stochastic independence) we have Cov[L? X;f Lix ];] =0
for |y — Ylper > Cd)2*K logL and k = k implies together with (79) and the
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definition of X ly"oo that (by selecting K large enough and by choosing L to be just
small enough for |y — 3| = C(d)2*K log L to hold in case |y — ¥| = C(d)K2¥, and
otherwise—that is for |y — y| < C(d)K 2k—appealing to the upper bound (72))

k.00 vk 00 < _ ly — ¥
| Covixh, xt ]|:C(d,A,K)exp< —C(d,k)Zk)' (80)

As a consequence, we obtain
1+log, Lk

L%Var aRVE — Z H Cov[X§™, x5

Je2kzd

1+log, Lg 1+logy L
- > Y @H ™ Y (Covixg™, "°°]+00v[x’f°° ’5“])‘
k=0 k=k+1 je2kzd
< C(d, », K)|log L|I€L™/?
1+log, L 1+4logy L ~ 0
+ Y Y ehd C(d,k,K)exp(— 'yc_zk ')
k=0 k=k

ye2kzd:
|5—0|>CK log L-2k

< C(d, », K)|log L|I€L™/?

1+log, Lk 1+4logy L

d
+ Y d>oehH <—k> C(d, * K)exp(—cK log L)

k=0 k=k
< Cd,r, K)|log L|€L™/2.

This implies

LéVar a® 2(2]‘) —d Z Cov[Xkoo koo]

Je2kzd
o o0 ~ -
Y ehe Yy (Cov[Xg’Oo,X];’OO]—l—Cov[X’yf’oo,Xg’oo])‘
k=0 k=k+1 jeokzd
< C(d, » K)|log L|CL™4/?
1+log, Lk
+2 Z Z @957 Y Covx k°°x’<°°]‘
—0 k=2+log, Lg yeZkZd
o0

+2 > Z(zk > Covixy™, X’“’O]‘

]2=2+10g2 Lk k=k ve2kZd
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We now distinguish the cases § € [—Ri2%, Ry 2K1¢ and § ¢ [—Ri2%, Ry 219 for
some Ry to be chosen. Using (80) in the latter case, we get

d k k,00 k,00
LVar a®v Z(z Z Cov[X(™, X5
y€2kzd
[N 5
=303 @H ™ YT (Covixg™, ’; ]+Cov[X’f°° XS‘OO])‘
=0 k=k+1 je2kzd
< C(d, » K)|log L|CL™4/?
I+log, Lk

3 Cov[X§™, xfﬂoo]‘

FE2A#ZAN[— Ry 2%, Ry 2k]¢

+2 Y Z @5

k=0  k=2+log, Lx

21+102g2:LK Z . K)(Zk)d Ry
+ o L, A, — ] ex (— —)
k=0 k=2+log, Lx 2 ’ ¢
o0 ~
+2 Y Z(zk)—d > Cov[ Xy, X4
k=2+log, Lx k=k Fe2kZdN[— R 2K, Ry 2k

+2 Z Z(zk ~d C(dAK)( >exp(—%).

k= 2+log, L k= k

For k < k and R2* < L we have, by Lemma 12 and (72),

k k
‘COV |:Xy, Z Xyi|

§e2kZdn[—R2k, R2¥ 4

k k
|Var Xy | ‘Var Z Xy
ye2kzdn[—R2k, R2kd

R2N\2| ok
<C@d,r K)L™ <—> log —
2k 2k

a2

’

which entails, by (79), upon choosing L'/? = R2F,

k, l},oo
’Cov[Xyoo, Z Xy :H

je2kzZdn[—R2k, R2K |4

R2k dj2
<cCW, A, K)(7> [log(R2%)|¢.
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As a consequence, choosing R = Sk for § 2 1 large enough, we get

d k k,00 k,00
LVar a®Y Z(z Y Covixg™, X1
ye2kzd
o0 o0 - -
-3 eh? Yy (COV[X](;’OO,X?OO]+C0V[X]§’°O,X(]§’°O])‘
k=0 k=k+1 je2kzd

< C(d, », K)|log L|I€L™/?
I+log, Lg

szk d/2
+2 ) Z (Zk)_d-C(d,A,K)(7> | log(Rx25)|?

k=0 k=2+log, Lk

+Cd,r K ( - —)
@nK) Y ew(-
k=2+10g2 Lk

d/2
+2 Z Z(zk - c<du<>( ) | log(R2)|?

k=2+log, L k=k

+C A KLY exp (= %)

k=0
< Cd, r, K)|log L|€L™/?
+CWd, &, K)(Lg) | log Lg|©
S log LK)
C
+Cd, &, K)(Lg) |log Lg|©

+C(d, A K)(Lg)™
< C(d,r, K)|log L|€L™/2.

+Cd, 2, K)exp ( —

In total, we have shown convergence of the rescaled variance L¢ Var aRVE towards
a limit independent of L with the desired rate.
The proof of the other cases is analogous. O

Proof of Theorem 11. The estimate (62a) is contained in [55, Corollary 4]. In
view of the Poincaré inequality the bound (62b) is a consequence of (62a) and an

. . d .
estimate on a (weighted) average of u{g . Hence, we only need to derive a bound
on

[ T>fd¢(f)

for a suitably chosen smooth function v supported in {|x| < 1}. To this end, we
compute



o2 PR —
[ en— < ) o
-/ R( g ( x—/ZTfﬁw(L E
- [ e gy ()
o R”“(f 7 ()

2T
f / d+1 ) aVu dxdt,

which yields upon applying the Poincaré inequality to the second term (note that
the second factor in the integral has vanishing average) and using the bound (62a)

UulR“(-,T) ﬁw(%)dx—f . 2T>J_dw(ﬁ) x‘
2T

< C(d)C(a,2T)2T)~'*74* + C(@, A) Cla, D= YT ar

< C(d)C(a, T)T~/?~4/4,

Summing over a dyadic sequence of times 27" and using the fact that almost surely
—d
lim / uB VT (e /VT)dx =0,
T—o0

we infer (62b) (upon redefining the constant C(a, T')). O

In the previous proofs, we have made use of the following elementary concen-
tration estimate for sums of random variables with multilevel local dependence:

Lemma 12. ([43], Lemma 9) Consider a probability distribution of uniformly el-
liptic and bounded coefficient fields a on R? or a periodization of such a probabil-
ity distribution, and suppose that assumptions (Al)—(A3) respectively (Al), (A2),
(A3,)—(A3;) are satisfied. Let X = X (a) be a random variable that is approxi-
mately a sum of random variables with multilevel local dependence in the sense of
Definition 6. Then for y := v /(y + 1) the concentration estimate

11X = E[X1lloxp < C(d, y, K)B|log LI/?L™4/?

expV =

holds true.
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6. Failure and Success of the Variance Reduction Approaches

We now establish our theorems on the failure and the success of the variance
reduction approaches in stochastic homogenization. We start with the counterex-
ample that shows that in general there is no guarantee that the variance reduction
techniques provide an effective reduction of the variance, even for “natural” choices
of the statistical quantity F(a) like the spatial average Fyg(a) := f[o’ Lejd @ dx.

Proof of Theorem 4. Before turning to the main result of Theorem 4, the failure of
the spatial average F,¢ (@) to explain a fraction of the variance of a®VE (inequality
(23)), let us first show (22). The estimate (22) is in fact a consequence of the estimate
(43) in the proof of Theorem 2 in combination with (41) and the lower bound for
the variance of M?® which is a straightforward consequence of the formula (34)
and the definition of Var aj5"" |unexpt = (1 = |p|*) Var af'".

Note that the derivation of (24) from (23) requires the estimate (22) under the
assumption (A2’) instead of (A2). However, the only place where the assumption
(A2) entered in our analysis is in Proposition 7, where it was used to apply the
result of [55] on the decay of the semigroup. However, the arguments of [55] may
be modified to yield the corresponding estimate under the assumption of discrete
stationarity (A2’).

Let us now turn to the construction of our counterexample featuring the degen-
erate covariance (23). The construction is based on the following ideas:

e The approximation aRVE for the effective coefficient depends in a uniformly
continuous way on a as a map L*([0, Le]?; R¥*?) — R4*4 a5 long as a is
uniformly elliptic and bounded.

e Consider a probability distribution of coefficient fields a for which a is almost
surely almost everywhere a multiple of the identity matrix. If in addition the
law of a is invariant under reflections of coordinate axes and invariant under
exchange of coordinate axes (that is, invariant under diagonal reflections), the

covariance
Cov |:aRVE, ][ a dx]
[0,Lg]d

is a multiple of Id ® Id. For a proof of this fact, see Lemma 13, below.

e Consider the “periodized random checkerboard” with the set of tiles 7 :=
{x0+1[0, &)¢ : xo € €Z¢N[0, Le)?}. Oneachtile T € T, choose at random (and
independently from the other tiles) a(x) = Id with probability 0.5 and a(x) =
% Id with probability 0.5. By Proposition 5 and the preceding considerations,
for this probability distribution the covariance

Cov [aRVE,][ a dx]
[0,Le]d

is a positive multiple of Id ® Id; in fact, one has a lower bound of the form
> L Id®Id.
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Fig.

JULIAN FISCHER

5. A single tile with (second-order laminate) microstructure, as used in the proof of

Theorem 4. Blue corresponds to the regions with a(x) = AId, red to the regions with
a(x) = Id, and violet to the regions with a(x) = pId

We now consider a “periodized random checkerboard with microstructure” with
the set of tiles 7 := [0, £)? 4+ (¢Z¢ N[0, Le)?): Fix some T <« 1 with 1/t € 2N.
On each tile T = ¢k + [0, 8)d € 7, choose at random (and independently
from the other tiles) a;(x) = o Id with probability 0.5 (where ¢ > 0 is to
be chosen below) and a; (x) = A;((x — ¢k)/e) with probability 0.5, where
A 1 [0, 112 - R%*2 ig the tile described in Fig. 5, rotated and reflected at
random (with equal probability for all 8 orientations and independently on all
such tiles; see Fig. 6 for an illustration).

The probability distribution of a satisfies the same isotropy properties as
in the case of the periodized random checkerboard. Thus, by Lemma 13 the

covariance
Cov [afVE,][ ar dxi|
[0,Le)d
is a multiple of Id ® Id.

We shall argue below that for suitable o, A, u > 0 and for T < 1 small enough

the covariance
Cov [afVE, ][ ar dxi|
[0,Le]d

is negative; in fact, one has an upper bound of the form < —L~¢1d ® Id.
Linearly interpolating between a, and a—that is, considering for k € [0, 1] the
coefficient field

ar =1 —«x)a+«ka;

defined on the product probability space, that is for independent a, and a—we
find a probability distribution of coefficient fields a for which the covariance

Cov |:&RVE,][ a dx]
[0,Le]d
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Fig. 6. A single realization of the probability distribution of our counterexample (with an
exaggerated size of the microstructure in the tiles with microstructure). The tiles with mi-
crostructure behave almost like a homogeneous tile with an effective conductivity. Note that
the tiles with microstructure are oriented randomly in order to enforce exact isotropy of the
(co-)variances Var aRVE and Cov[aRVE, f adx]

vanishes. This is possible by the continuous dependence of a®VE and JCIO Lejd @ dx
on a (and hence the continuous dependence on k € [0, 1] in the case of the
family a; ) and by the fact that for all « € [0, 1] the covariance

Cov [anE,][ Ar dx]
’ [0,Le)d

isamultiple of Id ® Id (this latter property holds again by the isotropy properties
of the probability distribution and Lemma 13, below).

e For any « € (0, 1) the variances Var f[o Lejd At dx and Var aE\,ﬁE are non-
degenerate in the sense > L~ Id ® Id. For the spatial average f[o Lejd At dx

this non-degeneracy is an easy consequence of the formula

Var e, dx = (1 —«)? Var adx + k2 Var ][ ar dx
[0,Le)d [0,Le)d [0,Le}?

(which follows from the definition of a. , and the independence of a and ar)

and the fact that the latter two variances satisfy such a lower bound (note that

the spatial average of the coefficient field on a tile with microstructure A,

does not equal o Id). The non-degeneracy of Var afxE is shown as follows:
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first, a new coefficient field a; . cfr is introduced by letting a; « eff = dr  ON
each tile without microstructure but replacing the values of a; , by the effec-
tive coefficient from periodic homogenization on each tile with microstructure.
Note that ar . ef corresponds to a standard random checkerboard. Denote by
afxiff the approximation for the effective coefficient associated with the co-
efficient field a; ot (that is the result of formula (8) for the coefficient field
ar i.eff). The nondegeneracy of Var afxE now follows from the nondegeneracy
Var aRVF . 2 L™% and the convergence |afy " — aXy%
(uniformly in «, see below).

Note thata S,}c/iff corresponds to a random checkerboard with tiles (ko + (1 —
K))Id, ko + (1 —k) - 11d, kAr + (1 — ) 1d, and k A; + (1 — k) - $1d, each
tile chosen with probability }‘ (and the microscopic tiles rotated and reflected
at random). Thus the nondegeneracy of Var aRVE for 1 £ i < d follows

T,k,eff,ii
from the covariance estimate of Proposition 5 and the quantitative upper bound

Var fio ;o e et dx < CL™Y

| > O0Ofort — 0

To complete the proof, it only remains to establish the negativity of the covariance

Cov [afVE,][ ar dxi|
[0,Le]d

for 7 <« 1 small enough and suitable o, u, A, as well as the convergence a
aEXEff for  — 0, uniformly in «. The underlying idea for our choice of the tiles
in Fig. 5 is that we intend to exploit the nonlinear dependence of the effective
coefficients in periodic homogenization on the coefficient field, equipping such
a tile with an effective coefficient that is unrelated to the spatial average of the
coefficient field. Heuristically, by classical results in periodic homogenization we

expect the following to happen:

RVE

T,k ?

e Consider our (sub)pattern of periodic horizontal stripes of equal height (that is
the red-and-blue subpattern in Fig. 5), in which the coefficient field a alternat-
ingly takes the values Id and A Id. Then the (large-scale) effective coefficient

for this pattern is given by
1+2
<T 0 > ,
0 5%

that is by the arithmetic mean in the horizontal direction and by the harmonic
mean in the vertical direction.

e Consider now the pattern of periodic vertical stripes of equal width, in which the
coefficient alternatingly takes the value w Id respectively is given by the pattern
of horizontal stripes from the previous step. The effective coefficient for this
(second-order laminate) pattern is (at least in the limit of an infinitesimally fine
horizontal pattern) given by the arithmetic mean of the effective coefficients in
the vertical direction and the harmonic mean of the effective coefficients in the
horizontal direction, that is by
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<2u(1+x) 0 )
wATH

.-
0 HtT

. 2 (1-2)932 Lo .
Choosing p = 2414 49())‘\ +4'11)4)‘+9+2k+3—wh10h is positive for any A €

(0, 1]—, the effective coefficient becomes a multiple of the identity matrix.
Note that the spatial average of the coefficient field on a tile is given by

4 AfL
MTZId.

Consider the coefficient field a; ¢fr that is obtained from our random checker-
board with microstructure a, by replacing a, on the tiles with microstructure
with the effective coefficient (ﬁ + %) Id. The coefficient field ar eff is now just
a usual random checkerboard; by Lemma 13 and Proposition 5, the covariance

RVE
Cov [ar’eff,][ A eff dxi|
[0, Le}

is a positive multiple of Id ® Id, and we have a lower bound of the form =
¢L~41d ® Id for the choice of A, 1, and T to be made below. Note that ar eff—
and hence also the preceding covariance—is actually independent of 7 (we
just keep the 7 to emphasize that a e is the coefficient field obtained from
a; in the homogenization limit T — 0). We shall prove below that aRVE is

(quantitatively) close to ‘JEZFF for T < 1 small enough, which implies that

Cov [afVE, ][ Az eff dx:|
[0,Le]d

is close to a positive multiple of Id ® Id (again with a lower bound of the form
> cL 4 1d®1d).

The average JC[O, Lejd Gt dx is an affine function of JC[O, Lepd Gr.cff dx: The coef-
ficient field a; eff 1S constant on each tile and may only take the values o Id
or (HLA + %)Id. On the tiles on which the value of a;ff is o Id, a; also
takes the constant value o Id. However, on the tiles on which a; ¢fr is given by
(li—/\ + %) Id (that is on the tiles on which a, features a microstructure), the

average of a; is M Id. We thus have

][ a;dx = ﬁmicr[(l)tiles ) 2utar+1 Id +Ld - ﬁmdicrotiles o ld
[0,Le}d L 4 I
Zold_'_jjmicrotiles- 2M+)»+1_0 ”
L4 4
and
microtiles A L4 — t microtiles

][ ar,effdx:ﬁ lrdl ( +E>Id+#.ald

[0,Le]? L 141 2 7

a4 f microtiles A n uw
=0 . — — 0 ).
L4 1+x 2
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Choosing ¢ such that 0 > ﬁ + S buto < W—which is possible for

XA > 0 small enough—, we obtain a relation of the form

][ a;dx = Ald —B][ ar eff dx
[0,Le]? [0,Le)d

for suitable positive constants A and B. Thus, the sign of the covariance flips
upon replacing the a; efr by a. in the spatial average, that is

Cov |:aRVE ][ ar dx:|
[0,Le]?

must be a negative multiple of Id ® Id, with an upper bound of the form
< —cL71d®ld.

It now only remains to prove two things: We need to show thata; """ is quantltatlvely
close to ar ff if we choose the width T of the vertical stripes and the height 2 of the
horizontal stripes in the pattern in Fig. 5 small enough and we need to establish the
corresponding assertion for the interpolated coefficient field ar . efr. As the latter
result is shown similarly—though with two different microscopic tiles k A; + (1 —
K)% Idand kA + (1 — K)% Id, depending on whether the random checkerboard a

RVE

equals Id or % Id on the tile (and correspondingly, with two sets of homogenization
correctors and two characteristic functions Yicroriter and Xmicrotile2, S€€ below
for this notation)—we only provide the proof of the latter result.

For the remainder of the proof, we shall fix without loss of generality ¢ := 1
to avoid even more cumbersome notation. Again, to avoid even more cumbersome
notation, we only give the proof in the case that all tiles with microstructure have
the same orientation as in Fig. 5.

To see this quantitative closeness, we construct an approximate homogenization
corrector ¢; appr for aEVE. To this end, let ¢; ot be the homogenization corrector
associated with the coefficient field ar efr, that is let ¢; efr solve

-V. (ar,eff(ei + V¢i,eﬁ)) =0

on [0, L]? with periodic boundary conditions. We now intend to build the approx-

imate homogenization corrector ¢; appr for a?VE by a nested two-scale expansion,

using the homogenization correctors for the periodic laminate microstructures.
By Meyer’s estimate, there exists p > 2 with

| Vo ax < cadon. (81)
[0,L]?
Furthermore, a; cfr is constant on each tile k 4 [0, 1)2, which implies on each tile

T = k 4 [0, 1)* (with k € Z?) for each x € T by regularity theory for constant
coefficient equations

12
C
V2 e ()] € —— ][ lei + Vébietrl? dy
he dist(x, 0T) \J{jy—x|<dist(x,07)/2} ' he

12
< W (J[ le; + Vi el dy) . (82)
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Let ps denote a standard mollifier. The L? estimate and the estimate on vzd)i’eff
imply (for notational convenience we extend ¢; cfr by periodicity)

Fo 96 = V0o g |7 ax < o (83)

[0,L]?

for some o > 0 (for a proof of this estimate, split the domain into a neighborhood
of size 8!/ of the tile boundaries 37", on which one uses the Holder inequality and
the L” bound on V¢; et in (81), and the interior {x € T : dist(x, dT) = §'/°},
where one applies the regularity estimate (82)).

Let ¢; 5 denote the 2-periodic homogenization corrector for the coefficient
field ay (x, y) associated with the pattern of horizontal stripes in Fig. 5 (that is let
ap(x,y) = ap(y) take alternatingly on intervals of length 1 the values Id and X 1d).
Note that ¢, = 0 and that ¢, j is explicitly given by

y
$2.n(x,y) = — } ~/ ! —dy—y
J[O m dy 0 €2 ah(xv y)€2
We shall frequently use the uniform bound on the gradient |V¢; ;| < C derived
easily from this formula.

Let ¢;,, denote the 2-periodic homogenization corrector associated with the
pattern of vertical stripes of width 1, in which the coefficient field a, (x, y) = a,(x)
alternatingly takes the values u Id and

IS )
2
20 |-
( 0 5%
Note that we have ¢, , = 0 and that ¢, is given explicitly by

1 /x 1 5
- dx — x.
L dx Jo e1-ay(X, y)ei

(»bl,v(-xv )’) = 2
JCO ej-ay(X,y)ei

We shall again frequently use the uniform bound on the gradient |V¢; | < C.
We define the vector potential for the flux correction oy, ; jx, skew-symmetric in
its last two indices, as 0,212 := 0 and

y
Op112 = /(; (an(y) — anefr)er - e1 dy. (84)

Note that with this definition oy, ;jx satisfies V - 0, ; = ap(e; + Vi p) — ap efte;,
as one checks by a case-by-case analysis.

Similarly, we define oy ; jx, skew-symmetric inits last two indices, as 0y, 121 := 0
and

X
0y,221 i= / (ay(X) — ay.efr)er - e2 dx, (85)
0
which then satisfies V - 0y ; = ay(e; + Vi y) — ay efre;.

Let us denote the indicator function of the tiles with microstructure by Xmicrotile
(that iS Xmicrotile 1S 1 on all tiles k + [0, 1)¢ ¢ [0, L)¢ with microstructure and 0 on
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the other tiles). Similarly, we denote by Xuymicrostipe the indicator functions of all
vertical stripes that according to Fig. 5 contain a micropattern of horizontal stripes.
We then build our approximate correctors as

¢i,appr,1 = Py * ¢i,eff

+ (018 * Xmicrotile) Z((Sij + 9 (psy * Gieff)) (:0811 * T¢Jv(;))

J
and
@i appr,2 = Qi appr,1 + (;01—252 * vaicrostripe) Z(8k¢i,appr,l + Sik)fz(ﬁk,h (?)
k
We observe that @; appr,1 satisfies the estimate
< C C
|V¢i,appr,l| = m (;0280 * |V¢l ef‘fl + 1) (86)
We also have the bound
< C
|V¢i,appr,2| = m(|v¢i,appr,l| +1 (87)
n C+Ct2+Ct+Cr3+Cr ( Vool + 1)
- -+ * ; .
50 512 88 81 10250 z,eff

Furthermore, if we are at least t8; away from the tile boundaries and the boundaries
of the vertical stripes (note that ps,; * V¢, ,(-/7) is then equal to V¢; ,(-/7) as
the latter quantity is constant in each stripe; note also that then pr5, * Xmicrosile 15
locally constant = 0 or = 1 and that we have a uniform bound on V¢, ,), we have
by (82) on each tile T = k + [0, )%, k € Z N[0, L)?,

ei + Voiappr1 — Y _(€j + Xmicrotite V.0 (-/T)) (8ij + Djpietr)| (88
J

12
<— \% d 1
dist(-, aT)ZG lei + Vi, etf| x) ( 0+77)

If we are at least 751 away from the tile boundaries and the boundaries of the vertical
stripes and at least 728, away from the boundary of the horizontal stripes, we get
(note that pg, ;2 * V¢k,h(~/r2) is then equal to Vg 5, (-/12) as the latter quantity is
constant in each small horizontal stripe; note also that then P25, * Xhmicrostripe is
locally constant = O or = 1 and that we have a uniform bound on V¢y )

e + v(i)i,appr,Z

- Z(ek + Xvmicrostripe VY @k h (/72)) Z (‘Sjk + Xmicrotileak¢j,v('/T))(Sij + 0 i eff)
k J

(88)
< Clei + Vi appr,1 — Z(ej + Xmicrotile V@ j,v(-/T))(8ij + 3 Pi efr)

J
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1/2
+ CT? V2 appr,1 | + W (][ le; + Vi ett dx) (80 +7)

(88),(82) 3
<

12
_c v
R BT)Z(][ ler + Vb it dx> (so+7+7+ . =).

Using the fact that by Meyers inequality we have for some p = p(A) > 2 that
][ lei + Vi e’ dx = C(d, 1),
[0,L]%

we obtain, by choosing &g, 81, and 8, as appropriate powers of T and using (87),

]{()A,Ls]d

e + Vqsi,appr,Z - Z(ek + vaicrostripev¢k,h (/72))
k

2
X D (85 + xmicrotite kb0 (-/T) Bij + 3jpi.err)| dx
J
< c M (89)

for some 1 > 0.

Having bounded the error in the gradient, we next estimate the error in the flux.
In an analogous fashion to the definition of a; ¢ as the effective coefficient from
periodic homogenization on each tile, we define a; vefr as equal to a; eff = a; on
the tiles without microstructure and equal to the effective coefficient from periodic
homogenization on each vertical stripe of width t on each tile with microstructure.
Recalling the definitions (84) and (85), we may rewrite the error in the flux in a
pointwise way as

ar Y _(ex + Xomicrostripe VOr 1 (-/T3) Y (8jk + Xmicrotite kb, (-/T)) (8ij + b eft)
k J
—areff (i + Vi efr)
— . . 2 .
= Z (az Z(ek ~+ Xvmicrostripe V @k, h /T — ar,veftek)
J k

% (8jk + Xmicrotile Ok ®j,v (/7)) (8ij + 9 i cfr)
+ Z (arﬁveff(ej + Xmicrotile V@0 (-/T)) — ar,eff€j>(5ij + 0 i efr)
J

= Xvmicrostripe Z(v : (Tzah,k('/f2))) Z ((Sjk + Xmicrotileak¢j,u('/T))(aij + 0 ieir)
k J
+tmicrotite Y _(V - (100, (/D)) (Sij + ;i efr)- (90)

J

Thus, having choosen &y, &1, and §, as suitable powers of t, we obtain, by (89),
(82) and (81),

f ac(e;j + Vd’i,appr,2) dx _f ar,eff(ei + v¢i,eff) dx
[0.L]? [0.L]?

<Cd, M.
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It now only remains to show that V¢; sppr.2 is a good approximation for V¢;. To
do so, we consider the difference ¢; — ¢; appr,2 and observe that it satisfies the PDE

=V (a: (Vi — V(bi,appr,Z))
=V .- (ar(ei + V¢i,appr,2))
=V - (a(ei + V‘pi,appr,Z) — aretr(€i + Viefr)).

We now replace the divergence-form right-hand side using (89)

- V- (a; (V¢l - V¢i,appr,2)

+V. (ar Z(é’k + vaicrostripeV‘Pk,h('/":2))

k
X Z (8 + Xmicrotile kP j,v (/7)) (Sij + 0jbicfr)
J

— ageff(e; + V¢i,eff))

for some g with f[o’ LP |g|*> £ Ct" (recall that §; and 8> have been chosen as a
suitable small powers of t and recall also the uniform L? bound for V¢; s in
(81)). This expression in turn may be rewritten by (83) and (90) for any g > 0
small enough as

=V (ar(Voi — Vi appr,2))

=V. g +V. ((erﬂ * vaicrostripe) Z(V . (fzah,k(‘/fz)))
k

X Z (‘Sjk + P18 ¥ Xmicroti]eakd’j,u('/‘L’))(Sij + pgp * 0 Piefr)
J
+ (Pen * Xmicroite) Y (V- (00 j (/1)) i + pos 8j¢i,eff)>
J
for some g with JC[O LP 1212 < Crdela®),
Using the skew-symmetry of o, ; and oy ;, we obtain

- V. (a,(Vqﬁi - V‘pi,appr,Z))
=V.g
+) (V- (TPoni(/T)
k

-V Z(prl'*'ﬂ * vaicrostripe) (8jk + pr14p * Xmicrotileak(pj,v('/f))
J

X (8ij + pgp * 0 Pj eff)

+ Y (V- (2ou j (/1)) - V((0ep * Xmicrotite) (8ij + Pop * Db cf))-
J
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Using again the skew-symmetry of o, ; and oy, ;, we get

— V.- (a;(V¢; — V¢i,appr,2))
=V.g

-V. (Z Tzah,k('/fz) Y Z(IorH—ﬁ * vaicrostripe)
k J

X (8jk + Pr1+6 * Xmicrotile 0k j,v(-/T))(Sij + prp * 3j¢i,eff)>

-V (Z 10y, (-/T)V((Pes * Xmicrotile) (8ij + prp * 3j¢i,eff))>-

J

Choosing B > 0 small enough, we finally end up with
=V - (a;(Vo; — vd’i,appr,Z)) =V. é,

with f[o’ Ly 18|> < Ct" for some D > 0. A standard energy estimate now implies

][ [ 1V6i = Vi appr ol dx < C”
[0,L)
O

Lemma 13. Consider a probability distribution of coefficient fields a subject to
the conditions (Al), (A2), and (A3,)—(A3.). Suppose in addition that a is almost
surely almost everywhere a multiple of the identity matrix. If, in addition, the law
of a is invariant under reflections of coordinate axes (that is maps of the form

X = (x1,..., —Xi, ..., Xq))andinvariant under exchange of coordinate axes (that
ismaps of the formx v (X1, ..., Xi—1,Xj, Xit1, .-, Xj—1, Xi, Xj41, ..., Xq)), the
covariance

Cov |:aRVE, ][ a dx}
[0,Le]d

Proof. For such a probability distribution of coefficient fields a, the spatial average
JC[O Lejd @ dx is almost surely a multiple of the identity matrix, which entails that

Cov [aRVE,][ a dx] =B®Id
[0,Lg]d
for some B € R4*x4,

The matrix B must also be a multiple of the identity matrix. Under reflec-
tion of the i-th coordinate, by the corrector equation (3) and the fact that a is
pointwise a multiple of the identity matrix we have that the i-th corrector for the
reflected coefficient field a(x) = a(x1,..., —x;,...,xq4) is given by (;3,- (x) =

is a multiple of 1d ® 1d.
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—¢i(x1, ..., —Xj, ..., xq). Thus, the off-diagonal entries of a®VEF

by (fori # j, using also that a(x) = agcalar (x) 1d)

which are given

a®VEe; . ¢; =][ a(e; + Vi) - ejdx =][ Ascalar (X)(ej - V)i (x) dx
[0, Leld [

0,Lel?

switch sign under such reflections, while the average JE[O, Lejd @ dx remains invariant.
As our probability distribution is invariant under reflections, the off-diagonal entries
of B must be zero. Similarly, as our probability distribution is invariant under
exchange of coordinates, all diagonal entries of B must coincide; therefore the
covariance must be a multiple of d® Id. O

We now turn to the proof of our theorem on successful variance reduction for
random coefficient fields that are obtained by applying “monotone” functions to a
collection of iid random variables.

Proof of Proposition 5. Withoutloss of generality (by rescaling), we may consider
the case ¢ = 1.

Given any £ € RY, the L-periodic correctors associated with two L-periodic
coefficient fields a and a are given as the solutions to the PDEs

—V - @V ) = V- (af) 1)
and
—V - @V = V- @s).
Define ¢! ~*** a5 the L-periodic solution to
=V (1 = 9)a +sa) Vg T = V(1 = a+sDF). (92)

Setting

aRVEsg g ::][0 1((1 —s)a +sa)(& + Vd)gl‘y(lfs)wh'&) - Edx,
[0,L]4

we then obtain

d RvEs
PG
d

- (1 = s)a +sa)(E + Ve, 790 g dx
ds [O,L]‘l

d —_ 1 _ ~
(922) _][ (1 —=s)a+sa)E + qugL,(l s)a+sa) E+ V(ﬁé’(l s)a_,’_m) dx
ds [O,L]d
=][O d(& —a)(E + V¢;,(lfs)u+sa) (5 vd)gL,(lfs)a+sa) dx
[0,L]
d 1 o
+ 2][ (1 —=s)a+ Sfl)v—(ﬁé’(l s)atsa (& + V¢é,(l s)a+sa)dx
[0,L)4 ds

(922)f d(a —a)E + V¢%_L,(1—s)a-',-sd) CE+ V(f)é’(l_s)a—Hd) dx.
[0,L]
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Given two coefficient fields a and @ with a —a = 0, we therefore have the estimate
aRVEag g _ RVEGg ¢ (93)

z /(-)ljfo L]d(a _a)E + V¢§L,(lfs)a+s&) S+ V¢EL‘(17S)a+s&) dx ds.

We now would like to derive a lower bound for the term on the right-hand side. We
have, by (91) and (92),

=V (1 = 9)a+ 5@ (Vg = VL) =V (5@ — )€ + Vo).

Testing this PDE by the solution (note that (1 — s)a + sa is A-uniformly elliptic)
yields

][ Mv(bsL,a _ Vd)EL,(]fs)qus&'z dx
[0,L1¢
< s][O (@ —a)E Ve - (Vo = Ve T da,
[0,L]

and therefore by Young’s inequality (note that the matrix ¢ — a is symmetric and
by (A1) bounded by % in the natural matrix norm), we have

][ vl - V¢é,(l—x)a+sd|2 dx
[0,L1¢
2

S ) @ DEF VD € VoY dr

In particular, we obtain, by (93) (and the analogous version of the previous estimate
for qbé"“ instead of ¢%.L’a) anda 2 a,

aRVE’HE S _ aRVE,&é E
M2 - L La
Z/ —][ (a—a)($+V¢g’a)~(€+V¢g’ ) dx
o 2Jo,Le

_ ][ d(a _ &)(V(ﬁSL,a . Vd)EL,(lfx)qusz}) . (nggL,a _ V¢‘§L,(lfs)a+sé) dx ds
[0,L]

1 1 5 5
w [ Sf a-aE Vol 6+ ok ax
1-22/2 2J0,11¢

_ ][ @— &)(V(/)EL,& _ V¢§L,(]fs)a+sil) . (V¢§L"~‘ _ V¢SL,(lfs)a+s&) dr ds
[0,L14

>/A2/2 (1—2—s2)][ (a — )& + VoL D) - (& + VL) dxd
= 273 ) o a—a ¢ e xds

! 1 2(1—5)? y La L
+/;—X2/2 (E - )\’4 )‘f[O,L]d(a_a)(é_‘_V(ps ) (E+V¢S )dde
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2
%
8J10,
2

A ~ L.,a L,a
+ o F @ DE VD 6 Ve dr.
[0,

(a—a)E+ Vo) - (& + Ve ) dx
L)

This entails

(aRVE’“S £ — gRVEg -é) (J[ at - £ dx _][ ag .gdx>
[0,L14 [0,L14

)\.2 - ~ L.,a L,a
> (a—a)$~édx)][ (a—a)E+ V) - (& + Vo) dx
[0,L}4 [0,L]¢
A2 . .
+3 (a —a) ~sdx> ][ (a—a)E+ Yy ) - (& + Vo) dx.
[0.L]¢ [0.L)4

The estimate (95) from Lemma 14 implies

Cov |:gRVE§ (E, ag -§dx:|
[0,L14

> )\ZL—dE[ > e e e gl
= T a 4 ~ . ]

o kezdnpo.Lyd V7 10L1 k,Ti

2
X \/f[o Ly |(a(F) - a(Ak,ﬁkl“))(g + V¢§L,a) E+ V(ﬁé’a)} dxi|

ék—zLdE[ Z Ld\// |(a—a(Ak ﬁkr))é'ﬂdx

o kezdN[0,L)d [0,L1¢ ,

2
x (2K)™? f[o o (@) = a(A, 7, T2 (E + Vg, dx] ,

where in the last step we have used the Holder inequality and the fact thata(x, ') —
a(x, Ak’l:kl") is only nonzero for |x — k| < K.
By our assumption (25) we infer

Cov |:aRVE§ -, ][ at - & dx:|
[0,L)4

A2 2
LR L—d(zK)—d/Z/ v|E + V¢§L‘“|dx
[0,

16
T

1\

1\

)»2
ZL02K)" R
16

][ £+ Voladx
[o,L14 :

Moy d.2,62
— L “Q2K)" .
T 2K) “v7|&]

v
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To conclude our proof, by
_ Cov[a™EE - £, F(a)]
Pates Fa = R maRVEE & Nar F@)

it suffices to bound Var a®VEE - & and Var F(a) by C(d, X, K)L™4|€|*. A cor-
responding bound for Var a®VE& . & is provided for example by the methods of
GLoriA and Ot1ToO [55]. To estimate Var F(a), we simply apply (96), which yields

Var F(a)

1 2
3 Z ]E|:<7€0’L)d(a(x,1")—a(x,Ak’I:(k)F))S-de)]

keZdN[0,L)4

1 _

> Y E[erLMex)]
keZdn[o,L)?

QK EPL™

A

[IA

[IA

O

In the previous proof, we have used the following standard estimate for covari-
ances of nonlinear functions of a finite number of independent random variables:

Lemma 14. Let f : [0, 11V — R, g : [0, 11V — R be two functions that are
monotonous with respect to each of their arguments. Let X; : Q@ — [0,1, 1 £i <
N,andY; : Q@ — [0,1], 1 £i < N, be 2N independent identically distributed
random variables. Define

hy(X,x,y)
=[fX1 .. X1, %, X1, - X)) — XL X Y X - X))
X |g(X1, .o, X1, %, Xug1s oo XN) — 8(X1y oo, X1, Y, Xiets -0 XN
and
Hy(X,x,y)
—|f(X1,... 1. X, Xt ds oo XN) — F(X1n oo Xnot 3 X oo X2
+§|g(xla---,Xn—l,x»Xn-H,---,XN)_g(le--~7Xn—l,van+lv---,XN)|2-
Then

1 2
CovLf (X). (X1 Z 5 D E[vha(X. Xa V)| . (94)

n=1

and, by Jensen’s inequality,

2
Cov[ f(X), g(X)] 2 % ]E[Z\/hn(X, X, Yn)i| : 95)



708 JULIAN FISCHER

Furthermore, we have

1 N
CovIf(X). g(X)] = 5 3" E[Hy(X. X, Ya)] (96)

n=1

Proof. The proof proceeds similarly to the proof of the standard form of this lemma
which provides the weaker assertion Cov[ f(X), g(X)] = 0; see for example [68,
page 24] or [23, Lemma 2.1].

We have by the identity of the laws of (X1, ..., Xn—1, Yu, Y1, ..., Y1, X»)
and (X1, ..., X,, Y1, ..., Y,) (which allow us to swap X, and Y}, in the expecta-
tions below),

E[f(X1, ..o Xnot, Xno oo, XYL o Yoot Xy o X))
- %E[(f(Xl,...,X”_],X,L,X,,H,...,XN) — F X1 X1 Ve X1 X))
< (8(Y1s ooy Yurts Xy Xt oo os X)) = gV1s o Y1, Yo, XHI,.,.,XN))]
+E[f X1, X Xt XY o Yo, X, o X)L
By the independence of the X; and the Y;, we infer
E[f(X1, .o Xn—1, Xns oo, X8V o Yoot X oo X))

1
:EE[/ ]f(-x7 Xn, Xng1, ..., Xn) — f(x, Yy, Xﬂ+ls"-vXN)d]P)(X1 ,,,,, X,,_l)(x)
[0,1]"7

X / ] g, Xn, Xpgts s XN) — 80, Yo, X, -+ - XN)dP(Y],...,Yn,l)()’):|
[0, 1]
+E[f(Xts oo Xny Xnats o s XWX 1s oo Yo, Xt oo X))

As both f and g are increasing functions in each of their arguments, the integrands
in this formula are either nonnegative (for X,, = Y;,) or nonpositive (for X,, < Yy,).
Thus, we have

E[f(xlmnyXn—lvann-yXN)g(Yln--,Yn—ls Xn:~-~sXN)]

1
= EE[/ ] [fe, Xn, Xt oo, XN) — f, Y, Xty oo, XIAP o x, ) ()
[0, 1]~

X / 1 8y, Xns Xnt1s s XN) — 8V, Y, Xnt1, -5 X)) dP(Y,,.“.Yn,n(Y)]
[0’1]71*
+E[f X1, oo X Xt te o XMW1, Yo Xty -0 X)) o7

and therefore by Holder’s inequality we have

E[f (X1, Xn1. X o X081, o Y1, X o X))

1
2 EE[\/lf(Xl,...,Xn—l,Xn,Xn+l,...,XN)_f(xl,...,Xn_l,Yn,Xn+1,...,XN)|

2
X VIgX 1, Xt X, X1 -0 Xn) —8(X1, . X1, Yn,Xn+1,-..,XN)I]

+E[fX1s e X Xt X080 Y, Xgr - X))
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Taking the sum of these formulas forn =1, ..., N, we infer

2
E[/(X)g(0)] 2 ZEM X X, V)| +E[F008)],

n=1

which establishes the desired lower bound (94) for the covariance.
To obtain (96), we apply Young’s inequality and subsequently Jensen’s inequal-
ity to (97), which yields

E[f(X1s ey Xnts Xy oo, X1 Va1, Xy ooy X))
1 1
= EE[E/ FC Xy Xt XN) = f O Yoy X, X APy, x, ) ()
[0, 1]~
1
+§/ ] gy, Xn, Xng1, .., Xn) — g(y, YnanJrls-usXN)lzdP(Yl ..... y,,,l)(y)]
[0,1]"~
E[f (X1, Xns Xngts - X1, o Yo, X1, X))

This is equivalent to

E[f(Xt. oo Xt X XYoo Yoot X, X))

1
[ LF Xty s Xty Xy Xt oo oy XN = F(X15 ooy Xty Yo, Xty oo, XN

+ §|g(X1,...,Xn_1,X,,, Xnt1s s XN) — 8(X1, .y Xoe1, Yo, Xn+1,...,XN>|2]

E[f(X1,. s Xy Xnttsoos X810 ooy Yy Xt o X))

Taking the sum with respect to n entails

E[f(X)g(X)] < ZE[H (X, X, Yol + E[ £ (X)g(V)],

n 1

which establishes the upper bound (96) for the covariance. O
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Appendix A. Gaussian Propagation Bounds for Parabolic PDEs

We now collect some elementary energy and propagation estimates for second-
order linear parabolic equations. By a nongrowing weak solution u to the equa-
tion d;u = V - (aVu) with initial data u(-,0) = g, we understand a function
u e L (R? x[0,00)) with Vu € L7 (R? x [0, 00)) satisfying the usual weak

formulation of the PDE with test functions in C?;, (R? x [0, 00)) and additionally
the estimate

T
sup/ ][ lu|? dx dr < oo
r>0J0 J{ix|<r)

for any T > 0. Note that for initial data u(-,0) = V - b for some vector field
b e LOO(Rd; Rd), the initial data is incorporated into the weak formulation in a
weak form, that is as

o0 o
—/ / uamdxdt:—/ b~V17dx+/ / aVu - Vndx dr.
0 Rd R4 0 R4

Many of our computations in the next sections will be formal, but can be justified
by the appropriate standard approximation arguments. Note also that the estimates
which we shall prove ensure the existence of such nongrowing weak solutions for
merely b € L®°[R4;R?), as they ensure that one may construct a solution by
constructing solutions with the initial data b truncated outside of some large ball
{|x| £ R} (in which case the standard existence theorems apply) and then passing
to the limit R — oo.

Lemma 15. Let a be a uniformly elliptic and bounded coefficient field on R?. For
r 2 0and M =2 5d, define the coefficient field

) a(x) for|x| £ Mr,
ar py(x) =
M Id otherwise.

Consider the unique nongrowing weak solutions u; and u; , p to the equations

d
= V- (aVu;),
ui(-,0) =V (ae;),

and

d

—uipm =V - (armMViirm),
dr

uirm(-,0) =V - (armei).

Then we have

2 cMir? M?r?
][ i o t) —ujpp (-, )| dx £ eXP<—C ) (98)
{Ix|S2dr} ! !
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for any t < 16M?r? and

162 C
/ ][ \Vuj — Vuirm|* dx dt £ — exp(—cM?). (99)
0 J{x|<dr) r

Proof. For an arbitrary function ¢ € L2(RY) supported in {|x| < 2dr} and any
T € [0, 16 M?r?], consider the solutions vy and vy, y to the dual equations

d k
——vy =V - (a"Vuy),

dr
vy (- T) = .
and
g M = V(@) Voy.rm),
vy M T) =9
We then have

/Rd(ui —uipm)(, TP dx = /Rd ui (-, vy (-, 0) — uj r,p (-, Oy, m (-, 0) dx
+ /T d / i i dx dt
o dr Jaa UjVy — Uiy, MUy r,M AX
= — /d ae; - Vuy (+,0) —ar pe; - Vuy r y(-,0)dx +0
R

< C/ [Voy (-, 0| + [Vvy . m (-, 0)] dx
(Ix1=%r)

+ C/ [V(vy (-, 0) — vy r (-, 0))| dx
{Ix|S 4 r}

172

2d
C (/{vl |>M | <%) (|VU|//(’ 0)|2 + |VU1/f,r,M(', O)|2) dx) (Mr)d/2
X :7}’

1/2
+C < / |V (vy (-, 0) — vy (-, 0)>|2dx> (Mr)4/2.
(XIS 4y

A

The penultimate term may be estimated by Lemma 17 (applied to the backward-
in-time equations for vy and vy , » and breaking up the “initial” condition v

into pieces supported on scale /T if necessary), resulting in the bound (note that
2dr < My

/ Wi —uirm)(, Ty dx
Rd

X1 \* = lx — xo
<cC =) VT -0
= 2 </{x|zfgfr}<Mr> Ve (= =)

x0€ ST ZAN(|x|S2dr)
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1/2
x C(d, ) v (@))2dx - 77! dx) (Mr)4/?
{lx—x0| SVT}

1/2
+C / IV (0y (-, 0) — vyt G ODPdx ) (Mr)4/2,
(xS 45y

and therefore by v/7 < 4Mr,

‘/ (i —uipm)(, T)Y dx
Rd

4Mryd M2 12
< _ 2 \r-12 2 dj2
= C<ﬁ) xexp( cT )T <[|1ﬁ| dx) X (Mr)

1/2
+c( / |V(v¢<-,0)—vw,r,M<-,0>>|2dx> (Mr)42. (100)
{(Ix|S4r}

An estimate for the last term on the right-hand side of (100) can be obtained as
follows: observe that

d
—E(vw —vyrm) =V (@ Vy —vy )+ V(@ —a ) Voyrm),
(vy — vy, rm)(, T)=0.

We rewrite (vy — vy 1), 0) as (v — vy i) (-, 0) = fi (-, 0)dr with wy,
being the solution to the equation

d k
—awto =V. (a th())’

Wiy (- 10) = V - ((@* — a7 ) Vuy rm (-, 10)).
Considering the estimate (103) centered at x( (instead of 0) and integrating over

the set {|xg| < %r} and applying it to the backward-in-time equation for wy,, we
obtain (also using the condition 79 < T < CM 2r2)

/ IV, (- O dx
(lx1< 4 r)

< cWd, )\)r(;zf

{lxol <4 r)

e =xol?

/ [(a* — a;"M)Vv,/,q,,MF(x) . t(;d/z exp( )dx dxo

Chto

2
< Cd. Wiy / / Yoy @) - 15 exp ( - M) dx dxo
(ol <Yy J{Ix1ZMr) Cro

< 2 M2 2 EiR
S Cd, Mg “exp| — 2Cn [Vuy rm(x)]° - exp _4Ct0 dx
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Lemma 17 (applied to vy ) implies by breaking up the “initial” condition v
into contributions supported on balls of size /T — fg

¢ 2
Vuy.,. )
/ Yoy P dx < —— Adw dx

Combining the previous two estimates, we deduce

f [V, (-, 0)] dx
(XIS %7y

2.2
< Cd. iy exp(— s )(T ~0" [P

2C1y

Taking the square root and integrating with respect to #y, this entails

1/2
( / V(g — v¢,r,M>|2dx>
(x| S M)
T M22 1/2
< CWd, A)/ tol(T—to)_l/zexp<— e >dt0 </|1//(x)| dx)
0

§ T2 2,2 NG
SC@ M| 1+ 7 ) e~ a7 /|1ﬁ(x)| dx ) .

Using T < CM?r? and plugging in this bound into (100), we get, by M > 5d,

‘ / Wi —uirm)(, T)Y dx
Rd

< C(d, )T exp ( —

2r2 1/2
- )-(/de) (Mr)4/2.

Passing to the supremum over all v supported in {|x| < 2dr} with f [y2dx <1,
we deduce our bound (98).

Now choose a cutoff n with n = 1 in {|x| £ dr} and n = 0 outside of
{lx| £ 2dr}.Foranyr < 16r2, we obtain by testing ' the equation for the difference
;i — wiy,p With (u; — u y,p)n>

2t
/ /ZMV(M,—u,rMn dx d7
—/ n |bt( t) erM( t)| dx
{|x|=2dr}

2t
+ c/ / V0 Plai (1) = g O d dF
t

g / |M,(,t) _ui,r,M('st)|2dx
{Ix|1<2dr}

2t C .
+ c/ / S i) — it 1) dx 07,
o Jwigaany v
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Using our bound (98) and r < 1612, we get

2 ) ) C Mé/? M2r2
V(@i —uirm)| dxdf £ C(d, 1) exp| —c¢ .
t J{x|Sdr}

t t

Taking the sum over all r = 2k for 2k < T, we deduce our desired
estimate (99). 0O

Lemma 16. Lera € L°(R?; R?*9) be a uniformly elliptic and bounded coefficient
field in the sense of (Al). Let b € L®°(R?; RY) be a bounded vector field. Then the
unique nongrowing weak solution w to the equation

d
aw =V . (aVw),
w(,0)=V-b,

satisfies for any T > 0 the estimate

172
(J[ lw(, T)|2dx) (101)
{Ix|SVT)

2 1/2
<cd, A)T‘1/2</ 1b(x)|>- T~ exp ( — 'g—lT) dx) )

Furthermore, we have the bounds

1
][ V/ w(-, t)dt
{IxI=1) 0

1/2
(,[ IVw(-, T)|2dx> (103)
{IX1SVT)

HRVASE
<cd, A)T‘l(f Ib(x)|? - T~ exp ( - C—T> dx) )

Proof. Let 7 > 0 and let g € L?(R?) be a function supported in {|x| < JT}.
Introducing the solution v to the dual (backward-in-time) equation

2
dx < Cd, MIbl) (102)

and

d V - (a*Vv)
——0V = . V),
dt a

(-, T) =g,
we see that we have

/ w(-, T)gdx

T q
:—fb~Vv(~,O)dx+/ —/wvdxdt
o dt

T
=—/b-Vv(~,O)dx+/ /—an~Vv+Vw-a*Vvdxdt
0

= —/b -Vu(-, 0)dx.
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Introducing
2
Or(x) :=exp ('g—'T)

we obtain

1 1/2 1/2
/w(-, T)gdx < </ |b(x)|? dx> (/ |Vv(~,0)|2®7(-)dx) )
Or(x)

Lemma 17 (applied to v, which solves a parabolic PDE backward in time) provides
the estimate

/|W(-,0)|2®T(.)dx < C(d,/\)T_I/|g|2dx.

Inserting this estimate in the previous inequality and passing to the supremum over
all g € L? supported in {|x| < +/T} with f{IXISﬁ} 1g|?dx < 1, we get

1/2 1 1/2
(f lw(-, T)|2dx) < CT—1/2</ |b(x)|2—dx> )
{1xISVT) Or(x)

This establishes the estimate (101).
To prove the estimate (102), we first observe that we have

1
V. <aV/ w(-,t)dr + b> =w(, ).
0

Testing this PDE with > fol w(-, t) dr where 7 is a standard cutoff with n = 1 in
{|x| £ 1} and n = 0 outside of {|x| < 2}, we obtain

1
/772 V/ w(-, 1) ds
0

< /C|n|2|b|2 +C(n* +1Vnl?)

2
dx

2
+ ClnlPlw(-, D dx

1
/ w(-, t)dr
0

1
é/C|nI2|b|2+C(n2+IVn|2)/0 Viw(, 2 dt + ClplPlw(, 1)[* dx.

The estimate (101) entails

1/2
(][ lw(., T>|2dx> < Ct V2| |b)| .
{IxISV1)

The previous two estimates yield (102).
Finally, to prove (103), we first deduce from (101)

1/2
(,[ lw(, T/2) dx)
{lx—x0|SV/T72}

_ 2 1/2
<cda, A)T—W(/ Ib()? - T~ exp ( - 'xc—;‘)'> dx) .
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Splitting the function w(-, T'/2) into pieces each supported on a ball of size /T /2—
thatis, splitting w(-, 7/2) = >, mw(-, T/2) with a partition of unity 7; subordinate
to the set of balls {|x — xo| < /T/2}, xo € ;liJT_/ZZd—and applying Lemma 17
to the solutions of the parabolic equation with initial data n;w(-, T /2) for all [ (note
that w is equal to the sum of all of these solutions), we obtain

12
(J[ V(. T>|2dx)
(IxISVT/2}

12
|xo? 5 i
s 2 CXP(— lw(-, T/2)%dx ) TV
o CT/2 _
er% /T]274 / {lx—x0| SVT/2)

2
D E (-5

xoe b yTy2zd
-1 2 m—d)2 lx — xol? 12
x C(d, )T b(x)|=- T exp| — C—T dx .

A straightforward estimate then entails (103) (with a different constant C). O

Lemma 17. Leta € L®(R?; R?*?) be a uniformly elliptic and bounded coefficient
field in the sense of (Al) and let T > 0. Let g € L*>(R?) be a function supported in
{Ix| £ V/T). Then there exists C = C(d, ) > 0 such that the unique nongrowing
weak solution w to the equation

d
511) =V.(aVw),
w(-,0) =g,

satisfies the estimate

(Lmwcene gaen (65) o)
[IVw(-, T)| Texp | == dx
R4 JT cr

1/2
< C(d,/\)(J[ |g|2dx> T/,
{Ix|SVT)

Proof. As
x|
O (x, 1) = —_—
T 0= e <4cm(T+r)
satisfies
d ver? x|? 2x 2
—er4+C L — (- c‘—‘ e <o,
a oo en 2T+ 02 T acT 10 r=

(104)
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we have for C; = C(d, 1)

—/|w| @de

—/|w| —®T+2®Tan Vw 4 2aVw - wVOL dx

< —,\/@T|Vw| dx.

This provides the bound

o0
/ /|Vw|2®1rdxdt < C/|g|2dx. (105)
0

We now would like to show (basically) Vw € C? ( [% T] L m) for somey > 0

and some m. To this end, we abbreviate @'}Z = ®’}’( ,t) and compute
[ m - weniey, ax
// w( s)ds (w(-, t +h) —w(, t))@
+h
— / o7, / aVwds - V(w(, t +h) —w(-, 1)) dx
t

—/(w(-,t+h)—w(~,t))/ aVwds - VOT  dx.
t

Applying the Holder inequality to the first term and Young’s inequality (and ab-
sorption) to the second term, we get

/ lw(-,t+h) —w(, )*OF , dx (106)

t+h 2 1/2
< C(/@’;’t / aVwds dx)
'

1/2
) (/9’%’,,|Vw<-,r+h> - vw(-’f>|2dx>

t+h |V® |2
+C// aVwds| ————
t

m
t+h 1/2
gcﬁ(// @;’{,wwﬁdsdx)
t

T,t
. 5 12
X G)T’I|Vw(-,t+h)—Vw(-,t)| dx

|2
+Ch// [Vw|?ds
®’¥f
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Choosing a weight ®2T with slower growth than in (105)—for example, setting

Q2 (. 2 - -
C; := 4C|—, we may ensure that Y07 017 < %@%(-, f) and ®2T(~, 1) < ®1T(~, 1)

(.10
for any 1,7 € [0, %]. As a consequence, we may find for any & < 1—TO a suitable
t €10, {51 with

t+h vez,? ho[s
f / |Vw|2(®2Tt + T+> drdr < C—/ f |Vw|>©L dx dt,
t ’ ®T,t T 0

T
c rh
/@’é‘,’,(|vw(.,z+h)|2+ |vw(.,r)|2)dx < ?/5 /|Vw|2®1dedz.
0

Plugging in these bounds in the previous estimate and using (105), we obtain, for
this ¢,

/lw( t+h)—wi 0Per, t)dx<C< >/|g| dx. (107
Abbreviating Apw(-, 1) := w(-, t + h) — w(-, 1), we compute, for C,, = C(d, 1),

d 2m
3 [ 1anwlertdx (108)

:/2@’”Ahw iAhw+|Ahw|2i®m dx

r dr e T
d
= / —20"aVAw - VAyw — 2Apw aVAyw - VO + IAhw|za®’7’-‘ dx
(104)

< —Af@’#}Athyzdx.

Combining this with the existence of t € [0, %] for which the bound (107) holds,
this entails, for any h < 10,

o0 h
/T /®2T|Ath}2dxdt < 07/|g|2dx.
5

We intend to plug back this estimate into (106). First, for any & € [0, %] we infer

the existence of ¢ € [ ] which in addition to the bound
t+h | |2 hors
/ f|v (@ >dxdtSC?f /le|2®lexdt,
0
satisfies

T
/@%’,|Ath(-,t)|2dx < %/Tg /®%|Ath|2dxdt.
5
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Plugging these three estimates and (105) back into (106), we obtain for some
te [%, %] the improved bound

B3/2
/|w(.,t+h)—w(.,t)|2®2T’tdx SC(T3/2 T2>/|g| dx. (109

By (108) we obtain, for any h € [0, 51,

00 5 ) h3/2 5
/T f®T|Ath| dxdzgcmfm dx.
3

In other words, Vw belongs to the Nikolskii space on the time interval [%, 2T with

order of dlfferentlablllty 7 integrability 2, and values in L2 (R%); furthermore,
T 2T

the Nikolskii seminorm is subject to a bound of the order T} e [l g|?>dx. By the
embedding theorem for Nikolskii spaces, we deduce

sup /®2T(~,2T)|Vw(~,t)|2dx
€[T/3,2T]

2T
<c][ /@ -, 2T)|Vw|* dx dr

2T —h
+CT3? sup][ /®2T(-,2T)|h_3/4Ath|2dxdt
hel0,T]1JT/3

(105) ¢
< = 2 dx.
aS T/Igl

This establishes our lemma. O

Appendix B. Calculus for Random Variables with Stretched Exponential
Moments

On the space of random variables X with stretched exponential moments in the

sense that
XY
]E[exp (L>} é 2’
C

for some y > 0 and some C > 0, it is convenient to work with the norm

E[1x|7]"?.

1
[| X |expr := sup
exp b1 pl/y

For y = 1, this norm is equivalent to the Luxemburg norm associated with the con-
vex function exp(x?) — 1. However, this norm has two advantages: first, it simplifies
calculus when considering the integrability of products of random variables or the
concentration properties of independent random variables; secondly and more im-
portantly, it is also a well-defined norm for y € (0, 1), a parameter range which we
shall employ heavily.
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Lemma 18. Let y > 0. Consider a random variable X on some probability space.
Define the quasinorm

. IX|¥
[1X llexpr ,quasi := inf {5 > 0 : E| exp o <2%.

Then we have || X||expr ,quasi < 00 if and only if || X||expr < 00 and there exist
constants c(y), C(y) such that the estimate

e X lexpr = 11X expr quasi = C X lexp
is satisfied.
Proof. The function
fq(x) := x% exp(—x)

satisfies fé (x) = (g — x)x97 " exp(—x) and attains its maximal value

sup fq(x) = g% exp(—q)
x>0

atx = g. Applying the resulting estimate x¢ < g7 exp(x)tox := | X|" /|| X[/

expY ,quasi
we deduce

E[IX17] < q711X1125 {Elexp(IX1" /11X 117

exp”,quasi exp’, quam)]

By definition we have E[exp(|X|V/||X||expy quaSl)]
taking the p-th root, we obtain, for any p = 1,

2. Setting p = yq and

1
E[1X17]7 < Co)p" 7 11X lexpr . quasi-

This proves || X||expr < CXlexpr ,quasi-

To establish the reverse inequality, observe that for z € [¢,g + 1) we have
zde2? > g4e=@+ /2 This entails, for all z > 0,

exp(z/2) < Ve +Zf o f)q

and therefore for any b > 0 (by setting z = |X|¥ /bY),

E[|X|"]

E XY 267)| < + _
[exp(1X|"/2b")] < Ve ;ﬁbyq(q/ﬁ)q

As a consequence, we obtain

COGPT XL,
b4 (q//e)?

E[exp(|X|” /2b7)] < e + Z
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Setting b := al|X||expr, We get

Cwrt NG Cya”
Y Y < <
E[ exp(1X|" /2b7)] f+q§ 1: Vet 1o

Choosing a := C(y) large enough, we deduce

=l (o)
P\emixiz,

which entails ||X||expV quasi = C(V)“XHexpV o

A

2’

Lemma 19. (Calculus for random variables with stretched exponential moments)
Let X, Y be random variables with stretched exponential moments in the sense that
[ Xlexpr < 00 and ||Y||exps < 00 for some y, > 0. Then:

(a) The product XY has stretched exponential moments with exponent a given by

L _ 1,1 ;
a=7 13 and satisfies the bound

XY Nexpr = CB, Y X lexpr 1Y [lexps -

(b) There exists constants ¢ = c(y) > 0, C = C(y) < oo, with the following
property: for any K 2 0, we have the estimate

IP)|:|X| 2 K||X] |exp3’] < Cexp(—cK?).
Proof. For the first assertion, we estimate, for any p = 1, by Holder’s inequality,

that

1
e (L e G i

S 1/V+1//3E[|X|2p]l/2pE[|Y|2p]l/2p
p

2 Y FUPY X expr 1Y lexps -

A

This establishes the first assertion.
For the second assertion, we estimate, for any p = 1 and any K > 0,

Bfew (raress) )]
11X ex ,quasi
PIX] 2 KIIXlexpr quasi] < (K7

< 2exp(—K7).

Using the fact that ||X||expr, quasi < C)IX [lexpr > the second assertion follows
upon redefining K. 0O

For independent random variables with stretched exponential moments, a stan-
dard argument via an inequality by BURKHOLDER [30] provides a simple concen-
tration estimate. Note that the estimate is not sharp and may be improved, see for
example [26].
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Lemma 20. Let X1, ..., Xy be independent random variables with vanishing ex-
pectation and uniformly bounded stretched exponential moments

||Xm||exp1’0 § b

for some yo > 0 and some b > 0. Then the sum

M
-y
m=1
has uniformly bounded stretched exponential moments

X lexor < C(r0)v'Mb

exp”

fory :==yo/(vo+ D).

Proof. The discrete-time stochastic process

m
m ZX,;,
m=1

is asquare-integrable martingale. An estimate by BURKHOLDER [30, Theorem 3.2]—
applied for “timestep” m := M—yields for any k € N
k] 1/2k

1/2k
E[|X|2k]1/2k§c-2k«/ﬁ( > E[IXm |2’<> , (110)

m=1

M

2

m=1

E[|1x %] < c-zkE[

This entails

E

and therefore

1/2k
E[lx ]/ < € - 2kv M( Z(Z")M”X "expy">

< CW(Zk)‘“/VOb.
We infer

k)R x 2] < e/
for any k € N, which, by Holder’s inequality, entails

p~ EIXP)YP < C )V Mb

forany p 2 1. O
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