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Abstract

Many time-dependent linear partial differential equations of mathematical physics and con-
tinuum mechanics can be phrased in the form of an abstract evolutionary system defined on a
Hilbert space. In this paper we discuss a general framework for homogenization (periodic and
stochastic) of such systems. The method combines a unified Hilbert space approach to evolution-
ary systems with an operator-theoretic reformulation of the well-established periodic unfolding
method in homogenization. Regarding the latter, we introduce a well-structured family of uni-
tary operators on a Hilbert space that allows to describe and analyze differential operators with
rapidly oscillating (possibly random) coefficients. We illustrate the approach by establishing pe-
riodic and stochastic homogenization results for elliptic partial differential equations, Maxwell’s
equations, and the wave equation.

Keywords: periodic and stochastic homogenization, unfolding, abstract evolutionary equations,
Maxwell’s equations
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In this work we propose an abstract strategy for homogenization of evolutionary equations. The
methods we present are based on a combination of three concepts: The abstract unified theory for
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evolutionary equations introduced in [26] (see also [19, 27]), their homogenization theory developed
in [40] (with plenty of applications, see references below), and the stochastic unfolding procedure
recently introduced in [23, 14].

According to [26] (see also [27, 29, 46] and the references therein) a large variety of linear
evolutionary equations of mathematical physics can be recast in the following form:

(M(Ory) +A)u=F,

where z — M(z) denotes a family of linear bounded operators on a Hilbert space H and A is a skew-
selfadjoint densely defined operator on H; M(0;, ) is defined in the sense of an explicit functional
calculus for 0 ,, the time derivative, which is established as a boundedly-invertible operator. We
refer to [26] (see also [32, 46, 27, 36, 35]) for existence and other essential results regarding the
above equation. We briefly recall the most important ingredients of this framework in Section 4.1.

In many applications one is interested to describe physical properties of systems (e.g., compos-
ites, alloys, metamaterials) that feature material heterogeneities on a small length (or time) scale,
say € < 1. In the above described framework this may be described by equations of the form

(Mc(Orr) +A)u=F, (1)

where M. denotes a sequence of operators with “coefficients oscillating on scale €”. The goal of
homogenization is to derive a simplified, effective equation, say an equation of the form

(Mo(Ory) + A)u =F, (2)

that captures the large scale properties of the original system. This is typically achieved by studying
the asymptotics ¢ — 0, and by proving that the solution of (1) converges in a suitable sense
to the solution of the effective problem (2) as ¢ — 0. In the context of abstract evolutionary
equations this has been studied in [40, 41, 42, 43, 44, 47, 46, 48, 49]. Apart from [41, 43, 49],
the results obtained in these works are typically H-compactness statements, that is, it is shown
that given a family of operators (M,) (in a suitable class), it is possible to find (i) a subsequence
along which homogenization occurs and (ii) a “homogenized” operator M, that appears in the
homogenized equation and that possibly belongs to a larger class. In applications (e.g., modelling of
microstructured materials) the operator M. typically originates from a partial differential equation
with coefficients that rapidly oscillate on scale € and that encode the specific form of the material’s
microstructure. In the references [41, 43, 49] for particular equations, some H-convergence results
have been obtained (using certain properties of the microstructure providing explicit formulas
for Mg) rather than H-compactness, only. Anyhow, it is desirable to incorporate information
on the microstructure into the general abstract operator-theoretic approach, and to establish a
microstructure-properties relation that allows to uniquely characterize the homogenized operator
M, based on the information on the microstructure.

In the classical field of homogenization of partial differential equations, the microstructure-
properties relation often comes in form of homogenization formulas based on correctors and cell-
problems. Moreover, various homogenization methods exist that explicitly exploit structural prop-
erties of the microstructure. In particular, two-scale convergence methods are convenient for prob-
lems involving periodic or random coefficients oscillating on a small (physical) scale. Periodic
two-scale convergence [24, 1, 18] and the method of periodic unfolding [8, 39, 9, 20] are well-suited
for problems involving periodic coefficients. For stochastic homogenization problems (e.g., for
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models describing random heterogeneous materials) the notion of stochastic two-scale convergence
[4, 2, 51, 13] and the stochastic unfolding method [14, 23] are available as convenient tools.

In this paper we join the idea of the stochastic/periodic unfolding procedure with the homoge-
nization approach for abstract evolutionary equations of the form (1) (that is we combine [25, 4, 23]
with the ideas rooted in [40, 41]). In particular, we introduce an abstract family of operators which
present a generalization of the stochastic unfolding operator (see Section 2). Upon assuming a set
of structural assumptions for the abstract unfolding operator, we derive a suitable homogenization
result for a system of form (1). A merit in this procedure (in contrast to earlier works on abstract
evolutionary equations) is that the structural conditions we assume allow us to incorporate informa-
tion on the microstructure and to obtain an explicit description of the effective model. The abstract
homogenization result we obtain covers a large variety of problems. To illustrate this, we specifically
reconsider periodic homogenization of elliptic partial differential equations, and obtain (as simple
corollaries of our abstract theorem) stochastic homogenization results for the Maxwell’s equations
and the wave equation. Additionally, we derive corrector type results for the considered examples
that are based on specific properties of the partial differential equation under consideration.

Structure of the paper. In order to motivate the theory, in Section 1.1 we recall the standard
setting for stochastic homogenization and provide the definition of stochastic unfolding. Section 2
provides the definitions of the unfolding operator and two-scale convergence from an abstract point
of view. In the rest of that section we present some important properties of the latter notions.
Section 3 is devoted to the derivation of a homogenization result for an abstract elliptic type
problem. In Section 4.1 we briefly recall the setting for abstract evolutionary equations. Section
4.2 provides a homogenization result for an abstract evolutionary equation. Section 5 treats some
particular examples of the previously discussed abstract theory.

1.1 Motivation: Two-scale homogenization

In this section we recall some classical results and concepts from periodic and stochastic homogeniza-
tion of second order, divergence-form operators with uniformly elliptic coefficients. Our intention
is to motivate some ideas and concepts of the operator-theoretic framework that we develop in the
present paper. To fix ideas, let @ C R™ denote an open, bounded domain, f € L?(Q), and let
u: € H}(Q) denote the unique weak solution to

=V (a(x)Vue)=f in@Q, 3)

where ¢ : R” — R™*™ denotes a uniformly elliptic coefficient field, i.e., a : R™ — R%\" is measurable
and RY’\" denotes (for some fixed constants of ellipticity 0 < A < A) the set of matrices ag € R"*"
satisfying ao€ - € > A€|? and |ap€| < Al¢] (for all £ € R™).

Periodic homogenization is concerned with the case that the coefficient field a in (3) is periodic,
say a(-+ k) = a(-) a.e. in R™ for all k € Z". Under this condition a classical result (e.g., [21, 3, 10])
states that there exists a uniformly elliptic matrix ahom € R™*" such that (u.),.., weakly converges
in H}(Q) (as e — 0) to the unique weak solution u € HZ(Q) to the homogenized equation

-V (ahomVu) = f

The homogenized coefficient matrix anom is characterized by the formula

Ahom€i = / a(Vy; + e;)dx (i e€{1,...,n}),
O

3
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where OJ := [0, 1)" represents the reference cell of periodicity, e; € R™ denotes the i’th unit vector,

and p; € H! (R") denotes a periodic solution to the corrector equation

-V (a(Vgpi + el)) =0 in R™. (4)

Thanks to the periodicity of a, (4) can be solved by lifting the equation to the Sobolev space
of periodic functions with zero mean (where Poincaré’s inequality and uniform ellipticity of a
implies coercivity of the elliptic operator —V - (aV)). The corrector equation (4) is a key object
in homogenization theory for elliptic equations, since its solution — the corrector p; — captures
the spatial oscillations of u. induced by the heterogeneity of the coefficient field a. This can be
expressed in terms of the (formal) asymptotic expansions (using Einstein’s summation convention)

ue(z) = u(z) + epi(Z)u(x), Vue(r) = Vu(z) + Vi (£)diu(r)

or (more precisely) in form of the two-scale convergence statement
Vu€ 3) Vu+ V%&-u,

where 2 denotes the notion of (strong) two-scale convergence introduced in [24] and further inves-
tigated in [1] (see also [18]) and Vu + V;0;u denotes the function (z,y) — Vu(z) + V;i(y)du(zx).
Also, another method closely related to two-scale convergence is the periodic unfolding method
[8, 39, 9], which is based on an unfolding operator that equivalently characterizes two-scale conver-
gence (see also [20]).

In the stochastic case the coefficient field a is assumed to be a random object, i.e., (a(x))zern is
viewed as a family of RY’{"-valued random variables. Minimial requirements for stochastic homog-
enization (towards a deterministic limit) are stationarity and ergodicity. The former means that
for any x1,...,zy € R" and z € R, the distribution of (a(x; + 2),...,a(zy + 2)) is independent of
the shift z € R™. Ergodicity means that any shift-invariant (measurable) subset of the coefficients
has probability 1 or 0. In their seminal work [25], Papanicolaou and Varadhan rephrased these
conditions in an analytic framework that by now became a standard in stochastic homogenization.
In the following we recall their framework and some objects involved in their approach. We refer
to [25, 15] for details (see also the lecture notes [22] for a self-contained presentation). The idea is
to equip © := {a : R” — RY’\" : a measurable}, the set of all uniformly elliptic coefficient fields,
with a probability measure ,u and to draw a randomly from {2 according to . The precise setup is
as follows:

Assumption 1. Let (©,X%, 1) denote a probability space with a countably generated o-algebra
(that implies separability of L2(Q)), and let 7 = {7, : © € R"} be a group of measurable bijections
72 : €0 — ) such that:
(a) (Group property). 79 = idq and 7,4, = 7, 0 7, for all z,y € R™.
(b) (Measure preservation). p(7;A) = pu(A) for all A € ¥ and z € R™.
(¢) (Measurability). (w,z) — T,w is (X ® L(R™), X)-measurable (L(R™) denotes the Lebesgue-o-
algebra on R™).

Let ag : @ — RY’\" be measurable, then a(z,w) := ag(7,w) defines a uniformly elliptic, random

coefficient field that is stationary (thanks to property (b)). Moreover, in this framework, the
assumption of ergodicity reads: any shift-invariant set A € ¥ (i.e., 7, A C A for all x € R") satisfies

w(A) € {0,1}.
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Under the conditions of Assumption 1 and ergodicity, Papanicolaou and Varadhan proved the
following homogenization result: For f € L?(Q) and £ > 0, let u. € H}(Q) ® L*(Q) denote the
unique (Lax-Milgram) solution to

=V (ao(r2w)Vue(z,w)) = f(z) in @ x Q. (5)

Then there exists a uniformly elliptic coefficient matrix apom € R™*™ (only depending on p and
ap) such that u. weakly converges in H(Q) ® L*(2) to the unique solution u € H}(Q) of the
homogenized equation —V - (ahom V) = f in Q. The proof of Papanicolaou and Varadhan is based
on Tartar’s method of oscillating test functions and the main difficulty is to give sense to the
corrector equation (4) and the corrector ¢; in the stochastic case.

An alternative proof of the above homogenization result was introduced in [4], based on a
stochastic counterpart of two-scale convergence—the notion of stochastic two-scale convergence in
the mean (see also [2]). In particular, a bounded sequence (u.). in L?(Q) ® L?(Q2) is said to two-
scale converge in the mean to a function v € L?(Q) ® L?(Q), if for all test functions n € C°(Q)
and ¢ € L%(1),

/Q /Q e (2, 0) () (2 ) d da(w) — /Q /Q w(e, w)n(2)p(w) da du(w). (©)

Stochastic homogenization via unfolding. Recently, in [23, 14] Heida and the first two
authors reconsidered the notion of two-scale convergence in the mean from the perspective of an
unfolding operator (see also [38]). This approach is motivated by (and shares many similarities
with) the well-established notion of periodic unfolding [8]. In the following we briefly recall its
definition (for more detail, see [14]).

For n € L*(Q) and ¢ € L?(Q), we define

Te(n @ @) (z,w) = n(z)p(T—zw). (7)

Using the measure preserving property from Assumption 1 (b), it follows that

17:(n @ o)z @erz@) = 1M ® ellr2@)er2 @)

and by the density of the linear span of simple tensor products
L*(Q) ® L3(Q) == lin{(z,w) — p(z)(w); ¢ € L*(Q), € L*(Q)} € L*(Q) ® L*(Q) dense,

T- extends to a linear isometry 7; : L?(Q) ® L*(Q2) — L?(Q) ® L*(Q). Moreover, the equality
T:T_. = 1 on simple tensors implies that 7; is in fact unitary. A simple consequence of this
definition is that for a bounded sequence u. € L?(Q) @ L?() the weak convergence Tou. — u is
equivalent to stochastic two-scale convergence in the mean of u. to u (in sense of (6)). Also, note
that using the stochastic unfolding operator, we might rephrase equation (5) as

=V (T—cagTeVu) = f. (8)

In the present paper we go one step further and reconsider the idea of unfolding on an abstract
operator-theoretic level where

e L2(Q) and L?() are replaced by general Hilbert spaces Hy and Hi,
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e the stochastic unfolding operator is replaced by a family of well-structured unitary operators,
e —V-and V are replaced by densely defined closed (unbounded) linear operators Cj and Cjy.

Our motivation is to develop a unified, operator-theoretic approach to homogenization (in the mean)
of linear evolutionary problems with periodic, quasiperiodic or random (stationary) coefficients.
The abstract unfolding strategy that we propose applies to a variety of linear PDEs and we present
some examples in Section 5. Here we briefly explain one of the examples—stochastic homogenization
of Maxwell’s equations, which we discuss in detail in Section 5.3. In particular, for Q@ C R? open,
we consider the following system of equations: Find (ue,q.) : R x Q — C3 x C? such that

8t(77€u6) + o.u. — curlg. = f,

9
Ot (peqe) + curlu, = g, 9)

where (f,g) : R — L?(Q)® @ L*(Q)? is a datum and the random, oscillating coefficients are given
in the form 7n:(z,w) = m(z, T2w), 0c(2,w) = o0(2, T2w), pe(r,w) = po(z, Tzw) with 1y, 00, o €
L>®(Q x Q)33 that satisfy suitable assumptions. Note that the solution depends on w € €2, which
we see as a random configuration of the medium, and therefore we view the solution also as
a random field, i.e., we seek functions such that at (almost) each time instance ¢t € R satisfy
(us(t),q:(t)) € (L*(Q)® L2(Q))3 @ (L*(Q)® L2(Q))3. In fact, we phrase (9) in the form of the
operator equation (1) given on the functional space LZ(R; (L*(Q) ® LQ(Q))3 ® (LAH(Q) ® L2(Q))3),
which is an exponentially weighted L?-space with a parameter v € R (see Section 4.1). In the limit
€ — 0, we derive a two-scale homogenized system, that in the case of ergodic coefficients reads:

Find (uo, X1, 40, x2) € L3 (R; L*(Q)* & (L*(Q) ® Lot () & L*(Q)° & (L(Q) ® Lit(€))) such that

9 (Eno(uo + x1)]) + Eloo (ug + x1)] — curlgo = f,
O (Elpo(go + x2)]) + curlug = g,

—divy, (0¢(no(uo + x1)) + oo(uo + x1)) =0,

—divy, (9¢(po(qo + x2))) =0,

where E[-] denotes the mathematical expectation in (2, %, 1) and div,, is the stochastic divergence,
which is defined in Section 5.1. We may view the first two equations as the effective Maxwell
system for the deterministic variables (ug,qp) and the correctors (x1,x2), that account for the
microstructure evolution in the material, are determined by the last two corrector equations, cf.
Remark 5.12. In particular, we obtain that, as ¢ — 0,

Te(ue, qe) = (uo + x1,q0 + x2)  weakly in LZ(R; (L*(Q) ® L*(2))* @ (L*(Q) ® L*(2))*).

A similar result in a periodic-stochastic setting has been obtained in [33]. With our operator-
theoretic approach we are able to dispose of the continuity condition on the coefficients in the slow
variable. Next, we can treat highly oscillatory mixed type equations by only requiring the sum
of op and 7y to be positive. Moreover, for suitably regular right-hand sides (f, g), we obtain the
following corrector result:

lue = Texs = wollzzmr2@erz@p) + 19 = T-ex2 ~ dollLpmisa@ermy) = 0 ase = 0.

See Section 5.3 for details.
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2 The operator-theoretic setting for unfolding

In this section we introduce the setting for abstract two-scale convergence and provide some com-
pactness results which will be useful in the following sections. Throughout this section, we let Hy
and H, be Hilbert spaces, m,n € N; ‘d’ and ‘s’ are a reminder of ‘deterministic’ and ‘stochastic’.

Abstract “differential” operators. We consider densely defined closed linear operators
Cy: dom(Cyq) C H' - HY, Cs: dom(Cs) C HI" — H.

Given a Hilbert space H the canonical extension of C; to operators from the Hilbert space tensor
product H' ® H to H} ® H will be—as a rule—again denoted by Cy; and similarly for Cs. In the
applications, we have in mind, we extend Cy to the space H]' ® H, attaining values in H} ® Hj
and C as closed, densely defined linear operator from Hy ® H!" to H; ® H. Note that we will
further identify H' ® Hy = (Hq® H,)™ = Hy ® H]". Thus, the extended operators Cy and Cy are
both operators defined on (subsets of) (Hy ® Hg)™ with values in (Hy ® Hy)". With this in mind,
we require the following compatibility conditions for Cs and Cy:

dD; C Hy dense Vx € D,y € H": x ® y € dom(
1Dy C Hy dense Vo € Do,y € H': x ®@ y € dom(C}
dE; C Hy dense Vy € By, o € H': 2 ® y € dom(Cs
dEy C Hg dense Vy € Eg,x € Hj: x ® y € dom(C;

Cd7

)
)
(10)
)
)-

The first and third conditions are trivially satisfied, if m = 1, the second and fourth if n = 1. In

applications discussed later on, D1 = Dy = C$°(Q) for some open Q C R™ (a similar choice can be
made for Ey, E»).

Remark 2.1. Note the following consequence of our notation convention. Given a bounded linear
operator T' € L(H, K) for H, K Hilbert spaces, we have T'Cy C CyT, and T'Cs C CsT', see also
Lemma 2.5 below.

Unfolding family. We call a strongly continuous map 7 : R\ {0} — L(Hy; ® H,) taking values
in the set of unitary operators an unfolding family, if the following structural hypotheses are sat-
isfied (where the action of 7 on powers of Hy; ® Hj is understood “component-wise”, re-using the
notation):

T=T% (e €R\{0}), (11)

eCyT_cp =eT_Cap+ CsT-cp (v € dom(Cy) Ndom(Cy) C (Hg ® Hy)™,e € R\ {0}), (12)
T.C; CC,T. (e € R\{0}), (13)

Tov=v (v€ker(Cq),e € R\ {0}). (14)

We remark here that (12) (in conjunction with (10)) implies,
eCiT_cp=eT_Cilo+ T .Cipo (p€dom(C;)Ndom(C)) C (Hy® H,)", e € R\ {0}). (15)

The latter will be particularly important, when we discuss time-dependent problems.
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Remark 2.2. The stochastic unfolding operator introduced in Section 1.1 together with Cy = V,
and Cs denoting the stochastic gradient, satisfies the above assumptions (see Section 5).

Within the above setting we define (stochastic) 2-scale convergence as follows.

Definition 2.3. Let (uc)c>o in Hy ® Hs. Then (u.). is said to strongly (weakly) 2-scale converge
to u € Hy ® Hy (we also use the notation u. =Y (ue A u)), if

Teue = u (Teue — u)
strongly (weakly) as e — 0.

Remark 2.4. Strictly speaking 2-scale convergence is only defined for families (u.)->0. In the fol-
lowing, we will however also say that “a subsequence of (u.).~o (weakly/strongly) 2-scale converges
to some u”. By this, we mean that there exists a sequence ()i in (0,00) converging to 0 such
that 7c, us, — u weakly as k — oco. As the particular subsequence will not be important in the
considerations we are aiming for, we shall however re-use € and dispense with k.

In the following we establish various properties that we shall exploit in our abstract homogeniza-
tion scheme, and highlight analogies to stochastic two-scale convergence in the mean and periodic
unfolding, respectively. We begin with an abstract counter part of [4, Theorem 3.7]. In order to
avoid cluttered notation as much as possible, we often write Hy; ® Hy regardless of the number of
components of the objects under consideration. We begin with an auxiliary result.

Unless explicitly stated otherwise, we shall not assume condition (14) in this section. The
conditions (10)—(13), however, are assumed to be in effect.

Lemma 2.5. Let P be the orthogonal projection onto ker(Cs) C (Hq® H)™. Then PT. = TP for
alle € R\ {0}.

Proof. Let ¢ € R\ {0}. Then we have 7.Cs C Cs7: by (13). Since 7 = T_. by (11), we have
CHT_c = (TeC5)* 2 (CsTo)* = T_.C*. Hence, we deduce for all e € R\ {0}

T.C:Cy C CET.C5 C CECL T

Since C7C is self-adjoint and 7; continuous, we deduce that for all bounded, measurable functions
f:0(C:Cs) = R, Tof(C3Cs) = f(CiCs)Te. In particular, f = xqo is a possible choice. x 03 (C3Cs)
is the orthogonal projection onto ker(CFCj). Note that ker(C:Cs) = ker(Cs). Indeed, ker(Cs) C
ker(CrCy) is trivial; for ¢ € ker(CrCs), we test the equation C¥Csp = 0 with ¢ € ker(CIC5) C
dom(C*Cs) N dom(Cy) to obtain (Csp, Csp) = 0, that is, ker(Cs) 2 ker(C¥Cs). We infer P =
x{0}(C3Cs), which yields the assertion. O

Lemma 2.6. Let K C Hg be a closed subspace and P the projection onto K. Then PCy C Cy4P.

Proof. We have identified Cq with Cy ® 15, and P with 1y, ® P. Thus, the assertion follows from
standard tensor-product theory of operators in Hilbert spaces, see, e.g., [40, Appendix]. ]

Lemma 2.7. Let (u.). and (eCqu.). be bounded in (Hy® Hs)™ and (Hy® Hs)"™, respectively. Then
there are subsequences of (ug)e and (eCgue)e as well as u € dom(Cy) such that (ue)e weakly 2-scale
converges to u and (eCquc). weakly 2-scale converges to Csu.
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Proof. There exist subsequences such that (7:uc;). weakly converges to u € (Hy ® Hs)™ and
(eTeCyque). weakly converges to v € (Hy ® Hs)", respectively. We will show that v € dom(Cy)
and Cyu = v. For this, we let g € dom(C}) N dom(C}) and compute (using (15))

<57;Cdua7g> = <U675C§7-—ag>
= <u€,gT_aC§g +T-C5g)
= (eTeue, Cqg) + (Teue, C5g)
— (u, C7g).

Since dom(C}) N dom(C}) is an operator core for C; by (10), we obtain u € dom(C) and Csu =
(w-) lim. 0 e7-Cyue. O

Theorem 2.8 (Compactness). Assume (10)—(13).

(a) Let (ue)e be uniformly bounded in dom(Cy). Assume that (u.)e and (Cqu.). weakly 2-
scale converge. Then there exist u € dom(Cy) N ker(Cs) and v € Tan(Cs) such that u. 2w and
Cyue A Cyu +v.

(b) Let (gz)e be uniformly bounded in dom(C}). Assume that (q-). and (Cjq.). weakly 2-
scale converge. Then there exist ¢ € dom(C})) Nker(Cy) and w € Tan(Cy) such that g. A q and
Chge 2 Cig + w.

(c) Assume, in addition, m =1 and that (14) holds. Let (uc). be uniformly bounded in dom(Cy).
Then there exists u € dom(Cy) Nker(Cs) and v € Tan(Cs) NTan(Cy)" C (Hqy ® H,)"™ such that (a
subsequence of ) (ug). weakly 2-scale converges to u and (Cqu.). weakly 2-scale converges to Cqu+v.

Proof. (a) For suitable subsequences, denote by u and ¥ the corresponding weak 2-scale-limits of
(ue)e and (Cque)e. By Lemma 2.7, we deduce that u € ker(Cy). By weak continuity of P, it is easy
to see that (P7:u.). weakly converges to Pu = u. By Lemma 2.5, we have PT. = T.P. Thus, since
PCy; C CyP, we get Pu. € dom(Cy) Nker(Cs) C dom(Cy) N dom(Cy) and so, by (12),

CyPTue = T.CyPu. = T.PCyu,.

Thus, since the right-hand side is uniformly bounded in € > 0, so is the left-hand side. From the
closedness of CyP, it follows that u = Pu € dom(Cy).
We define v := 7 — Cqu. Then we compute for suitable ¢ > 0 and all w € ker(C}) N dom(C}):

(TeCque, w) = (Toue, Chw).
Letting € — 0 on both sides, we obtain
(Cau +v,w) = (Cqu,w),

which leads to
(v,w) =0 (w € ker(CI)Ndom(Cy)).

Since ker(C%) N dom(Cy) is dense in ker(C¥) by (10), we infer v € ker(C¥)+ = 1an(Cs).
(b) By symmetry of the conditions (10)—(13) in Cy and CJ, the proof follows analogously to

(a).
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(¢) Choose subsequences of (T:u:). and (T:Cjuc). that weakly converge to some u and 7.
By Lemma 2.7, we deduce that Cyu = (w-)lim._,0eT:Cqu. = 0 - U, which yields u € ker(Cy).
Moreover, we may choose a weakly convergent subsequence of (uc). in dom(Cy). Denote the limit
by @. Let P be the orthogonal projection onto ker(Cy). As m = 1, ker(Cs) € Hg and Lemma
2.6 yields PCy C CyP. In particular, we obtain that (Pu.). weakly converges to Pu in dom(Cy).
Furthermore, by 7:v = v on ker(Cs) (see (14)), we infer 7.P = P. Moreover, from Lemma 2.5, we
have 7:P = P7.. Thus, we get that

u = Pw-lim Tcue. = w-lim PT.u. = w- lim 72 Pu. = w-lim Pu. = Pu € dom(Cy).
e—0 e—0 e—0 e—0

We define v := 7 — Cqu. Then we compute for suitable ¢ > 0 and all w € ker(C}) N dom(C}):

1
(TeCque,w) = (uz, T_Cw + ET_EC:U)> = (Teue, Cjw).
Letting ¢ — 0 on both sides, we obtain
(Cqu +v,w) = (Cqu, w),

which leads to
(v,w) =0 (w € ker(C;)Ndom(Cy)).

Since ker(C¥) N dom(C%) is dense in ker(CZ) by (10), we infer v € ker(C?)*+ = 1an(Cs).
Finally, we let w € ker(Cs) N dom(C}). Then, using 7.v = v for all v € ker(Cy), we have for
suitable € > 0

<7;Cduaaw> = <Cduaaw> = <Ua,C§’w> = <Uaa7-—aczzw> = <7;U57C22w>'

Letting € — 0, we get
(Cqu + v, w) = (u, Cjw) = (Cyu, w).

Hence, since dom(C}) Nker(Cy) is dense in ker(Cs) as m = 1, we deduce
(v,w)y =0 (w € ker(Cy)),

which leads to v € Tan(C}). O

3 Homogenization of (abstract) elliptic problems

In order to illustrate our so far findings, we shall treat an elliptic homogenization problem. Note
that this is the abstract variant of the classical result [4, Theorem 4.1.1] (see Section 5.2 for the
periodic case). We assume throughout that m = 1 and that (10)—(14).

Theorem 3.1. Let f € ker(Cs) and assume that ran(Cy) is closed and Cy is injective. Let A €
L((Hq ® H,)") satisfy Re A= 2(A+ A*) > ¢ for some ¢ > 0. For e >0 consider

CHT_ . AT.Cqu. = f. (16)

10
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Then (ug)e is well-defined and uniformly bounded in dom(Cy) and strongly 2-scale converges to
some u € dom(Cy) Nker(Cs). Moreover, (Cque). weakly 2-scale converges to Cqu + v for some
v € Tan(Cs) NTan(CY)", where u,v are the unique solutions of the following system of equations

CyPA(Cqu+v) = f, (17)
CrA(Cqu+v) = 0. (18)

Here, P is the orthogonal projection onto ker(Cs).

Before we come to a proof of Theorem 3.1, we address well-posedness of (16). For this, we will
use the direct approach outlined in [37, Theorem 3.1]; see also [49, Theorem 2.9].

Theorem 3.2. Assume the conditions of Theorem 3.1 to be in effect. Then for all € > 0 there
exists a unique us € dom(Cy) satisfying (16). Moreover, we have that (us)e is uniformly bounded
in dom(Cy).

Proof. Let v: ran(Cy) — (Hy ® Hs)™ denote the canonical embedding. Then +* is the orthogonal
projection onto ran(Cy), see [28, Lemma 3.2]. Moreover, from ker(C%) = ran(Cy)+, it is easy to see
that

CiT-AT.Cy = CuT_cATu* Cy.

By the closed graph theorem (*Cy is continuously invertible; by [37, Lemma 2.4 and Corollary 2.5]
(t*Cy)* = C%u is also continuously invertible. Next, from Re A > ¢ it follows that Re T_.A7: > c.
In consequence, we obtain Re *T_.AT:0 > c*v. Thus, using that ran(C}) is closed and dense in
H,; ® H, by the injectivity of Cy, we obtain

ue = (1°Cq) ' (T AT2) ~H(Ch) 7 (19)
which yields uniqueness of solutions of (16). Multiplying this equality by ¢*Cy, we infer
VCque = (FT_cATo) H (Ch) L (20)
The equalities (19) and (20) together with
[T AT < -
yield that (u.). is uniformly bounded in dom(Cy). O

The next result settles uniqueness of the homogenized equations stated in Theorem 3.1. The
rationale is similar to the one in [4, Theorem 4.1.1]; however we do not need to impose the curl-
condition nor do we use any variant of ‘Kozlov’s identity’ (see [4, Lemma 2.4 and the subsequent
remark]).

Lemma 3.3. Let u € dom(Cy) Nker(Cs) and v € Tan(Cs) NTan(C)" satisfy (17) and (18) with
f =0. Assume that Cy is injective. Then u =0 and v = 0.

Proof. We define ¢ :== Cyu + v. Since ¢ — Cyqu = v € Tan(Cs) and A(Cyu + v) € ker(C¥), by (18),
0= (A¢,v) = (A(, ¢ — Cqu).
Thus, we deduce from (17) with f = 0 using u € dom(Cy) Nker(Cy)
(AC, ¢) = (A¢, Cau) = (A(, CqPu) = (PAC, Cqu) = (C3PAC, u) = 0.

Thus, by Re A > ¢, we infer ¢ = 0. Since ker(C,)" 3 Cyulv € Tan(C})", we obtain the assertion. [J

11
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The following simple lemma will be useful in the proof of Theorem 3.1. It provides a recovery
construction for the weak two-scale limit of the sequence Cyue.

Lemma 3.4. Let u € dom(Cy) Nker(Cs) and v € Tan(Cy). For 6 > 0, there exists p5 € dom(Cy) N
dom(C5) such that
[Csips — || < 6. (21)

Moreover, for ps5e = T_cu+ eT_cps5, we obtain
7;(10576 — U, ,Ecdﬁpé,e — Cqu + Cs‘P& (as €= 0)

Proof. By the definition of Tan(C;s) and using (10), we obtain that there exists p5 € dom(Cy) N
dom(Cy) which satisfies (21). Also, since Tz, = u+ eyp;, it follows that Tzps5. — u. Furthermore,
using (12)-(13) we compute

Cdﬁpé,e =T_Cqu+eT_.Caps + T-Csps.
This implies that 7:Cqps. — Cqu + Csps. O

Proof of Theorem 3.1. The family (u.)-~¢ is well-defined and bounded in dom(Cy) by Theorem 3.2.
By Theorem 2.8 (c), we find a subsequence of (uz)e>0, u € dom(Cy)Nker(Cs), v € Tan(C})"Nran(Cy)
such that (uc)e and (Cqu. ). weakly 2-scale converge to u and Cyu+v, respectively. Let ¢ € dom(Cy)
and ¢ € dom(Cs) Ndom(Cy). Then we compute for suitable e > 0 using (16)

(fr o) +(ef, T-ctb) = (T-cAT:Cqu., CgPo + eCqT_)
= <T—€A7Z‘Cdu€y OdP‘;D + 67:€Cd7;b + 037:€¢>
= <A720du€a 7;CdP90> + <A7Z‘Cdu€y 5Od7;b> + <A720du€a Cs¢>y

where we used eCyT_ 1) = eT_.Cqtp + CsT_ctp and T_.Cstp = CsT_.1). Since CyPyp € ker(Cs), we
have T.CqPyp = T.PCyp = PCyp. Thus, we obtain

(fr0) + (ef. T-c¥b) = (AT:Caue, PCap) + (AT:Cyue, eCatp) + (ATCyue, Csih).

In this equality we may let ¢ — 0 and obtain the asserted equalities (17) and (18). As the solutions
to (17) and (18) are unique by Lemma 3.3, we deduce that any subsequence of (u.). and (Cyuc)e
weakly 2-scale converges to u and Cyu+v, which implies that both (u.). and (Cyu.). weakly 2-scale
converge without the choice of subsequences.

In order to show strong convergence of (7T.u.)e, we consider @5 and @5, defined as in Lemma
3.4 (for u,v the solution of (17)-(18)). Since Cy is injective and it has closed range, it follows (see,
e.g., [37, Remark 3.2(b)]) that there exists ¢y > 0 such that ||¢]|| < ¢o||Cyaepl| for all ¢ € dom(Cy).
As a result of this, we obtain

Hus - @6,&” < COHCd(ue - @6,&)” = COHEC’d(us - @6@)”' (22)

Using the assumption Re A > ¢ (in the inequality) and that u. solves (16) (in the equality), we
obtain

c||TeCalue — ¢se)lI> < Re (AT:Ca(ue — 5.0), T-Calus — @s¢))
Re <f7 Ue — 905,€> —Re <A7;Cd905,€7 ,Ecd(ua - 905,5» .

12
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Since f € ker(7. — 1) (for any € # 0), we conclude that the first term on the right-hand side equals
Re (f, Teue — Topse). As a result of this and using the properties of 5. (Lemma 3.4), we obtain
that for fixed J > 0,

limsup || 7:Cy(u: — (,0575)H2 < —Re(A(Cqu+ Csps) , v — Cyips)

e—0

Moreover, using the above and (22) we obtain (using that the second term vanishes in the limit
¢ — 0 by Lemma 3.4) for some ¢; > 0 and all 6 > 0

lim sup (llue = @sell® + [ Tepse — ull® + 1 TeCalus — @5e)|*) < erllCau+ Copsllllv — Cosll.
e—

By the choice of ¢s5 (Lemma 3.4), in the limit § — 0 the right-hand side vanishes. Consequently,
we find a diagonal sequence d(¢) — 0 (as € — 0) such that

HUE - 905(6),6” + ”7;906(5),5 - u” + H’];Cd(ua - 905(6),6)“ —0 ase—0. (23)
Finally, this yields
[Teue — ull <[ Teue = Tetse) el + 1 Te@se).e —ull =0 ase—0. O
The above proof implies the following abstract corrector type result (see (23)).

Corollary 3.5. Assume the conditions of Theorem 3.1 to be in effect and let u.,u,v be given as
in Theorem 3.1. There exists a sequence p. € dom(Cy) Ndom(Cs) such that

epe = 0, ToCylue —eT_cpe) = Cqu  strongly in Hy @ Hy.

4 Homogenization of abstract evolutionary equations

4.1 A Hilbert space framework for evolutionary equations

For the application to time-dependent problems in the subsequent sections, we shall specify the
particular framework, we are working in. For this, we recall some results from [26], where the
setting was introduced for the first time. We shall also refer to [16, Section 2] for more details,
when properties of the time-derivative to be introduced in the following are concerned.

To begin with, we define for v € R5q the space L2(R; H) of (equivalence classes of) Hilbert
space H-valued functions f being Bochner measurable and satisfy

12 = /R 1£(8)|% exp(—2v)dt < oo,

L%(R; H) is a Hilbert space under the norm || - ||,. Denoting by H.(R;H) the (first) Sobolev
space of weakly differentiable functions with distributional derivative representable as an element
in L2(R; H), we define the time-derivative as the operator

Or: Hy(R; H) C LY(R; H) — LY(R; H), f = f".

It turns out that 0;, is a normal operator. More particularly, 0, admits a spectral representation
as multiplication operator in L?(R; H). For this, we define the multiplication-by-the-argument

operator
m: dom(m) C L*(R; H) — L*(R; H),p = (£ = £p(£)),

13
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where
dom(m) := {p € L*(R; H); (£ = £p(€)) € L*(R; H)}.

Define the (H-valued) Fourier transformation F: L?(R; H) — L*(R; H) as the unitary extension of
1
Ff= l—)—/ex —1t€) f () dt € L'(R; H) N L*(R; H)).
fi= (€ o= [ exp(t)f(B)dt) - (f € L'(R H) 0 L*(R; H))

Moreover, we define for v € R the (obviously) unitary operator
exp(—vm): L (R H) = L*(R; H), f = (t = e (1)),

and we set
L, = Fexp(—vm),

the Fourier—Laplace transformation. With the latter transformation at hand the explicit spectral
theorem for d;, (see also [16, Corollary 2.5(c)]) reads

Oy =L, (1 m +V) L,.

The latter equation yields a functional calculus for 9, (or for 8; Vl) In fact, let v € R and
v > vy and let M € H(CRresy,; L(H, K)), where K is another Hilbert space and

H(Cresv; L(H, K)) = {M: Cresy, — L(H, K); M analytic}.

Then we define
M(@t,u) =L (M (1111 +1/)) L,

where

(M(m+v)p) () = M(E+1)p() (€ € B)

for all compactly supported, continuous functions ¢: R — H.

The reason we focus on analytic functions M rather than continuous or even just measurable
functions is that analyticity of M and causality of M(0;, ) are strongly related, which is apparent
from the Paley—Wiener theorem, see e.g., [26, Section 2] or [29, Theorem 2.4], [46, Section 1.2].

We are now in the position to formulate the well-posedness theorem, which can be viewed as
underlying structure of many linear equations in mathematical physics and continuum mechanics.

Theorem 4.1 ([26, Solution Theory]). Let vy € R>q, v > vy, H Hilbert space, A: dom(A) C H —
H a skew-self-adjoint operator, i.e., A = —A*, and M € H(Cresy,; L(H)). Assume there exists
¢ > 0 such that

Re(M(2)p,p) = c(p,0) (2 € Cresuy,p € H).

Then the operator B = M(0y,) + A is densely defined on L%(R; H). Moreover, B is closable and
B is continuously invertible in L2(R; H), ||§_1H < 1/c and B s causal, that is,

1R<a§_11R<a = 1R<a§_l (CL S R)

Proof. For z € CRresy, it follows from [34, Lemma 2.12] that M (z) + A is continuously invertible in
H with inverse satisfying ||(M(z) + A)7!|| < 1/c. Thus, [36, Remark 2.3(a)] applies and we obtain
the assertion. O

14
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We define
H*(Cresvp; L(H, K)) = {M € H(Cre>w; L(H, K)); M bounded},
which turns into a Banach space if endowed with the supremum norm.
Proposition 4.2. Assume the hypotheses of Theorem 4.1. Then
Cresuy 3 2 = (M(2) + A4) " € L(H)| € H(Cresyi L(H)).

Proof. The claim follows from [34, Lemma 2.12] and the fact that composition of analytic mappings
are analytic again. O

It will be the next theorem, which forms the basic result for the convergence results to be
followed in the next section.

Theorem 4.3. Let vy € Rxg, H, K separable Hilbert spaces. Let (S:)->0 be a bounded family in
H®(CRre>vy; L(H, K)) and let Sy € H*(CRreswy; L(H, K)). Assume that for all z € Cresy, we have

Se(z) = So(z) (e —0)

in the weak operator topology of L(H, K).
Then Se(0;,) — So(Ory) in the weak operator topology of L(L2(R; H), L2(R; K)).

For the proof of Theorem 4.3, we shall use the following result.

Theorem 4.4 ([44, Theorem 4.3] and [41, Lemma 3.5]). Let Q C C open, H, K separable Hilbert
spaces. Let (Se)e be a bounded family in H*°(Cresy,; L(H, K)). Then there exists

T € H*(Cresuo: L(H, K)
and a nullsequence (e)ren in (0,00) satisfying for all K C Q compact
Se,(2) 2 T(2) (k— o00,z€K)
in the weak operator topology of L(H,K). Moreover, if Q = Cresy,, then
Sep(Ory) = T(0ry) (k— 00)
in the weak operator topology of L(L2(R; H), L2(R; K)) for all v > vy.

Proof of Theorem 4.3. Choose (¢j) and T according to Theorem 4.4. Then, for z € Cres,y,, we
obtain

So(z) = (Tw-) kh_}ngo Se,(2) =T(2).

Moreover, we get S, (0;,) — So(d;,) in the weak operator topology of L(L2(R;H),L2(R; K)).
The subsequence principle concludes the proof. O
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4.2 Applications to time-dependent-type problems

We shall treat a subclass of evolutionary equations discussed in the previous section. The particular
cases treated here cover the heat equation, the wave equation, the Maxwell’s equations and even
systems of mixed type formulated on possibly rough domains, which do not need to satisfy any
boundedness conditions, as we shall demonstrate in the subsequent sections by means of examples.

More specifically, in this section, we confine ourselves to the following class of problems. Define
Hy = (Hq® Hy)™, H == (Hq® Hy)" and H = Hy @ Hy. Let vy > 0, My: Cresy, — L(Hy) be
analytic and assume that Re My (z) > ¢ for all z € Cresy,, k € {0,1} and some ¢ > 0. We need to
restrict ourselves to a certain class of right-hand sides. For this we set

Ho = ker(C ﬂ ker(7: — 1) € Hp, Hi=ker(CI)N ﬂ ker(7: — 1) C H;.
e€R\ {0} e€R\{0}

We remark that in the applications, e.g., to stochastic homogenization (see Sections 5.3 and 5.4),
the above choice allows the consideration of deterministic right-hand sides (that is a standard
assumption in stochastic homogenization), i.e., L?(Q) ® C C H,.

For (f,g) € H := Ho ® H1, we consider for € > 0

(7= (" ) (e §)) ()= () 2

Note that the operator

B. = <T_€ <Mogatvu> Ml?aw)> _ (_% d %))

is continuously invertible in L2(R; H) by Theorem 4.1 applied to M = T_. diag(Mg, M1)Tz and
A= ( 0 Ca > We shall also introduce

—Cyq 0O
5.0 (7 (M )T (LG, %d)) (25)

for all € > 0 and z € CRre>y,- By Proposition 4.2, we have that (S¢)c~¢ is a bounded family in
H®(CResvy: L(H)).

Our aim in this section will be to construct an operator-valued function Sy: z — Sp(z) such
that

TS:(z) = So(z) (e —0)

in the weak operator topology (in an appropriate space). It will turn out that Sp(z) can be written

~ * -1 ~
as So(z) = (M (2) + (_Ocd %d >> for suitable M (z) to be described explicitly below. Finally, we

shall conclude with an application of Theorem 4.3 to obtain a homogenization result for the full
time-dependent problem.

We will suppress the dependence of u. and ¢. on z for the time being; at the end of this section
we come back to this.
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Remark 4.5. We refer to [27, 29, 46] and the references therein for an instance of the many
examples that are covered by this equation. We will consider some special cases in the next section.
The rather involved homogenization result for a suitable class of non-diagonal M is treated in
[47]. In that paper, however, a compactness assumption had to be introduced, which we do not
assume here. Moreover, in [47] the local problem is given implicitly and there is no criterion
ensuring convergence without the extraction of subsequences. However, in the framework of so-
called ‘nonlocal H-convergence’ a convergence result for Maxwell’s equations was shown in [49]. For
a setting strictly confined to periodic problems defined on the whole Euclidean space as underlying
domain, quantitative results can be found in [11].

First of all we establish existence and boundedness of (u,q:). in dom(Cq) ® dom(C);). The
result is as plain as it is to establish the uniform bound in H. We provide some more details as
follows.

Proposition 4.6. For alle > 0, (ue,q:) is well-defined as a solution of (24). Moreover, the family
(Ue, qe)e is uniformly bounded in dom(Cy) ® dom(C3).

Proof. Note that < OC Cod> is skew-self-adjoint and Re T_. M (z)7T: > ¢ for all z € Cresy, € > 0
—Caq
and some ¢ > 0. Hence, the assertion follows from [34, Lemma 2.12] applied to M = T_.M(z)7:
(0 C
andA-(_Cd O>' O

The main result of this section is presented next, that is, we will now present the main step to
establish convergence of (7:S:(z)).. We shall show convergence of a subsequence first. Then, we
will prove uniqueness of the limit, so that the following theorem actually also holds without the
choice of subsequences. Below, P, (c,) and Py, () denote the orthogonal projections to ker (Cs)
and ker (C}).

Theorem 4.7. Assume (10)—(13). For e > 0 let (u.,qe)e be given by (24). Then (a subsequence
of) (ue)e, (qe)e weakly 2-scale converge to some u € dom(Cy) Nker(Cy), ¢ € dom(C) Nker(Cy).
(u,q) satisfies the following system of equations

Bier (cyMo(2)u + Peer (c,)Caq = f (26)

Prer (0)M1(2)q — Prer (c2)Cau = g- (27)
Proof. By Proposition 4.6, (u.). and (g:). are bounded in dom(Cy) and dom(C}), respectively.
Hence, by Theorem 2.8 (a) and (b), we find subsequences of (u. ). and (g ). as well as u € dom(Cy)N
ker(Cs), v € Tan(Cy), ¢ € dom(C}) Nker(C}) and w € tan(C}) such that (uc)e, (¢:)e, (Caue)e, and

(C3qe)e weakly 2-scale converge to u, ¢, Cqu + v, and Cjjq + w, respectively. Next, using (24), we
have for all p € (Hy ® H,)™ and suitable € > 0

(fro) = (Tf, )
= (Ber (Co) [+ T=ep)
= (T_eMo(2) Teue + Cige, T-cPrer (C)9)
= (Mo (2)Tete, Peer () ) + (TeCte, Prer (C1)#)
= (Mo(2)u, Peer (c,) ) + (Caqq + w, Peer () )
= (Per (c)Mo(2)t, ) + (Per () Cads ) (€ = 0).

17



Two-scale homogenization of abstract linear time-dependent PDEs

We obtain
Pier (coMo(2)u + B (c,)Cagq = f,
which yields (26). (27) follows analogously. O
The next result is a reformulation of the system (26)-(27). For this, we introduce the canonical
embeddings
ts: ker(Cy) — (Hqg ® Hg)™,
g ker(Cy) — (Hq® H)".
Since u = tgtiu and g = tg+Liq, we obtain the following.
Corollary 4.8. Let (u,q) satisfy the system (26)-(27). Then
Mo (2)tstiu + 5 Chtgetang = Ui f, (28)
Lge M1 (2) 152 Lan @ — L5 Cglstott = Lgeg. (29)

Remark 4.9. The equations for u and ¢ from Corollary 4.8 can be written in the following block
operator matrix form

<<ﬂg(z) M’?(z)) i (—L:*Ood% % L)) (Z) - @ |

where My(z) = 1Mo (2)s, M1(2) = 15 My (2)1gr, T = tu, G = theq, f =1 f and § = g

From this remark we obtain the homogenized problem as follows. Namely,

(%7 sio) (& 5))0)-0)

where vad =15.Cy4ts and al* = 15C%1s+. In particular, we deduce that (@, ¢) is uniquely determined,
see [34, Lemma 2.12].

This observation combined with Corollary 4.8 yields that the claim of Theorem 4.7 is true even
without choosing subsequences. In any case, we can formulate the following homogenization result
for time-dependent homogenization problems, which is one of the main results of this article. We
define S.(z) € L(H, H) by

s2)(1a) =549 (1)),

where S.(z) is given by (25). We shall also define Sy(z) € L(H, H) via

seo=(5 ) (4 2)+ (% ) G0

Theorem 4.10. Assume (10)—(13) and that H is separable. Then we have
TeSe(Orp) = So(9h) (e = 0)
in the weak operator topology of L(L?(R;H), L2(R; H)).

Proof. For z € Cresy, we obtain with Theorem 4.7 (in the version without choosing subsequences,
which is justified by the subsequence principle in combination with Corollary 4.8 and the represen-
tation in Remark 4.9) that 7:S:(z) — Sp(z) in the weak operator topology of L(H, H). Thus, the
assertion follows from Theorem 4.3. O
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5 Examples

In this section we present two specific examples of the unfolding operator—the stochastic and (a
variant of the) periodic unfolding operator. Moreover, we provide specific examples in which Theo-
rem 3.1 and Theorem 4.10 yield homogenization results. In particular, we consider homogenization
problems for elliptic, Maxwell’s and wave equations. Also, besides the essential homogenization
results obtained by Theorem 4.10 for the evolutionary equations, with little additional effort we
prove some corrector type results.

5.1 Examples of unfolding operators

Deterministic differential operators. First, we introduce the deterministic differential opera-
tors which we use in the description of the considered problems. In the following, we denote by 0;,
V = (01,...,0,), and div - the partial derivative, the gradient and the divergence, respectively, and
use the notation

V X u:= (82u3 — agug, 83u1 — (91U3, 81u2 — agul)

for the curl of a smooth three-dimensional vector-field. Let () C R™ be open.
Gradient and divergence operators. The operator closure of C°(Q) C L?(Q) — L*(Q)", ¢+ Vi
and its adjoint are denoted by

grcz;dx : dom(grcz;dx) = H}(Q) C L*(Q) — L*(Q)" and —div, = <grcz)1dx> .

Curl operator. Let n = 3. The operator closure of C2°(Q)3 C L*(Q)3 — L*(Q)3, ur— V x u
and its adjoint are denoted by

o o o *
curl, : dom(curl,) € L*(Q)® — L*(Q)3 and curl, := (curlw> .

Periodic unfolding (in the mean)

We present a periodic unfolding operator suited for homogenization problems involving periodic
coefficients. We consider the unit torus O := R"/Z" equipped with the push-forward of the Lebesgue
measure £([0,1)") and let @ C R™ be open. We consider the following particular choice of the
abstract Hilbert spaces from Section 2: Hy = L?(Q), H, = L?(0). For ¢ € R\ {0}, we let

T2 : L2(Q) ® L2(0) — L*(Q) ® L*(0) be given by

x
) = Y T Y ) 30
Tt = ({5} 0
where {-} : R™ — O is the canonical quotient map. 7z is a linear isometry and we call its continuous
extension T; : L?(Q) ® L*(0) — L*(Q) ® L*(O) periodic unfolding operator. Thus, T; is unitary
and we have 77! = T_..

Remark 5.1. The above notion of periodic unfolding differs from the classical notion of unfolding
introduced in [8, 9]. In particular, in [8, 9] the unfolding operator is defined as

T+ 13(Q) = LA(Q) @ LA(D), given by Tou(w,y) = u ([

} + 5y> ,
Elezn
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where []_. : R" — ¢Z" is defined as [],5, = 2 — e {£}_. The operator T. defined in this fashion
is not surjective and therefore it does not satisfy the assumptions of our abstract setting. On the
other hand, definition (30) involves an additional variable y for functions in the domain of 7; (in this
respect we might call the notion defined in (30) periodic unfolding in the mean) and consequently
it fulfills the requirements from Section 2.

The operator closure of C*(0J) C L?(0J) — L*(0)", ¢ — Vo and its adjoint are denoted by
gradf : dom(gradjﬁ) = H;&(D) C L*(O) —» L*O)" and - divg/éﬁ = (gradf)*.
Note that we may identify C°°(0J) with the space of Z"-periodic functions in C*°(R"), and L?(0)
with L2((0,1)").

If we set Cy = grad, and Cs = graudz/éé , it follows that the abstract conditions (12)-(14) are

satisfied (Note that (10) is easy, by choosing D1 = Dy = C2°(Q) and E; = Ey = C*°(0)):

Lemma 5.2. For e # 0, we have

[e] o o
egrad, T_.p = eT_.grad, p + gradj’E T_cp, for all ¢ € dom(grad,) N dom(gradj’E ),
Tegradf C gradf T2,
Tep =@, forall g € ker(gradf).

Note that dom(grc;xdm) N dom(gradf) = H}(Q) ® L*(0) N L*(Q) ® H#(D) and ker(gradf) ~
L*(Q)®C.

Proof of Lemma 5.2. Let n € C°(Q) ® C*°(0)". Then

<eT_sgradst, 17> =~ (. ediva Tem) 2 (@er2(D) -
L2(QeL2@)r

Using the smoothness of 77 and the chain rule, we compute € div, Ten = €7 div, n—T: divjE n, where
we use that divy Tzn(z,y) = Oy, (172-(:17, y— {%}D)) a.e. Therefore, we obtain

<6T_egradx% 77> = <6gradm’f—s<p — grad# T_o, 77>

L2Q®L2 () L2QeL )

a o
Since C°(Q) ® C*°(O) is dense in dom(grad,) N dom(gradz/éé ), the first claim follows.
The second claim follows from the fact that ’Egrad;éé = grad;éé Tep for any ¢ € C>°(O).

The last claim follows using that ker(gr::—mdjE ) ~ L?*(Q) ® C, which can be obtained with the help
of the Poincaré inequality: There exists C' > 0 such that

- L

< C’ngadfgoHLz(D)n for all p € dom(gradf). O
L2(0)
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Stochastic unfolding

Let @ C R™ be open, (2, X, i, 7) be a probability space satisfying Assumption 1. In this section, we
set Hy = L*(Q) and Hy = L?(Q) and consider the stochastic unfolding operator T : L*(Q)®L*(Q) —
L*(Q) ® L?(9) defined in (7).

Remark 5.3. The stochastic unfolding operator is a generalization of the periodic unfolding oper-
ator since in the case (2, %, ) = (0, £, dy) and 7,y = y+ {z} the two operators coincide. Another
instance of stochastic unfolding corresponds to the choice (2, %, ) = (O™, L™, (dy)™) (for some

m € N) with 7,y = (y1 + {z}5,...,ym + {z}g). The latter is well-suited for the treatment of
problems involving quasi-periodic rapidly-oscillating coefficients.

With help of the dynamical system 7 (for fixed i € {1,...,n}) we introduce the group of unitary
operators (h € R) T, : L?(2) — L?() given by
The, 9 = ¢ © The;- (31)
This group is strongly continuous and we denote its infinitesimal generator by J,,; : dom(3d, ;) C
L3(Q) — L*(Q), ie.,

. Th PP
Ouiip = iy =255 —.

Analogously to (31), we define T} : L?(Q) — L?(Q) for 2 € R". Using the stochastic partial
derivatives 0,,;, we define the stochastic gradient

grad, : HY(Q) = m dom(9,, ;) C L*(Q) — L*(Q)"

ie{l,....,n}
given by
gradwcp = ((9%1(,0, e 780.),71%0) .
It is a closed and densely defined linear operator and we let div,, = — (grad,,)*. Also, we introduce

the space of smooth random variables by
H™(Q) = {(’p e L*(Q): oo - Oomp € HY(Q) for all oy, ..., ay € No} .
o
In the case n = 3, we define the stochastic counterpart of the curl, operator as follows. Let
Vox : H®(Q)? C L?(Q)? — L%(Q)3 be given by
Vi X @ = (00,203 — 00,302, 00,301 — 0,103, 0w 1902 — 0w 201) -

We let curl, = (V,x)*™. The choice Cy = grad, and Cs = grad,, satisfies assumptions (12)-(14),

[e]
and if we set Cyq = curl, and Cs = curl,, we merely obtain (12)-(13). (Again, note that (10) in both
cases follows with the choice D; = Dy = C°(Q) and By = Ey = H*®(Q2).)

Lemma 5.4. Let € # 0.
(a) Then

egrad, T_.p = eT_.grad, o + grad ,T_cp for all ¢ € dom(grad,) N dom (grad,,),
Tegrad, C grad 7.,
Teo = for all ¢ € ker(grad,,).
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(b) If n =3, then

ecurl, T_.p = eT_.curlyp + curl, T_cp  for all ¢ € dom(curl,) N dom(curly,),
7. curl,, C curl, 7.

Proof. (a) Let n € C°(Q) ® H>(Q)™. We have

<5T_5gradz<p, 77> = (p,ediv, 7277>L2(Q)®L2(Q) .
L2(Q)®L?(Q)

We compute e div, Ten = 7. div, n — T- divy, 1, in order to obtain,

(o) o
<€T—agradxso, n> = <Egradm’f—aso —grad, T—c¢p, n>

L2(Q)®L?(Q) L2(Q)®L?(Q) .

Note that C°(Q) ® H>(€) is dense in dom(grad,) N dom (grad,,) (see (33) below) and therefore
the first claim follows.
In order to obtain the second claim, it is sufficient to show that 7.0, ;¢ = 0,,Tc¢ for any

o € H*®(Q) (for any i € {1,...,n}). Let ¢,n € L*(Q) ® H> (). We have

o1
<7;8w,i907 77>L2(Q)®L2(Q) = flllg}] h (TeThe, 0 — Te, n>L2(Q)®L2(Q)

o1
= lim 7 (7290, T _pe;n — 77>L2(Q)®L2(Q)

h—0
= — (T, 0u,iM) 12(Q)012()
= <(9w7z'72% 77>L2(Q)®L2(Q) ’

As a result of this and by the density of H>(Q) in H'(Q), the claim follows.

For ¢ € ker(grad,), we have T, = ¢ for all x € R"™ (see, e.g., [14, Lemma 3.10]). As a result
of this, the third claim follows.

(b) The proof follows analogously to part (a). O

Remark 5.5 (Boundary conditions). The first commutation relation from Lemmas 5.2 and 5.4

(a) remains valid if the gradient operator gr(;dx (which is defined on a domain which accounts
for homogeneous Dirichlet boundary conditions) is replaced by gradient operators corresponding
to other types of boundary conditions (e.g., with homogeneous Neumann condition or periodic
boundary condition). In this respect, the unfolding procedure does not only apply to problems
with certain boundary conditions.

Auxiliary results. We provide certain facts that will be helpful in the treatment of the
stochastic homogenization problems considered in the following section (in particular for corrector
type results). The following standard orthogonal decompositions hold (see, e.g., [7])

L*(Q) = ker(grad,,) @+ tan(div,), L*(Q)" = ker(div,) @+ tan(grad,). (32)

P, and Py denote the orthogonal projections P, : L?(Q)) — ker(grad,,) and Pyt - L2(Q)" —
ran(grad,) =: L2, (Q). We have ker(grad,) = {u € L*(Q) : T,u =u for all z € R"} =: L (Q)
(see, e.g., [14, Lemma 3.10]). If we additionally assume that the probability space is ergodic, we

get L2 () ~C.

nv
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Lemma 5.6. Let n = 3. Then
ker(curlw) = Liznv(Q)3 GBJ_ L?}ot(Q)v ker(curlz’;) = Liznv(Q)3 @J_ L?Jot(Q)'

The following standard mollification procedure for random variables (see, e.g., [15, 4]) is useful
in the proof of the above lemma. For a sequence 6 — 0, we consider a sequence of standard mollifiers
ps € CX(R™) (even and non-negative) and for ¢ € L?(Q), we set

05 = / i ps(y)Tyedy. (33)

We obtain that p5 € H*(Q) (apply the definition of J, ;, transform the integral to have the
difference quotient on ps, and then apply the dominated convergence theorem), (ps) = (¢) =
Jo p(w)dp(w) and @5 — ¢ in L*(Q) as § — 0 (see, e.g., [15, Section 7.2]). We collect some further
useful properties of this mollification procedure:

Lemma 5.7. Let ¢ € L?(Q). Then @5 € H>®(Q); and o5 — ¢ in L*(Q) as 6§ — 0.
Moreover, the following statements hold:
(a) If ¢ € HY(Q), then grad,¢s = (grad,p); and grad,ps — grad,,p.
(b) If ¢ € dom(divy,), then divy @5 = (divy, )5 and div,, s — divy, @.
(¢c) (n=3) If ¢ € dom(curly,), then curl, @5 = (curly, ¢); and curl, ps — curly, ¢.
(d) (n=3) If p € dom(curl), then curl}, p; = (curl}, )5 and curl}, ¢s — curl}, ¢.
(e) curl, = curl},.

Proof. The first statements of the lemma follow the same way as they follow in the deterministic
case.

(a) We have (for i € {1,...,n}),

T hei‘P - T P
/n pé(y) <y+fy - Tydu,i@)

Using the above and that p; is bounded and compactly supported, we obtain that there exists
C(0) > 0 such that

1
H 7 (The; 05 — 95) — (Ow,itp) 5

L2(Q) a ‘ 12()

<00} Brup - 0) - 20

1
h

7 (The, 05 — ©5) — (Ou,i9) 5

12(2) 12Q)

In the limit A — 0 the right-hand side vanishes, and this implies that grad,ps = (grad,¢)s. Con-
sequently, grad ps — grad,,p.
(b) For n € H'(2), we have

- <¢57gradwn>L2(Q)" - - </

Using that T_,, and (the infinitesimal generator) grad,, commute, we obtain that the last expression
equals

n n

pa(y)Tysogradwndy> = — / (ps(y)Typgrad,,n) dy.

- / ps(y) (pgrad,T-yn) dy = < / ps(y)Ty dive, sodyn> = ((dive )55 1) 120 -
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As a result of this, we have div,, ¢5 = (div,, ¢); and div,, ps — div,, ¢.
(c) Let n € dom(curl})). We have

n

(pa, curlym) ro)s = < /R ps(y)Tysp curly, ndy> = / ps(y) (T—y curly; n) dy.

In order to obtain the claim of the lemma, it is sufficient to show that T, curl}, n = curl}, T_,n.
Indeed, in that case the above expression equals

/ ps(y) {p el Toyn) dy = < / ps(y)Ty curl, sodyn> = ((curly, )5, M) 12(q)e »

and therefore the claim follows. In the following we show that 7T_, curl’,n = curl},7_,n. Let
Y € HY(Q)3. We have

<T—y77’ curly, ¢>L2(Q)3 = (n, T, curly, ¢>L2(Q)3 = (n,curly Ty¢>L2(Q)3 = (T—y curly, 7, ¢>L2(Q)3

By density of H!(2)3 in dom(curl,,), we obtain that for any ¢ € dom(curly), (T—,n, curl, w>L2(Q)3 =
(T_y curly,n, ) (s that implies T"yn € dom(curl})) and T, curl}, n = curl}, T_,n. The proof is
done.

(d) The proof follows analogously to part (c) if we obtain that for n € dom(curly,), T—, curl, n =
curl, T_,n. In order to show this, we consider a sequence (n)x in H'(2)3 such that n, — n and
curly, ny, — curly, n (by definition such a sequence exists). The operator 7", is unitary and therefore
we have T_,n, — T_yn and T_,, curl, n, — T_, curl, n. Moreover, since T_, curly, n = curl, T_yny,
and using that curl, is closed, we get curl, T_,n = T_, curly, 7.

(e) It is elementary to show that curl, C curl; see also [4, p 22]. The remaining inclusion

W)
follows from (d) as this statement shows that H'(Q) is a core for curl’. Hence,

curly, C curly, = curly, |1 () = curly |1 (o) = curly, . O

Proof of Lemma 5.6. Let ¢ € ker(curly,). Then ¢ = Pn¢ + ¥ where ¥ = ¢ — Py,,¢. Using (32) it
follows that ¥ may be decomposed as follows

U=V + Uy,

where ¥, € ker(div,,) and ¥y € ran(grad,,). In the following we show that ¥; = 0. Using Lemma
5.7 we find a sequence (¢)r in H*°(2) such that grad, ¢r — Wo as kK — oo. Moreover, since
curl, grad ,pr = 0 for all k£ € N, we conclude that Wy € ker(curl,,) and therefore it follows that

Uy =W — Uy =p— Pny — Vs € ker(curly,).
For the mollified functions ¥ 5 (defined as in (33)), by a direct computation we obtain
/ | curly, Wy 5% + [ dive, U1 4° = / lgrad,, ¥y 5.
Q Q
Using Lemma 5.7 we pass to the limit 6 — 0 and it follows that grad,¥;s — 0. Moreover, since

U, 5 — ¥y, we obtain that grad V; = 0 and therefore ¥y = 0 (using that P, ¥y = 0). This
concludes the proof of the first part. The second claim follows from Lemma 5.7 (e). O
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5.2 Periodic homogenization of elliptic equations

We start by showing that the classical example of periodic homogenization of elliptic equations
fits into the previously described abstract framework (see Section 3). We refer to [3, 1] for the
standard treatment of elliptic equations with periodic coefficients and to [25, 4] for its stochastic
counterpart. Let @) C R™ be open and bounded. In this section, we consider the periodic unfolding
operator 7; : L?(Q) ® L*(0) — L*(Q) ® L?(0) defined in (30).

[e]

In this setting the role of Cy and Cjs is played by grad, and gradfE , respectively. Let A €
L%°(Q x O)™*™ be such that there exists ¢ > 0 with [A(z,y)| < L and % (A(z,y) + A(z,y)*) > ¢
a.e. We interpret A as a multiplication operator in (L?(Q) ® L?*(0J))". For ¢ > 0, we consider the
following equation

— div, T AT-grad,u. = f (34)

with f € L?(Q) ® C. In this case, the term 7_.AT:grad,u. boils down to the familiar expression

o o
(z,y) — A (:E,y + {%}D) grad,u.(x,y). Since grad, is injective and its range is closed (due to
the Poincaré inequality), a direct application of Theorem 3.1 and the fact that 7.u = u for u €
ker(gradjE ) imply the following:

Corollary 5.8. Let A be given as above and u. be the unique solution of (34). Then
(o) o
Teue — u strongly in L*(Q) ® L*(0), T.grad,u. — grad,u +v weakly in (L*(Q) ® L*(0))",
[e]
where u € dom(grad,) ® C and v € m_n(grad;f) are the unique solution to

[e]
—div, PA(grad, u + v) = f,
o
- div;jE A(grad, u +v) = 0.
Above, P is the projection to constant functions (in the y-variable), i.e., Py = fD pdy.

Remark 5.9. In order to transform the above (two-scale) homogenized problem (35) into the usual
one-scale form (see [1] for detailed investigation of such two-scale effective equations), we might
introduce the following (uniquely defined) correctors ¢; € dom(grad?"j’E ) (i e{l,...,n}) by

— divz/éﬁ A (ei + gradfgoi) =0, / w; = 0.
O

[e]
It follows that the choice v = 2:?:1(gradmu)Z-glradzE ¢; satisfies the second equation in (35). Conse-
quently, u is the solution of the equation

o
—div, Apomgrad,u = f,

where Anome; - €5 = [ A(e; + grad;/éﬁ @) - (ej + gradj’E @;)dy. The last equation is the classical form
of the homogenized equation. Notice, however, that the result presented in Corollary 5.8 is slightly
different from the classical result; as the notion of convergence is different. We also refer to [4,
Remark on page 32] for a similar statement in the stochastic setting.
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5.3 Stochastic homogenization of Maxwell’s equations

In this section we consider stochastic homogenization of Maxwell’s equations. We refer to [50,
17] for the treatment of Maxwell’s equations in the periodic setting using two-scale convergence
arguments. The stochastic-periodic case is treated in [33] that is based on the notion of stochastic
two-scale convergence from [4]. However, our approach is different, it relies on the operator theoretic
formulation and on the unfolding strategy, in fact, the homogenization result Corollary 5.10 readily
follows from the abstract Theorem 4.10. Also, we treat a more general situation—in contrast to
our case—in [33] the assumptions on the coefficients do not allow for jumps or for regions, where
the conductivity or dielectricity vanish. Moreover, as far as we know, the corrector type result
Corollary 5.16 is not presented earlier in the stochastic setting, see [50, Theorem 3.3] for a similar
periodic corrector result.

Let Q C R? be open and (€2, %, i1, 7) be a probability space satisfying Assumption 1 (with n = 3).
In this section we consider the stochastic unfolding operator 7Tz : L?(Q) ® L*(Q) — L*(Q) ® L*(2)

defined in (7). The role of Cy and Cj in this setting is played by the operators c&rlw and curly,
respectively.

We set Hy = H, = (L*(Q) ® L*(Q))? and H = Hy @ H;. We consider vy > 0, 19,00, pio €
L>®(Q x ©)3%3 such that 1y and g are Hermitian a.e. and there exists ¢ > 0 such that

vno + Re(og) = ¢ (for all v > vy), po = c. (36)

For € > 0 and (f,g) € L? (R; L2(Q) @ L2(Q)3), we consider the following system of equations

B (Y f gm0 + 00 0 0 —curly
B ) = , where B, = T_ ( ' > T-+| o . 37
‘ <<Js> <9> WHERe Be : 0 Otvho ) curl, 0 (87)

The above system represents a system of Maxwell’s equations with random and oscillating coeffi-
cients (the oscillating coefficients have the form 7_.17: and similarly for o9 and pp). According
to Theorem 4.1 there exists a unique solution of the above equation (u.,q.) € L2(R; H). Moreover,
a direct application of Theorem 4.10 yields the following:

Corollary 5.10. Let 19,00, jig be given as above and let (u.,q.) € L2(R; H) be the unique solution
to (87). We have
Te(us, g=) = (tst, 1sq)  weakly in L(R, H).

Above, 15 denotes the canonical embedding s : ker(curl,) < Hy = Hy and
(u,q) € L2 (R; ker(curly,) @ ker(curl,))

denotes the unique solution to

B s : ¢ 0 —eurl, o,
Bhrom <u> = <Li > , where Bhom = <at,VLsTIOLs T L500Ls 9 > L s x ls ‘
! <9 0 Orutshots vieurlyeg 0

(38)

Note that the fact (u,q) € L2(R;ker(curl,) @ ker(curl,)) does not imply in general that the
limit solution is deterministic (or shift-invariant), i.e., the solution still depends on the probability
space variable w. In the following we present an equivalent formulation of the above equation
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by decomposing the solution (u,q) to its deterministic (shift-invariant) and random parts. In
particular, the deterministic part satisfies an effective Maxwell system and the random part is
given by a suitable corrector equation. We introduce the following canonical embeddings

v : L2, (Q)% < ker(curly), 1 : L2, () < ker(curly).

inv pot

Moreover, we consider the transformation

o t1 0 0
T := <8 01 " L1> (L2, (Q)2 @ Lgot(Q) o L2, Lgot(Q) — ker(curly,) & ker(curl,)

that is unitary (by Lemma 5.6). As a result of this, we obtain the following:
Corollary 5.11. Let (u,q) € L? (R;ker(curl,) @ ker(curl,)) be the solution of (38). Then

up
_ 2
W= T ) € L (B (22(Q) © L () @ (2(Q) @ Lia(2))°)
X2
1s the unique solution to
Uo
T BpomT | X | =771 <Lf;f > . (39)
qo lsg
X2

Remark 5.12. Dropping the notation for the embeddings ¢s, T and closure bars, system (39) reads

Ot Piviio(uo + X1) + Pvoo (uo + x1) — curly go = f
Ot,w Pootno(uo + X1) + Ppotoo(uo + x1) =0
(o)
8t,z/Pinv,UO(qo + X2) + curlug =g
8t,l/Ppot,uO(qO + X2) =0.

Note that in the second equation we used that Ppotcurl,(go + x2) = 0 since Pporgo = 0 and
Pyot curl, xo = 0 (that can be obtained by a direct computation) and in the fourth equation we

[e]
use Pyorcurly(ug + x1) = 0 (obtained similarly as the previous claim). We regard the first and
third equations as the effective Maxwell system for the (averaged) variable (ug,qo) and the second
and fourth equations are corrector equations which allow us to express (x1,x2) as functions of
(ug,qo). In particular, the second and fourth equations imply that (additionally assuming that g
is positive-definite)
¢
X1(t) = —xboub(t) + e~ (xk, uh(0) + x1(0)) + /0 e AT A (XL — XL, ) ub(T)dr,
X2(t) = =X 46(t) + X1, 46(0) + x2(0),

where A = 1500 and Xoor Xoro» Xio € LP(Q) ® L2,4(Q) (i € {1,2,3}) are the unique solutions to
(respectively)

Ppotno(ei - X;O) =0, PpotUO(ei - Xfyo) =0, PpotNO(ei - Xfm) = 0. (40)
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The derivation of these formulas is analogous to the periodic case [50] (see also [33] for the periodic-
stochastic case). In this sense, the effective equations for the averaged variables (ug, o) are non-local
in time. This so-called memory effect has also been observed in [47] and [49] for coefficients that
are not necessarily periodic or stochastic.

Remark 5.13 (Corrector equations). The equations in (40) are standard corrector equations in
stochastic homogenization and might be brought into the form of an elliptic partial differential
equation on R3. For simplicity let us consider the first equation in (40) and assume that 7y does
not depend on the physical space variable, i.e., no(z,w) = no(w). The equation is equivalent to

/9770(60)(62' — X (@) - x(W)du(w) =0 for all x € Ly (%), (41)

which is a variational problem in the L?-probability space. It turns out that for p-almost every
w € Q, the vector field x +— Xfm (Tzw) has a potential p(w, ) € HL _(R?) that is a distributional
solution to

— V- (o(rew) (&5 — V(w,z))) =0 in R3. (42)

On the other hand, by standard theory in stochastic homogenization there exists a unique random
field p : © x R3 — R that is a distributional solution to (42) for p-a.e. w € € such that Vo is
stationary (i.e., Vop(w,r + 2) = Vo(r,w, z) for p-a.e. w € Q and a.e. 2,2 € R3), square integrable
Jo IVo(w, 2)? du(w) < oo, mean-free [, Vo du = 0, and anchored in the sense of f(O,l)d o(w,z)dr =
0, p-a.s. With this solution we recover the random vector field x} (w) := Vi(w,0) solving (41), see
[22, Section 2.2] for details.

Note that both formulations, (41) and (42), are not accessible to a direct numerical approx-
imation, since in the case of (41) a typical example for the probability measure p would be a
product-measure of the form ,&®R3, while (42) is posed on the unbounded domain R3. A stan-
dard approximation scheme is the so-called periodization method, where in (42) the domain R? is
replaced by a large torus, say LO with L > 1, see, e.g., [5].

Corrector type results for Maxwell equations. First, we recall a (standard) mollifi-
cation procedure from [30] (see also [45, 31]). For § > 0, we consider the bounded operator
Fs: =1+ 5815,,,)_1. We remark that F5 — 1 as § — 0 in the strong operator topology and that for
any ¢ € dom(Eg), we have Fsp € dom(B;) and FsB.yp = B.Fsp and the same statements hold if
we replace B by Bhom- Using Fs and the properties of (ue, ), we obtain the following corrector
type results. Before that, we provide another auxiliary result.

Lemma 5.14. We have
N, % [e] " o
tieurly ts = o, curly vg and ticurlyes = cocurlyes.

o

Proof. Since curl, and curl, are closed linear operators, the claim follows, if we show that the
o

application of curl, and curl, leaves ker(curl,) invariant. This, however, follows from the fact that

(o)
curl, and curl, (curl, and curl,) commute on the intersection of their domains. O

In order to avoid clutter in notation, in the following we disregard the notation for the embedding
ts and 7.
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Proposition 5.15. Let 6 > 0, (ue,q:) be the solution of (37) and (ug, X1, qo, X2) be the solution of
(89). Then

| Fs (ue — T—ex1 — wo) |2 r;mo) + 175 (g — T—ex2 — q0) |22 (rypry) — 0 as e — 0.

Proof. Using the facts that

2
U o + 00 0 Ue Ue
e () 7 (" )7 (30)) =< ()
<<%> : 0 at,l/,UO ‘ ge ge
0 —curl,
(using the assumptions on 7,0, u, see (36)) and that o1 0 is skew-self-adjoint, we
curly
obtain

1Fs (ue — Toexa — wo) 72 ;) + IF5 (6= — T-exz — d0) 12 my) (43)

N

1 e —T—eX1 — > (Ua - T exa —U0>>
“Re(B.F 7
c e< 6< —T-cx2 — qo "\ge — Toexz — a0
1 — (u ue — T_ex1 —u0>>
= “Re(FB. ("), F (" [
c e< b7e <Qa> b <Qa_T—5X2_QO
1 u0+T—aX1> <ue_7-—aX1 —U0>>
—2Re(B.F T, .
c e< e <QO+T—5X2 "\ ge — Toex2 — a0

T_ex1 + uo
T_cx2+ o

up + X1
F € dom(Bpom
5<qo+><2> (Bom)

Above, we use that Fs < > € dom(B;). This can be seen using the facts that

and that 7_. and F5 commute and, thus,

T-ex1+ uo) —curl,
F € dom o
0 <7-—aX2 + qo curl,
by Lemma 5.14. Since (ue, gc) solves problem (37) and (f,g) € ker(7: — 1), it follows that the first
term on the right-hand side satisfies

1 - [ Ue us_T—EXI_UO 1 f> <u€_T—€X1_u0>>
-R ]:B€ 7]: =-R 2 ,]:
c e< b <Qa> 6<Qa_T—aX2_QO>> c e< 6<g "\ge — Toexo — o
bl ()3 )
c g Teq: — X2 — o

The last expression vanishes in the limit ¢ — 0 since (ue, gc) 2 (uo + x1,90 + x2). We treat the
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second term on the right-hand side of (43) as follows:
e () 7 ()
(G R S L ET G R (i
= Re < ((&,V%Jr o aﬁu) n (cﬁlx - C(l)lrlx>> Fs (Zs j: ;2) , s <77;;£ B ;C; B ZS) > :

In order to justify the second equality above, we compute

0  —curly T (uo + X1> (eurle ToeFs (qo 4+ x2)\ [ T=< curle Fs (qo + X2)
curl,, 0 e q+x2) curl, T_ . Fs (up + x1) B T_ccurl, Fs (up + x1) 7
(45)

where we used the commutation relations from Lemma 5.4 (b), the fact that Fs and curl, commute,
and that (up + x1) € ker(curl,) and (go + x2) € ker(curly). Also, letting ¢ — 0 in (44), the right-

hand side vanishes since (u., ¢c) LN (uo + x1,90 + x2). This concludes the proof. O

(44)

If we, additionally, assume that (f,g) € dom(d;,), it follows that (u.,q.) € dom(d;,) and
(e, qe) € dom(B;) (the analogous claims hold if we replace B. by Bhom and (ue,q:) by (ug +
X1,90 + X2)). As a result of this, we obtain the following:

Corollary 5.16. Assume the same assumptions as in Corollary 5.10. Additionally, we assume
that (f,g) € HY(R; H)(= dom(d;,)). Then

lue = T=exa — ol 7z ) + ge = Tex2 — @oll72(ripryy — 0 as € = 0.

Proof. Since (f,g) € H-(R; H), we may apply the operator (1+ ;) to both sides of the equations

(37) and (38) to obtain
Ee(l + 81‘/,1/) <u€> = (1 + 8@1/) <f> )
qe g

Brom(1+ 0, “O+X1>= 146, <f>
hom t’)<QO+X2 ( bv) g

We have that w, := (14 0;,) <u€> and wo == (14 0,) <u0 i Xl) solve equations (37) and (38)
e qo + X2

with right-hand side (1 4 0;,) (g) (instead of (g) ). As a result of this, Proposition 5.15 implies
that for any ¢ > 0, we have

H"F(S (w€ - T—Ewo) H%%(R,H) —0 ase—0.

Setting § = 1, the claim follows. O
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5.4 Stochastic homogenization of some mixed type equations

A standard reference for homogenization of the wave and heat equation is [6], where general equa-
tions are treated in the framework of H-convergence. In contrast to standard results for the wave
or heat equation, the equation we consider features coefficients n and o, cf. (47), that are allowed
to be alternatingly vanishing in some regions of the considered physical domain. This means that
our setting contains equations of mixed alternating hyperbolic-parabolic type.

Let @ C R™ be open and (€2, 3, i1, 7) be a probability space satisfying Assumption 1. We consider
the stochastic unfolding operator 7z : L?(Q) ® L?(2) — L*(Q) ® L?*(R2) defined in (7). The role of

(o)
Cy and Cj in this setting is played by the operators grad, and grad,, (respectively).
Let vp > 0, A € L™®(Q x Q)™™ be such that there exists ¢ > 0 with A Hermitian a.e and
c < A(z,w) < % a.e.. Also, let n,0 € L*°(Q x Q) be such that there exists ¢ > 0 with

Re(zn+ o) > ¢ (for all z € Cresyy)-

Let Hy = L*(Q) ® L*(Q), H; = L*(Q) ® L*(Q)" and H = Hy @ H;. For ¢ > 0 and f € L*(Q),
we consider the following system

- Ue o f _ at,yn + g 0 0 dlvx
Be <Qe> B <0> , where Be =7 < 0 at,yA_1> et (grzxdx 0o /) (46)

According to Theorem 4.1 the above system has a unique solution (ue,q.) € L2(R; H).

Remark 5.17. Setting w, = 8; Vlua, it follows that w, solves the following wave equation

o
77581‘,2,1/105 + O'sat,uws — div, Aegradgcwe = f, (47)

where the oscillating coefficients are given as the composition A, := T_.AT;, n. := T_n7T: and

oe :=T_.07T-.
Using our abstract homogenization result Theorem 4.10 we obtain:

Corollary 5.18. Let A, 1, o be given as above and let (u.,q.) € L2(R; H) be the unique solution
to (46). Then
Te(ue, ge) — (tsu,teq)  weakly in LE(RQ H).

Above, 15 and vg« denote the canonical embeddings vs : ker(grad,,) — Hy and v+ : ker(div,,) — Hq,
and (u,q) € L2(R;ker(grad,,) @ ker(div,,)) is the unique solution to

— u) _ [(usf
Bhom<q>—<0>y

Brom — <8t7VL:T]L5 +iious 0 > N + Edivy Ler
o 0 Op e A" e o arod i, .

Remark 5.19. In order to recover the classical form of the homogenized wave equation, we set
w = 0y, L4 to obtain (with the usual abuse of notation)

Pinvnat%uw + Pinva'at,uw + divy Phvg = fa
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(o)
where ¢ satisfies Pier(div,,) <8t,,,A_1q + gradxag’,,w) = 0 (here Pier(giv,,) = ts+)- Applying 9y, 1,1, it

o]
follows that Pker(divw)A_lq = —grad,w. As a result of this and using (32), we have that A=1q =
o
—grad,w + x where x € L?(Q) ® Lgot(Q) (note that x is uniquely determined). Also, since ¢q €

o
ker(div,,), we have —div,, A <gradxw - X) = 0. Collecting these facts, we obtain that w satisfies
o
an"?at%yw + Pinvo-at,uw —div, B, A <gradmw - X) =f, (48)

o
where x solves the usual corrector equation — div,, A(grad,w — x) = 0.

[e] [e]
The above remark suggests the following corrector type statement 7.grad,w. + x — grad,w
that is equivalent to A1 T2q. — x — Pker(divw)A_lq = A~'¢ — x. We formalize this in the following.

Proposition 5.20 (Corrector type result). Let f € H:(R; Hy), then
107 ue — O pull 2@ mo) + e — ullp2®omg) + 1 Tede — all 2oy — 0 as e — 0.

Proof. This proof follows similar lines to the proof of Proposition 5.15. Using the assumptions on
A, o, and 7, we have

2
w Oy yn+o 0 We We
el () 7 (" )7 ()< |Gol
()7 (0 o) 7 () =] G
0 div,
As a result of this and by the skew-self-adjointness of o 4 0 ) we obtain
grad,

[|ue — T—suH%g(R;HO) + [lge — T—EqH%g(R;Hl)
1 us — T_cu U — T_cu
~“Re(B N € > , < € € >>
c < ‘ <Q€ —T-eq q= — T-cq

1 f ue — T_cu 1 T_cu ue — T_cu

= —Re O c — —Re( B Y € ,

re(0)- o)) =2 (o (20) - (o)

where in the second equality we use the equation (46). The first term on the right-hand side

vanishes in the limit ¢ — 0 using Corollary 5.18 and that 7.f = f. The second term is treated as
follows. We have

T-cu s — T_cu
fre <B€ (T—eQ> ’ (qe - T—eq>>
O n+o 0 > 0 divy <u> <7§u€ — u>
= R ’ 15 o —& Y
© < (( 0 at,VA_l +7 <gradx 0 T- q Teq- — q

0 leZ‘ u 0 leq; u
Similarly as in (45), we obtain 72 | o T_c ( > = ( > and therefore

N

[e]
grad,, 0 q grad,, 0 q
the above expression vanishes in the limit € — 0. This concludes the proof. ]
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Above, we assumed that the right-hand side f is smooth for convenience, if this is not the
case, we could use a mollification procedure as in Proposition 5.15. We briefly summarize the
implications of the above proposition for the sequence wy:

[e] o
we — w, Oy we — Oy yw, grad,w.+T_ox — grad,w  (strongly in L2(R; L*(Q)® L*(Q))). (49)

Remark 5.21. It is well-known that the classical homogenized wave equation (48) is an unsatis-
factory approximation for (47) on large time scales t > e~2 (see [12]). This fact is not reflected in
our result ((49) is given in a norm accounting for the whole time line ¢t € R) since we use a norm
which is weighted with an exponential weight e=2"! (v > 0) that diminishes the effects on large
time scales.
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