HOMOGENIZATION OF HIGH-CONTRAST COMPOSITES
UNDER DIFFERENTIAL CONSTRAINTS

ELISA DAVOLI, MARTIN KRUZIK, AND VALERIO PAGLIARI

ABsTrACT. We derive, by means of variational techniques, a limiting description for a class of
integral functionals under linear differential constraints. The functionals are designed to encode
the energy of a high-contrast composite, that is, a heterogeneous material which, at a microscopic
level, consists of a periodically perforated matrix whose cavities are occupied by a filling with very
different physical properties. Our main result provides a I'-convergence analysis as the periodicity
tends to zero, and shows that the variational limit of the functionals at stake is the sum of two
contributions, one resulting from the energy stored in the matrix and the other from the energy
stored in the inclusions. As a consequence of the underlying high-contrast structure, the study is
faced with a lack of coercivity with respect to the standard topologies in LP, which we tackle by
means of two-scale convergence techniques. In order to handle the differential constraints, instead,
we establish new results about the existence of potentials and of constraint-preserving extension
operators for linear, k-th order, homogeneous differential operators with constant coefficients and
constant rank.

CONTENTS

1. Introduction

1.1. Structure of the paper

2. Setting and main results

2.1.  Energy functionals

2.2.  The differential constraint

2.3.  Main results

2.4. Comparison with other works

3. Preliminaries

3.1. Measurable selection arguments
3.2.  /-free fields and two-scale limits
3.3. Fourier analysis

4. Proof of Theorem 2.6

4.1. Compactness

4.2. Splitting

4.3. I'-convergence

5. Asymptotics for the soft component
5.1.  D-liminf inequality

5.2. T-limsup inequality

6. Asymptotics for the stiff component
7. Admissible differential constraints
7.1. Existence of potentials

7.2. of-free extensions
Acknowledgements

References

Date: December 13, 2021.
2000 Mathematics Subject Classification. 49J45; 35D99; 49K20; 74Q99.

oo O Ot Ot UL N

12
13
13
13
15
16
16
18
21
22
22
24
28
29
30
34
38
38

Key words and phrases. homogenization, high-contrast, «7-quasiconvexity, I'-convergence, two-scale convergence,

periodic unfolding.



2 E. DAVOLI, M. KRUZIK, AND V. PAGLIARI

1. INTRODUCTION

The identification of materials capable to switch, enhance, or tune their properties according to
external stimuli is one of the key catalysts for the creation of new artificially engineered composites:
the metamaterials. In the present paper, we contribute to the mathematical study of metamaterials
by providing a unified limiting description for a class of energies that are inspired by the physics of
high-contrast composites and are evaluated on fields subject to suitable partial differential constraints.

High-contrast materials are characterized by the property that their microscopic physical features
may change abruptly from point to point. In the case of a binary periodic medium of this kind, we have
two relevant microscales: the periodicity of the microstructure and the high-contrast parameter, which
encodes the strong (high-contrast) difference in the properties of the two components. Typically, the
scale at which periodicity is observed is much smaller than the size of the specimen. It is hence
natural, from a mathematical viewpoint, to study the asymptotics of the quantities that describe the
system in the limit of vanishing period. This procedure is called homogenization. It allows to make
predictions on the effective character of heterogeneous media when no experiments are available,
and eases numerical simulations by reducing the degrees of freedom of the problem. Therefore,
mathematical homogenization has been a lively field of investigation for many decades. We refer
e.g. to the monographs [10, 34, 84] for a thorough introduction to the subject.

In this paper, we tackle the case in which both the periodicity and the high-contrast are quantified
by a small number ¢ > 0 (see (1.3) and Remark 2.1). We assume that the vector fields that encode
the significant quantities of the system satisfy a linear first-order differential constraint. The rationale
behind this choice becomes transparent if one focuses on specific theories: in large strain elasticity the
deformation gradient is a significant strain measure, while electromagnetism deals with the differential
operators encoded by the Maxwell system. In other settings, the elastic behavior of some materials
can be influenced by electric currents or magnetic fields and vice versa (see e.g. [80] for a recent
contribution). In all these cases, the key quantities lie in the kernel of a suitable differential operator.
We therefore see that the need of combining homogenization and differential constraints naturally
arises and leads to generalized notions of convexity (see [13| for an overview). It is well-known
that all the differential constraints above (and many more) can be treated in a unified way in the
framework of &7-quasiconvexity (see [50] and references therein). Such a notion allows to extend
various results which were originally available only for Sobolev maps and their gradients to the
setting where admissible fields belong to the kernel of a linear first-order differential operator 7 of
constant rank.

The novelty of our contribution consists in tackling homogenization of high-contrast materials in
the setting of .&/-quasiconvexity. In order to describe our main results, we need to introduce some
basic notation.

For d € N, d > 2, let Q2 C R? be a bounded, connected, open set with Lipschitz boundary. We
regard ) as a reference configuration for a composite with a high-contrast microstructure obtained
by periodically inserting inclusions of a specific kind in a surrounding matrix. For instance, in the
context of elasticity, M. CHERDANTSEV & K. D. CHEREDNICHENKO [25] considered a stiff matrix
with embedded soft fillings. In general, applications require that the properties of the inclusions and
of the matrix are tuned so that the resulting effective behavior of the composite is the desired one.

To depict the fine texture of the material in mathematical terms, we consider the periodicity cell
Q = (0,1)¢ ¢ R% and an open connected subset with Lipschitz boundary Dy € Q (see Figure 1),
where the symbol € indicates that Dg is compactly contained in (). The high-contrast behavior of
the composite sitting in  is identified by means of the sets Dy and D; :== @ \ Dy in the following
way: we introduce a small parameter £ > 0 representing the periodicity scale and we define the sets

)

Qo = U e(Do + z), with Z, ::{zeZdzs(D0+z)CQ}, (1.1)

and
Ql,e = Q\ﬁ(),‘g, (12)
which correspond respectively to the inclusions and to the surrounding matrix (see Figure 2).

Hereafter, we will systematically adopt the adjectives ‘soft’ and ‘stiff’ to refer respectively to Q.
and to € ., as well as to their related quantities. This use is informal and just meant to convey ideas,
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FIGURE 1. The subdivision of the unit cube @ into the ‘soft’ region D, (white) and
the ‘stiff” region Dy (grey).

D,

FIGURE 2. The reference set 2 and its microscopic structure. The collection of the
‘soft’ inclusions ) . is depicted in white, whereas the matrix ;. is in grey.
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though being justified by the possible interpretation of our model in the framework of elasticity. The
reader should however bear in mind that our treatment is suited for a wider range of applications.

The main goal of this contribution is to characterize the asymptotic behavior as € — 0 in the sense
of T-convergence [15, 38] of the energy functionals

foe (ew)dx + /

Ql,s

fi (E,u) dz, (1.3)
Qo,e €
evaluated on fields u € LP(Q; RY) satisfying &/u = 0, where .« is a suitable linear first-order partial
differential operator. The precise class of constraints is presented in Subsection 2.2 below and further
investigated in Section 7. In the expression above, the family { fo . } represents the energy densities
stored in the ‘soft’ inclusions, while f; encodes the behavior of the ‘stiff” matrix. The exact assump-
tions on { foe }5>0 and f; are collected in Subsection 2.1. We point out that considering a sequence
of e-dependent energy densities for the ‘soft’ component is not merely a mathematical mannerism:
on the contrary, it is a modeling necessity that arises when the admissible maps u are assumed to
have the form u = Vv for suitable fields v, i.e., when &/ = curl. We refer to [25, Remark 2] for a
discussion on this point.

When f; does not oscillate and the parameter ¢ is fixed, determining an optimal shape D =
{x € Q: x(z) =1} for the functionals

(ua X) — /Q [Xfo(u) + (1 — X)fl(u)} dz

under a volume constraint amounts to solve a shape-optimization problem. In this case, the aim is,
for instance, finding the optimal distribution in terms of compliance for two materials with different
stiffness in a given container (2. By enforcing in the energy a dependence on ¢ like the one we consider,
we attempt to encode the fact that the material properties in the set D and in its complement may be
very different; specifically, the one sitting in D becomes increasingly soft as ¢ vanishes. In addition,
finer and finer microstructures may be taken into account by assuming as well a dependence on ¢ of
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the shapes, so that D is replaced by .. Problems of this kind are central, e.g., in the modeling
of lattice materials for additive manufacturing. We refer to the monograph [3] and the paper [4] for
extensive discussions about the connections between homogenization and topology optimization.

Even though { fo .} and f; in (1.3) are assumed to satisfy p-growth conditions from above and
below, the fact that the ‘soft’ energies are evaluated on eu rather than u results in a loss of coercivity.
As aresult, classical weak and strong LP-topologies are not capable to capture the asymptotic behavior
of the problem and one needs to resort to an ad hoc notion of ‘convergence in the high-contrast sense’,
which instead keeps track of the finest features of the microstructure, cf. Definition 2.5. Denoting by
U, the set of maps in LP(€; RY) such that /v = 0 in €2, our main result consists in showing that
the limiting behavior of the energies in (1.3) is encoded by the functional .%: U; — R defined as

F(u) =g +/thom(U(x))dx.

In the formula above, g is a constant determined by fo (see (2.8)), fhom 18 a suitable energy density
related to fi (see (2.9)), and the condition «/u = 0 in 2 has to be interpreted in a distributional
sense (see Subsection 2.2).

Our first main result is presented in Theorem 2.6, and, loosely speaking, states the following:

Theorem. The functional F is the T-limit as € — 0 of the energies in (1.3) restricted to <f -free
fields with respect to the high-contrast convergence.

Key techniques to establish the theorem are p-equiintegrability arguments, as well as the notions
of two-scale convergence [2] and of periodic unfolding [32, 33, 81, 82]. The proof relies essentially
on the possibility of decoupling the behavior of the material in the ‘soft’ and ‘stiff’ contributions.
The I'-convergence of the ‘stiff” portion is a corollary of homogenization results in the setting of
o -quasiconvex [46]. The study of the ‘soft’ part is instead more challenging, for the presence of the
high-contrast microstructure and its interplay with the differential constraint result in the emergence
of a second, hidden scale. This makes both the identification of a lower bound and the proof of its
optimality need a delicate combination of two-scale results and weak-LP compactness.

The decoupling of the system into regions having different material features hinges on careful
compactness and splitting arguments. The latter are in turn based on two essential properties of the
differential constraint .o the fact that o/-free maps in the periodicity cell have null average and the
existence of a suitable extension operator on perforated domains (see Assumptions 1 and 2). In our
general setting, these conditions are quite hard to ensure, in contrast to the well-understood case
in which the set € is contractible, o/ is the curl operator, and the .o/-free fields are gradients. In
particular, to the authors’ knowledge, even for standard operators, it is still an open question whether
extension operators preserving the o7-free constraint from a perforated domain to the ‘filled’ set exist.
Similar results are available for gradients both in the Sobolev setting [1] and in the weaker one of
antiplane fracture [20]. We also mention the recent result in [19] for the case of symmetric gradients
in linearized fracture (in the space GSBD [39)]).

The analysis of the differential constraints satisfying the aforementioned Assumptions 1 and 2 is
the focus of Section 7. A special case in which the first requirement holds is that of operators .o/
admitting ‘potentials’, namely such that &/« = 0 if and only if u = PBw for a suitable differential
operator & and a field w. The second main contribution of this paper consists in showing that for
a broad class of operators & existence of potentials and existence of extension operators are closely
related. Roughly speaking, we prove the following.

Theorem. Let Q) be a ‘nice’ set and let &7 be a linear homogeneous differential operator with constant
coefficients and constant rank. If an extension operator from < -free maps on Q to <7 -free maps on
the whole space exists, then &/ admits a potential on . Conversely, if &/ admits a potential on Q)
for which a suitable Korn-type inequality holds true, then there exists an extension operator from )
to the whole space which preserves the property of being <f -free.

We refer to Theorems 2.10 and 2.11 for the precise formulation of the result, as well as to Section 7
for a broader discussion on the topic. We point out that assuming the existence of potentials imposes
some topological constraints on the set 2. An example is easily provided by the case &/ = curl for
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d = 3: one needs to require at least €2 to be simply connected, cf. Remark 7.2 and Examples 7.17—
7.20. Essential tools for the proof of Theorems 2.10 and 2.11 are the theory of Fourier multipliers
and the notion of generalized Moore-Penrose inverse.

Before proceeding with the mathematical details of our analysis, we conclude the section with
some bibliographical notes.

The very first mathematical analysis of high-contrast materials was developed in the seminal
work [8] by G. L. AuriauLT, who employed formal asymptotic expansions. In the early 2000,
V. V. ZHIKOV [83] introduced a novel approach by extending classical two-scale techniques [2] to the
setting of PDEs with rapidly oscillating coefficients. The study of high-contrast problems has been
ever since at the center of an extensive scientific effort, with applications ranging from elastodynamics
[77] to Maxwell’s equations [14, 27]. A full characterization of the settings of linear elasticity and of
conducting materials was provided in [22], while the nonlinear elastic setting was considered in [25, 26]
(see also [17]). The effects of microstructure on free-discontinuity functionals have been studied when
high-contrast behavior appears in bulk terms only [11, 12|, when it is just in surface terms [75, 76],
and when both contributions are affected [18]. Mumford-Shah energies with high-contrast surface
contributions have been recently characterized in [68]. The analysis of variational models for layered
high-contrast materials was undertaken in [30, 31, 40].

As for the notion of &7-quasiconvexity, its introduction goes back to [36], while an extensive study
was carried out in [50] for operators & with constant coefficients and constant rank (see (2.2) and
(2.3) below). In [16] and [46], under p-growth assumptions on the energy density, relaxation and
homogenization results were obtained for integral functionals evaluated on «7-free fields (i.e. fields in
the kernel of &7); see also [45] for a related analysis on quasicrystals. Problems featuring simultane-
ously homogenization and dimension reduction were addressed in [61, 62], whereas oscillations and
concentrations generated by o7-free fields were characterized in [47]. The case of non-positive energy
densities has been studied in [60]. A complete theory under linear growth assumptions on the energy
density was established in [5, 7, 9, 64]. The characterization of &/-quasiconvexity was extended to
operators with variable coeflicients in [74]. We refer to [41, 42] for homogenization results in this
purview, and to [43] for a corresponding relaxation formula. Applications to the theory of compress-
ible Euler systems, as well as to adaptive image processing and to data-driven finite elasticity were the
subject of [28], [44], and [29], respectively. To complete our review on .o-quasiconvexity, we mention
the works [70, 73] on BV.-spaces for elliptic and cancelling operators, [63] for a characterization of
associated Young measures, as well as [51, 52, 71, 72] for the corresponding Sobolev analysis, and [55]
for a compensated-compactness result.

1.1. Structure of the paper. The plan of the paper is as follows. In Section 2, we describe the
setting of the problem and the related assumptions, and we formulate the precise statements of
our main results, i.e., Theorems 2.6, 2.10, and 2.11. To lay the ground for the proofs, we collect
auxiliary assertions and properties concerning measurable selection criteria, o/-free sequences, two-
scale convergence, and Fourier analysis in Section 3. In Section 4 we study compactness properties
of sequences of fields with equibounded energies, we detail the splitting argument, and present the
proof of Theorem 2.6. Sections 5 and 6 contain the I'-convergence analysis for the ‘soft’ and ‘stiff’
energy-contributions. Section 7 is focused on the description of the class of the differential operators
that are admissible for our analysis, and deals with the proofs of Theorems 2.10 and 2.11.

2. SETTING AND MAIN RESULTS

This section is devoted to the set-up of our analysis and to the presentation of the main achieve-
ments of this contribution. We will first fix the notation and the hypotheses used throughout the
paper. The major results will be summarized in Subsection 2.3.

2.1. Energy functionals. Let Q C R? d € N, d > 2, be a bounded, connected, open set with
Lipschitz boundary. We denote by xo,. and x1,. the characteristic functions respectively of )y . and
Q. in Q (see (1.1) and (1.2)), i.e. for i =0,1,

1 ifzeq, €,
Xie(x) = { ’ (2.1)

0 otherwise.
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Similarly, we let

() = 1 ifye D,
Xl = 0 otherwise,

denote the characteristic function y; of D; in Q.

We assume that { fo }.., and fi in (1.3) fulfill the following set of hypotheses:

H1: each fo.: RY — R is continuous and f;: R? x RY — R is a Carathéodory function;
H2: fi(-,¢) is Q-periodic for every £ € RY;
H3: there exist a, \, A > 0 such that for a.e. z € R, for all £ € RY, and all € > 0,

AM=a+ [€F) < fo,e(§) < AL+ [EP),
Al=a+ §7) < fi(z,§) < A1+ [¢]7),

for a fixed p € (1, 4+00);
H4: there exists > 0 such that for a.e. 2 € Q, for all £,7 € RY, and € > 0,

| fo.c(€) = foe(m)] < p (L4 [P+ P~ 1) € = nl,
|fi(z, &) = filz,m)| < p (L+[EP7" + nP~h) 1€ —nl,

where p is the same as in H3;
H5: there exists fo: RY — R such that for all £ € RV

tim fo..(€) = fo(€).

Remark 2.1 (Degeneracy of the ‘soft’ component). We draw again attention to the fact that, in
spite of the standard coercivity and growth of fj ., the problem we address features some degeneracy,
which is expressed by the factor ¢ multiplying the argument of the ‘soft’ integrand (see (1.3)). From
a modeling perspective, this ¢ accounts for the high-contrast between the two components, in that it
makes the ‘soft’ component less and less sensitive to external stimuli. This can be easily seen in the
simple instance fo(§) = f1(€) = [£|P: formula (1.3) becomes

eP fo,e(w)dz + /

Qo,e Q1,e

x
fl (77 U) dl‘,
€
and the ratio 1/eP between the ‘stiffness coefficients’ of the two components blows up as ¢ vanishes.

Owing to the growth conditions prescribed by hypothesis H3, the natural environment for our
problem is the space LP. We will often work with Q-periodic functions, i.e., those u: R4 — R such
that u(r+2) = u(x) for all z € R? and all z € Z¢. We will use the subscript ‘per’ to denote subspaces
of Q-periodic maps; for instance,

P (RERY) = {we LE (RGRY) @ is Q-periodic } .
We endow the previous space with the norm of LP(Q;RY). With a slight abuse of notation, we will
tacitly identify LP(Q;RY) with Llp’er(Rd; R™) by mapping the unit cube into the unit torus in R?
and extending the corresponding fields by periodicity. Analogously, we will denote the subspace of
L? (2 x R%RY) containing all the functions that are Q-periodic w.r.t. their second argument by

loc
LP (4 Lger(Rd; R™)) and implicitly identify this space with LP(Q x Q;RY).
2.2. The differential constraint. Let p € (1,+00) be as in H3 and H4 above. We suppose that
the constraint that we couple with the energy in (1.3) falls within the framework of &/-quasiconvexity
as described by I. FONSECA & S. MULLER [50]. Namely, for N, M € N\ {0}, we let &/ be a partial
differential operator on R? from RY to RM whose action on a function u: R* — R¥ is given by

d
5 Ou
du=Yy AW _— 2.2
where A®: RN — RM are linear maps for all i = 1,...,d. In other words, &7 is a linear first-order

differential operator with constant coefficients.
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Our fundamental requirement on <7 is the constant rank assumption introduced by F. MURAT
[66], that is, we suppose that there exists » € N such that the symbol A of 7 satisfies the following:
for all w = (wy,...,wq) € RT\ {0}, the operator

d
=3 A (2.3)

has rank equal to r.

We observe that for every open set O C R?, o7 can be regarded as an operator from L?(O;RY) to

W=LP(O;RM), where W~1P(0O; RM) denotes the dual of the Sobolev space Wol’p/(p_l)(O; RM). To
see this, we introduce the formal adjoint of <7, denoted by .&7*. For v: O — RM we set

— a A('L),* v
vim -y a0 2
=1

where A()* is the adjoint (i.e. the transpose) of A®). In this way,
/Omz) pdr = /O¢~£%*wdx for all ¢ € C1(O;RY) and 4 € CH(O; RM),
and for u € L?(O;RY) we define the pairing
(Fu,v) = /Ou -/*vdx forallve Wol’p/(O;RM),

where p’ is the conjugate exponent to p. In what follows, if u € LP(O;RY), equalities of the form
&/u = 0 in O are always tacitly understood in the sense of W~1P, or, in other words, in the sense
that

/u~427*vdx:0 for allvEWOI’p/(O;RM). (2.4)
)

When such a relation holds, we say that u is 27-free on O. Similarly, if u € Lger(Rd;RN ), we say
that it is .7-free on the unit torus T¢ when the equality in (2.4) is satisfied for O = @ and for all
UNS W}}élr)l (R4 RM); in particular, if u € L2, (R4 RY) is o/-free on T, then it is o/-free on Q as well.

In addition to the constant rank hypothesis, we need to consider further restrictions on the class
of operators 7 for which our analysis will be performed. We formulate two ad hoc assumptions:

Assumption 1 (Null-average). For all u € L& (R% R"Y) such that u =0 on D; and &/u = 0 on T,
it holds fQ )dy = 0.

per

Assumption 2 (o/-free extension). There exists an e-independent constant ¢ > 0 and a sequence
of operators { E%, }, with E,: LP(Q;RY) — LP(Q; RY) such that the following holds: for all o/-free
u € LP(Q;RY)

(1
(2
(3
(

) ES,u=wua.e. in Q.
) NES ullr@rny < cllull e, mys
) @/ (EZ,u) =0 on Q, and
4) if {u. } C LP( ]RN) is p-equiintegrable, then { ES, u. } is also p-equiintegrable in LP(£2; RY).

We recall that {u. } € LP(€;RY) is p-equiintegrable if for every n > 0 there exists m > 0 such
that

/|u€|pdx<77 foralle >0
B

whenever E C () satisfies #?(E) < m. Thanks to the Dunford-Pettis Theorem, this is equivalent to
the fact that { |uc|P } admits a subsequence that is weakly convergent in L!(2). We point out that
in Assumption 2 it is essential to start with maps w which are .&7-free in the whole set €2, for this
is related to the existence of ‘potentials’ for the operator o/. We refer to the considerations after
Theorem 2.11 in Subsection 2.3 for a discussion on this point, while we collect some comments on
Assumption 2 in the next remark .

Remark 2.2 (On Assumption 2). In problems involving perforated media the use of extension
techniques is fairly common, and Assumption 2 is akin to others in the literature. For comparison,
we mention [47, Definition 1.4]. The main differences consist in: 1) the fact that the extension
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operator here is assumed to exist on a periodically perforated domain, with constants independent of
the periodicity parameter €; 2) the fact that the existence of an extended p-equiintegrable sequence
here is only required when starting from a sequence that also had p-equiintegrability properties. We
refer to [47] for a general discussion on the connections between the existence of extension operators
from an open set to a bigger surrounding domain, and the theory of DiPerna-Majda measures.

A notion of «7-free extension domain was also considered in [60, Definition 4.4]. There, however,
no p-equiintegrability conditions are prescribed. As pointed out in [60, Section 4.2], such extension
results are, in general, non-trivial. Additionally, they depend both on the topology of the set and on
the operator & under consideration. In particular, no such o/-free extension is possible when & is
the operator associated to the Cauchy-Riemann system, not even in the case of very regular sets (2.

As far as our analysis is concerned, items (1)—(3) in Assumption 2 are among the main ingredients
in the proof of Proposition 4.1, and without them we would not be able to establish high-contrast
compactness for sequences with equibounded energy (see Definition 2.5). On the contrary, the preser-
vation of p-equiintegrability is not required at this stage, whereas it is used in the proof of our main
I'-convergence result (see the proofs of Propositions 2.9 and 4.4). Nonetheless, point (4) in Assump-
tion 2 could be dispensed with in some simplified versions of our problem, e.g. when f,. = fy for
every € > 0 and (2 is a rectangle.

For the sake of brevity, it is convenient to give a name to the class of operators addressed in our
study:

Definition 2.3. Let &7 be a linear first-order differential operator as in (2.2). We say that <7 is
admissible if and only if it is of constant rank and it satisfies Assumptions 1 and 2.

It is well-known that the family of constant rank operators is quite large [50]; as for the subclass
of the admissible ones, we prove that it is non-empty in Section 7 where, in particular, we analyze
the cases of the curl, of the curl curl operator, of the divergence, as well as the setting associated with
higher-order gradients.

2.3. Main results. The first main result of this paper, Theorem 2.6 below, is the characterization of
the asymptotic behavior as e — 0 of the functionals in (1.3) when the family is restricted to </-free
fields. In order to deduce also some information on the related energy minimizers, we resort to a
variational kind of convergence, namely I'-convergence (see e.g. [15, 38]). Here, we consider a quite
abstract version of its definition: indeed, we consider functionals defined on a certain set for which
it is only known that some of its sequences are converging, the limit point being declared too; no
topological structure is provided, instead. We summarize this situation by saying that such a set is
endowed with a notion of convergence.

Definition 2.4. Let X be a set endowed with a notion of convergence. We say that the fam-
ily { F: },.., of functions on X with values in [—oo,+oc] I'-converges as ¢ — 0 to the function
F: X — [~00,+0oq] if for any 2 € X and for any sequence { € }; oy such that g — 0 the following
holds:

(1) for any sequence {z., },.y C X such that z., — x, we have

F(z) < liminf F., (2., );
k—+o00

(2) there exists a sequence { ., }, .y C X such that z., — 2 and

limsup Fy, (z., ) < F(x).

k—+oco

We have already remarked that the natural domain of the functionals (2.10) is contained in
LP(Q;RY). However, in our setting, the two kinds of convergence in this space that are most fre-
quently considered, the strong and the weak one, are not well-suited to perform a I'-convergence
analysis. Indeed, they do not match the high-contrast nature of the problem and would therefore not
yield useful compactness results for sequences with equibounded energy. This leads us to introduce
a peculiar notion of convergence.

Definition 2.5. We say that a family {u.} C LP(Q;RY) converges in the high-contrast sense to
u € LP(Q;RYN) (relatively to the sequence of sets { Q. }) if euc — 0 weakly in LP(;RY) and if
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there exists a second family { @. } C LP(Q; RY) such that &/, = 0 in WL (Q;RM), u, = @, in Q4 .
and @, — u weakly in LP(;RY).

Some comments are in order. The reason why the definition above is made up of two requirements is
that there is no standard convergence which is able to capture alone the behaviors of both components.
On one hand, the convergence of extensions is related to the coercivity of the ‘stiff’ part, and it
is a somehow customary requirement in homogenization (see Subsection 2.4); on the other, the
convergence eu — 0 is needed to keep track of the ‘soft’ component. Here, in the light of Assumption
1, the 0 vector turns out to be the average of some two-scale limit.

If we select @ = curl and we assume that € is simply connected, the problem may be recast in
WLP(€). In this setting, as far as the asymptotics of the ‘stiff’ part is concerned, Rellich-Kondrachov’s
Theorem allows to switch from weak convergence in W(Q) to strong convergence in L?(2). There-
fore, the use of high-contrast convergence on the matrix leads to the standard homogenization results
for perforated media. At the same time, it allows to quantify the change in the effective energy of
the perforated material that occurs when ‘soft’ inclusions are added (cf. «g in (2.7)). Indeed, it can
be readily shown that eVw, — 0 if #.(Vw,) < ¢ by well-known two-scale properties of gradients.

As a last remark on Definition 2.5, note that it is obvious that the weak convergence in LP(2; RY)
of a sequence {u. } of o/-free maps entails high-contrast convergence (it suffices to set @, = u.).
In particular, bounded sequences in LP are pre-compact in the high-contrast sense. As Proposition
4.1 proves, however, a much weaker control is enough (see (4.10)), at least for admissible differential
operators.

It will be convenient to have a special notation for spaces of functions satisfying the differential
constraint encoded by . For any open ' C Q, we define
Uo(Q') = {u € LP( LB, (RGRY)) cu=01if y € Dy
and yu =0 in W HP(THRM) for ae. 2 € '} (2.5)
and
Up={uecLP(QRY): &/u=0in W P(Q;RM)}. (2.6)
Note that limit points of high-contrast convergent sequences are automatically in U;. Hereafter, we
use the subscripts = and y to denote that the operator &7 acts on the variables x and y, respectively.

We will prove that the limiting behavior of the e-dependent energies constrained to o/-free fields is
described by the functional .% : U; — R defined as

F(u) = —|—/ from (u(z))dz (2.7)
Q
where
Qg = su inf u(x,y))dy dz 2.8
0 Q/@%HGUU(Q’)///DOfO( (z,y))dy (2.8)
and

k—+oco

from(©) = timinfint ¢ - [ F1 (k€ + 0(9))dy : v € LD, (RGRY)
il enk-1(Di+2)

with / v(z)dz =0 and v =0 in Wl’p(Td;RM)}. (2.9)
Q

We are now ready to state our main convergence result.

Theorem 2.6. Let F: LP(Q; L2, (R RY)) — RU{ +o0} be the functional in (2.7) and, for e >0,

per

let F.: LP(Q;RY) = RU{+oc} be given by

foe (eu)dx + /

fi (E,u) dz ifuel,
Fe(u) = ¢ Ja,. Qe €
+o0 otherwise in LP(S;RN).

Let us assume that { fo.. } and f1 fulfill H1-H5, and that <7 is an admissible partial differential
operator in the sense of Definition 2.3. Then, the following properties hold:

(2.10)
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(1) If a family {u.} C LP(;RY) satisfies F.(u.) < c for all e > 0 and for some ¢ > 0, then it
admits a subsequence that is convergent in the high-contrast sense.

(2) For any u € Uy and for any sequence {u. } C LP(Q;RY) that converges to u in the high-
contrast sense, it holds that

F(u) < liminf Z, (u.).
e—0

(8) For any u € Uy there exists a sequence {us } C Uy that converges to w in the high-contrast
sense and satisfies
limsup Z.(ue) < .7 (u).

e—0

By standard I'-convergence techniques, we find the following corollary of Theorem 2.6:

Corollary 2.7. Under the same assumptions and notation of Theorem 2.6, if {u. } C LP(Q;RY) is
a sequence of almost-minimizers for { .}, i.e., if

lim | Z.(u.) — inf ZF.(u)) =0,
e—0 ( s( E) uclU E( ))

then there exists a subsequence of {uc } that is convergent in the high-contrast sense to a minimum
point of F. Moreover,

inf %, (u) > min F(u).

ueLP (Q;RN) u€l;

Our proof of Theorem 2.6 relies on four main intermediate results: 1) a compactness analysis
combined with the characterization of high-contrast limits of «7-free fields, cf. Proposition 4.1; 2)
a splitting argument that allows to reduce the study of the T'-limit of { %, } to the study of two
independent problems, concerning the asymptotic behavior of the ‘soft’ and of the ‘stiff’ energy
contributions, respectively, c¢f. Lemma 4.2 and Proposition 4.4; 3) the identification of an optimal
lower bound for the ‘soft’ part of the energy, cf. Proposition 2.8; 4) the identification of the limiting
description for the ‘stiff’ part, cf. Proposition 2.9. The proof of Theorem 2.6 is exposed in Section 4.

Let us now present shortly the results that we obtain for the ‘soft” and ‘stiff’ parts of the energy.
The splitting procedure in Section 4 yields the functionals

foe (euw)dzr if u e Uy,

Fo.e(u) = 9 /0. (2.11)
+0o0 otherwise in LP(Q;RY),
/ il (f,u) dr ifue Uy,

Fre(u) = qJa,.~ € (2.12)
+o0 otherwise in LP(Q;RY),

where the densities { fo.- } and f; satisfy H1-H5. We will show, respectively in Sections 5 and 6,
that { % } and { % . } T-converge to

Q lf u = 0,
- _ 2.13
o(u) {+oo otherwise in LP(Q; RY), =1

u(x))dx if u e Uy,

F1(u) = /Qf hom (2.14)
+o00

otherwise in LP(Q;RY),
Precisely, we establish the following.

Proposition 2.8 (T-limit of the ‘soft’ component). Let Fg ., Zo: LP(Q;RY) — RU {+0c0} be as
above. If the hypotheses H1 and H3-H5 are satisfied, and if </ is an admissible differential operator
as in Definition 2.3, then for all u € LP(Q;RY) the following hold:

(1) for every p-equiintegrable sequence {u.} C LP(;RY) such that u. = 0 on Q. and that
cu. — u weakly in LP(;RY), we have

Fo(u) < liminf F o (ue);
e—0 ’
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(2) there exists a sequence {u. } C Uy with the properties that u. = 0 in Q. for every ¢ > 0,
cu. — u weakly in LP(;RY), and

lim sup % o (ue) < Fo(u).
e—0
We point out that the p-equiintegrability condition in the first part of the previous statement does
not affect the generality of the result, as Proposition 4.4 will prove. For more details on this point,
the reader is referred to the splitting argument in Section 4 below.

For what concerns the functionals .%; ., the analysis carried out by I. FONSECA & S. KROMER in
[46] yields the following:

Proposition 2.9 (I-limit of the ‘stiff’ component). Let % ., %1: LP(Q;RY) — RU{+o0o} be as
above. If the hypotheses H1-H4 are satisfied and if o7 is an admissible differential operator as in
Definition 2.3, then the T-limit of { F1c } with respect to the weak LP(Q;RN)-convergence is F.

The last section is focused on the study of admissible differential operators. Differently from the
other parts of the paper, the analysis of Section 7 encompasses all linear, k-th order, homogeneous
differential operators with constant coefficients and constant rank. It will be useful to consider those
operators .o/ for which there exists a second operator & with the property that u = Zw for some
Sobolev function w whenever «/u = 0; in this case we say that % is a potential for «/. Our second
main result proves that, for &/ to admit a potential on a certain open set €2, it is sufficient that o/-free
maps on {2 can be extended to «/-free maps on the whole space in such a way that a control on the
LP norm is ensured. We dub a set {2 with this property an <7-extension domain, see Definition 7.1.
As Remark 7.2 shows, an «7-extension domain has to comply with some topological requirements; in
particular, it cannot have holes, in general.

Theorem 2.10 (Existence of potentials for o7/-free maps). Let &7 be a linear, k-th order, homogeneous
differential operator with constant coefficients and constant rank. If Q C R? is a bounded, connected,
open set with Lipschitz boundary which is also an <f -extension domain, then there exists £ € N, and
a differential operator & of order { satisfying the following: for all <f -free maps u € LP(Q;RY) there
is a function w € W52 (Q; RM) such that u = Bw almost everywhere in Q.

An immediate consequence of this result is that Assumption 1 holds whenever the unit cube @ is
an «7-extension domain (cf. Corollary 7.3).

Our third and last main result shows that for operators admitting a potential satisfying a suitable
Korn-type inequality it is possible to define an extension operator preserving .o7-free maps.

Theorem 2.11. Let &/ be a linear, k-th order, homogeneous differential operator with constant
coefficients and constant rank. Let also B be a linear, £-th order, homogeneous differential operator
with constant coefficients such that

ker Ajw] = imBlw] for allw € RY\ {0},
where A and B are the symbols of &/ and A, respectively. We further assume that

e for all o/ -free u € LP(S;RY) there exists w € WHP(Q; RM) satisfying u = Bw;

e for any bounded, connected and open set D C R% with Lipschitz boundary there exist a
projection operator on the subspace of B-free maps Ng: WEP(D;RM) — WHP(D;RM), as
well as a constant ¢ > 0 such that

[ VE(w — I_I:@w)HL,,(D;RNxde) < | Bwl Lrpryy  for allw € W4 (D; RM). (2.15)

Then, there exist a constant ¢ = c(d,p, D1) > 0 independent of € and and 2, as well as a sequence
of maps { ES, }, with E,: LP(Q;RY) — LP(uRY), satisfying Assumption 2.

It is fundamental to observe that the maps under consideration in the theorem above are already
a priori in the kernel of the operator o/ on the whole set €. For this reason, it is meaningful to
assume the existence of potentials . In the case in which, instead, our fields were in the kernel of
the operator &7 only in the perforated domain, its lack of contractibility would prevent the existence
of a potential to hold even in the simple setting d = 3 and &/ = curl. We refer once again to Remark
7.2 for a counterexample.
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2.4. Comparison with other works. Before getting to the heart of the matter, we take the chance
to compare our main convergence result, Theorem 2.6, with similar ones in the literature.

When &7 is the curl operator, our analysis is akin to the one performed by M. CHERDANTSEV & K.
D. CHEREDNICHENKO in [25]. However, our conclusions differ from theirs, also in the simple situation
of a contractible 2. Indeed, even though under this topological assumption curl-free maps coincide
with gradients, the notion of convergence that we use is much weaker than the strong two-scale
convergence considered in [25]. Another key difference with [25] is that in our setting convergence of
minimizers follows directly from Theorem 2.6 (see Corollary 2.7), whereas in [25] it had to be shown «
posteriori (see [25, Section 10]). Actually, the introduction of high-contrast convergence is motivated
exactly by the fact that sequences with uniformly bounded energy %, are sequentially precompact
in that sense.

This notion of convergence is inspired by the one considered by X. PELLET, L. SCARDIA, & C. L.
ZEPPIERI in [68] to deal with high-contrast Mumford-Shah energies. Unlike that contribution, aside
from the role of the differential constraint o, we require additionally that {cu. } converges to zero,
so as to comply with the delicate two-scale characterization in Proposition 4.1.

We also stress that, in the absence of growth conditions from below on the ‘soft’ part of the energy,
the weak LP-topology alone would not ensure convergence of minimizers. We refer to [25, Section 4]
and [17, Section 4] for a discussion on this topic.

For a general differential constraint f, our approach does not correspond to the ones in [17, 25].
If o7 does not admit a of suitable ‘potential’ Z satisfying a Korn-type inequality (cf. Theorem 2.10
below), then o7-free maps and fields u of the form v = Zw are not interchangeable. Another caveat
involves the choice of the ‘soft’ effective energy. Looking at the results in [25], one could expect that
in our case the o/-quasiconvex envelope of fy is to be retrieved in the I'-limit. We recall that for a
continuous function ¢g: RV — R with p-growth the o/-quasiconvex envelope of ¢ is defined as

Qe g(&) == inf {/Q g+ v(z))dz:v e Lger(Rd;RN)
with / v(z)dz =0 and /v =0 in Wl’p(Td;RM)} .
Q

The example below shows that Q. fo in not the correct limiting energy density.

Example 2.12. Let { fo . } satisfy H1-H5, let Q' € Q, and let D C Dq be open. In general, if a
family {w.} C LP(QY; LP, (R4 RYN)) satisfies

per

{w.} is p-equiintegrable,
we — 0 weakly in LP(Q' x Q;RY),
ywe =0 in WHP(TERM) for a.e. x € Q

we cannot conclude that for all & € RY it holds

| [ @utiieo) ayae <timipt [ [ oo+ welann) dyde, (216)

as the following counterexample proves.

Ford =2 and N = 2x2, up to translations and dilations, we may assume ' :== (0,1) x (0,1) = Q.
We focus on the case o/ = curl, in which the <7 -quasiconvex envelope Qo f of the function f coincides
with the well-know quasiconvex envelope Qf [35, Section 6.3]. Given A > 0, as energy densities we
set fo.e(€) = fo(&) = ¥A(§) — det(€) for every e > 0, where y: R**? — R is a convex function such
that

0 if €] <2,

¥a(8) = {<2+A> €l® i €] > 3.

In this way, requirements H1 and H3-H5 are met, and Qfo. = Qfo = fo, because fo. = fo is
quasiconver.
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In order to disprove (2.16), we pick & = 0 and, for x = (x1,22) € (0,1) x (0,1) and y € D, we
define

-1 ifxy € <07 1:|
2 T
a(z) = and  we(z,y) =a (g) + eI,

. 1
I ifxy € (2,1)

where 1 is the identity matriz in R**? and a is extended by Q-periodicity. Then, {w.} is p-
equiintegrable and w.—0 weakly in LP(Q'; R**?). Besides, #yw. = curl,w. = 0, because the sequence
does not depend on y.

For such particular choices, we see that the left-hand side of (2.16) equals 0, while for the right-hand
side we find

lim/l/D {w,\(wa(ac,y)) — det (wg(%y))}dydm

e—0

e—0

— _lim / /D det (w.(z,y))dy dz = —2*(D) < 0.

3. PRELIMINARIES

We gather in this section some preliminary definitions and results to be used later in the paper.

3.1. Measurable selection arguments. We recall here a measurable selection criterion that we
will invoke in the proof of Corollary 7.3. For a thorough discussion on the topic we refer to the book
by C. CASTAING & M. VALADIER [24].

Proposition 3.1 (Theorem II1.6 in [24]). Let S be a multifunction defined on the measurable space
O and taking values in the collection of nonempty complete subsets of the separable metric space X.
If for all open O C X the set {we O :S(w)NO #0} is measurable, then S admits a measurable
selection, that is, there exists a measurable function s: 0 — X such that s(x) € S(x) for allx € 0.

3.2. @7/-free fields and two-scale limits. In this subsection we include some useful tools for the
variational analysis of problems under differential constraints.

We recall two results about (asymptotically) o-free fields. The operator & is always assumed to
be of the form (2.2) and of constant rank.

Lemma 3.2 (&/-free decomposition, Lemma 2.15 in [50]). Let Q C R? be an open, bounded domain,
and let p € (1,+00). Let {ux } C LP(;RY) be a bounded sequence such that o/uy — 0 strongly in
W=LP(QRM). Then, there exist a subsequence {uj, } and a sequence {vy } C LP(S;RYN) such that
the following holds:

(1) {vr} is bounded, < -free, and p-equiintegrable;
(2) wj, — v — 0 strongly in L(Q;RN) for every q € [1,p).

Lemma 3.3 (&/-free periodic extension, Lemma 2.8 in [46]). Let D C Q be open, and let p € (1, +00).
Let {ug, } € LP(D;RYN) be a p-equiintegrable sequence such that ux — 0 weakly in LP(D;RY) and
Auy, — 0 in W-HP(D;RM). Then, there exists an </ -free sequence {vy } C L2 (RGRN) which is
p-equiintegrable in Q and satisfies

vk —ur — 0 strongly in LP(D;RY), v, — 0 strongly in LP(Q \ D;RY),

/ vr(z,y)dy =0, vkl @mryy < e(, D)|Juk | r(pryy  for all k € N.
Q

To perform our analysis, we need to track how the differential constraint behaves along sequences
that converge in the sense of Definition 2.5 above. In this respect, the notion of two-scale convergence
[67, 2] will be crucial:
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Definition 3.4. We say that {u.} C LP(;RY) weakly two-scale converges in LP to a function
u € LP(Q; L, (R RN)) if for all v € LP (2 Cper (R4 RY)) it holds

per
lim [ we(z)- v (x7 f) dz = / / u(z,y) - v(z,y) dyde.
Q € 0JQ

e—0

: : 2
In this case we write u, — u.
We say that {u. } € LP(Q;RY) strongly two-scale converges in LP to u € LP(; LP, (R%; RY)) if

per

u. 2 win LP and el e ryy = [[ull Lo (@iLe(@irvy)- In this case we write u. 2 u strongly in LP.

For the sake of completeness, we record in the following lines the properties of two-scale convergence
to be exploited in this work; we refer to [2, 81] for further reading.

Lemma 3.5. Let {u. } C LP(;RY) be a sequence.

(1) If {u. } is weakly two-scale convergent, then it is bounded in LP(Q; RN ); conversely, if { u } is
bounded in LP(Q;RY), then, it possesses a subsequence which is weakly two-scale convergent.

(2) If u. 2y weakly two-scale in LP, then ue — fQ u( -, y)dy weakly in LP(Q;RY).

(3) If u. N weakly two-scale in LP and {v. } C LP(Q;RY) is another sequence with the property
that v, NS strongly two-scale in LP, then u.v. N weakly two scale in LP.

(4) If u € LP(Q; Cper (RGRN)) o1 u € C(Q; LB, (R RY)), then the sequence {u. } defined as

per

ue(z) == u (33, g) for a.e. x €Q

is p-equiintegrable and u. 2y strongly in LP.
It is well-known that two-scale convergence in LP can be related to LP convergence by means of

the unfolding operator.

Lemma 3.6. Fore > 0, let us define the unfolding operator S_: LP(Q2) — LP(R?, Lgcr(Rd;RN)) as

Scv(z,y) =10 (5 {gJ +€y) ,

where ¥ denotes the extension of v by 0 outside 2. Then, if {u. } C LP(Q;RY) is a bounded sequence,
the following holds:

(1) ue 2u weakly two-scale in LP if and only if Scu. — u weakly in LP(R? x Q;RN);
(2) ue - strongly two-scale in LP if and only if Scu. — u strongly in LP(R? x Q; RN).
Moreover, if {u. } is p-equiintegrable, the sequence of unfoldings {Scu. } is p-equiintegrable too in

LP(R? x Q;RM).

We refer to [32, 33, 81, 82] for further properties of the unfolding operator.

A characterization of weak two-scale limits of .o/-free sequences was established by I. FONSECA &
S. KROMER.

Proposition 3.7 (Theorem 1.2 in [46]). A function u € LP(Q;Lger(Rd;RN)) is the weak two-scale
limit of an < -free sequence {u.} C LP(S;RN) if and only if
oo ([ uteipan) =0 i w @)
Q
Ayu(z,y) =0 in WP (TERM) for a.e. € Q.

As a last technical tool, we show that the unfolding of an /-free map is in turn <7-free w.r.t. the
periodicity variable. We preliminarily introduce the set

Q. = UE(Q+2), with Z.:={ze€Z%:e(Q+2) CcQ}. (3.1)
zeZs

Note that Z. C Z., where Z. is the collection of indices in (1.1).
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Lemma 3.8. Let v € LP(Q;RY) be such that /v =0 in W—LP(Q;RM). Then, for every e > 0 there
holds

Ay (Scv) =0 in WHP(Q; RM) for a.e. x € Q.. (3.2)
Moreover, if also v =0 in Q; ., then

Hy(Sev) =0 in WEP(TLRM) for ace. x € Q..

Proof. Let n € CSO(Q ) and ¢ € VVO1 v (Q;RM). A change of variables yields

/S/Cz(sav>(x7y)-n(x)d* dydx—// +5y) n(z) o/ *h(y) dydz

) - 2 (2) dzda, (3.3)
T 1/ /<Q+Lelzn

where ¢%(z) = (e 71z — {5’1:4) for a.e. z €¢ (Q + Lsf :EJ) Since ¢ € Wol’p,(Q;RM), ¥ belongs
to Wol’p/ (5 (Q + La_li) ;RM) and it can be regarded as an element of Wol’p/ (; RM) by extending
it to 0 outside ¢ (Q + La_li). In this step (3.1) needs to be used. The conclusion follows now from
(3.3), because v is &/-free in Q.

Assume further that v = 0 in Q; .. By the definition of the unfolding operator, S.v(z,y) = 0 for
all (z,y) € Q. x Dy, so that for any ¢ € WP (R RM)

per

/ Scv(z,y) - Y(y)dy = [ Sov(z,y) Z*Y(y)dy forall x € Q..
Q

Do
Let now 1 € C°(Q; [0, 1]) be a cut-off function which is constantly 1 on Dy. From (3.2) we conclude
that

/sMy ) vy = [ Salwn)- o (16)vw) dy

for almost every z € €).. O

3.3. Fourier analysis. The study of the class of admissible operators in Section 7 is grounded on
the theory of Fourier multipliers. For a comprehensive treatment of the matter, we refer to the
monographs [78, 53]; here we limit ourselves to a short recollection of useful properties.

We let . denote the Schwartz space of rapidly decreasing functions and for u € .%(R% RY), we
let

Fu(w) = W /]Rd e Ty () da (3.4)

be its Fourier transform. We also denote by F~! the inverse transform and by Lin(R"; R") the space
of linear maps from RY to RY. We recall that a measurable function m: R? — Lin(R;RY) is said
to be an LP-multiplier if the linear operator T,, defined as

Tou=F "(m(Fu)) forue 7 (R4RY)
can be extended to a bounded operator from LP to LP. Given a sufficiently smooth m,
S.G. MIKHLIN’s multipliers theorem provides a condition for it to be a multiplier in terms of the

decay of its derivatives. We firstly introduce some notation: when ¢ is a d-dimensional multi-index,
ie. i:=(i1,...,iq) € N4 we set |i| .= >_;i; and

dltly

Kule) = G gy

().
In the scalar case, the criterion reads:

Proposition 3.9 (Theorem 2 in the Appendix of [65])). Let m: R4\ {0} — R be a function of class
Ck with k > d/2. If there exists ¢ > 0 such that

|Oim(2)] < —5

whenever |i| < k,

then m is an LP-multiplier.
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A helpful consequence of the previous result is:

Corollary 3.10. Let m: RN\{0} — R be a function of class C* with k > d/2. If m is 0-homogeneous,
then it is an LP-multiplier for all p € (1, 400).

Multipliers stand as basics examples of pseudo-differential operators. Their theory, in turn, can
be used to characterize Sobolev spaces as follows. Given k € N, we introduce for w € R? the symbol
S[w] == (1 + |w|?)*/? and the associated pseudo-differential operator (I — A)*/2:

(I — A)k/2y = F(S(Fu)).
We then say that a distribution u belongs to W*»?(R%) if
(I — A2y e LP(RY)

and we endow the space with the norm [[ul[yk.»ray = [|(I — A)
definition of W* is equivalent to the one given in terms of weak derivatives and that the norms are
comparable too. The same approach shows that the dual space W~5?'(R%) coincides with the space
of distributions for which it holds

*/2u|| Lo (way- It turns out that this

(I — A)F2y e 1P (RY)

and that the norms |[uly -k, ey and [|(I — A)_k/QuHLp/(Rd) coincide. Here, we recall that p’ =

p/(p—1) and (I — A)~*/2 is the pseudo-differential operator defined by the symbol (1 + |w|?)~*/2.

4. PROOF OF THEOREM 2.6

This section is devoted to the proof of Theorem 2.6, which stands as our principal result about
the asymptotics of the energy functionals .%. in (2.10). For the moment being, we assume that the
limiting behaviors of the ‘soft” and ‘stiff” contributions are known, i.e., we suppose that Propositions
2.8 and 2.9 hold true. Their proofs are dealt with in Sections 5 and 6 below. Our main task in
the current section is then to show that sequences with equibounded energies are precompact in
a suitable sense and that the asymptotics of the global energy %. is determined by that of the
functionals accounting for the ‘soft’ and ‘stiff’ parts. In this respect, it is useful to regard the total
energy Z.(u) of u € LP(;RY) as the sum of Fy . (u) and F; . (u), which were defined in (2.11) and
(2.12).

The section is organized as follows. We first address the compactness result in Proposition 4.1,
second we show how to reduce our problem to the sub-problems regarding the ‘soft’ and the ‘stiff’
components, then we prove the I'-convergence statement in Theorem 2.6.

4.1. Compactness. The next proposition shows that sequences which are equibounded in energy
have high-contrast converging subsequences. This kind of convergence was introduced in Definition
2.5. We remark that, owing to position (2.10), only <7-free fields give rise to finite energy configura-
tions. We prove here that high-contrast limits of «7-free sequences inherit differential constraints.

Proposition 4.1 (High-contrast limits of «7-free sequences). Let o/ be a constant rank differential
operator of the form (2.2). Let also {u.} C LP(Q;RYN) be such that there exists ¢ > —a\Z*(Q) for
which sup,~ o Fe(u:) < c. Then,

(1) There exist a (non-relabeled) subsequence, as well as two maps ug € LP(€; L2, (R RY)) and
up € LP(GRY), such that {exo.cue } converges to ug weakly two-scale and that { x1 cue
converges to uy weakly in LP(Q;RYN). Moreover, up to subsequences, {eu.} and { x1.cue }
weakly two-scale converge in LP, respectively, to ug and to a map v1 € LP(; Lger(Rd;RN))
that satisfy

w(e) =0y D ad [ ot.y)dy=u. (4.1)
Q
(2) The following differential constraints are fulfilled:
oy, (/ uo(a:,y)dy) =0 in W LP(Q;RM), (4.2)
Do

Ayuo(z,y) =0 in WEP(TERM) for a.e. x € Q,
dyv(z,y) =0 in W HP(Dy;RM) for a.e. z € Q.
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3) If o satisfies Assumption 2, setting i, = E u., there exists i € LP(Q; LP_ (R%RN)) such
o

per
that, up to subsequences, { i, } weakly two-scale converges to 4 in LP, and there holds

v1(z,y) = xp, (y)u(z,y) almost everywhere in Q x Q, (4.5)

Auy = —a, (/ (x,y) dy) in W~HP(Q; RM), (4.6)
Do

Ay(xo@) =0 in W EP(Q;RM) for ae. x € Q. (4.7

(4) If additionally o satisfies Assumption 1, then
duy =0 in W HP(Q; RM) (4.8)
and @, — uy weakly in LP(;RYN). In particular, up to subsequences, {u.} converges to uy

in the high-contrast sense.

Proof. It Z.(u.) < ¢, then %y (us) < cand F1 c(u:) < ¢ (cf. (2.11)—(2.12)). The growth assump-
tions in H3 yield

lexo,ctellLr(orny < ¢ lIx1,cUellLrairyy < c. (4.9)
(1) By Lemma 3.5, since bounded sequences in LP are weakly two-scale precompact, there exist
u, ug,v1 € LP(L; Lger(Rd; R™)) such that, up to a (non-relabeled) subsequence,

2 2 2 .
EUs = U, EX0ele — Ug, X1,eUe — v1  weakly two-scale in LP. (4.10)

For what concerns (4.1), we observe that, thanks to the relation between weak two-scale convergence
and weak LP-convergence, we have

X1,ele — Uy = / vi(-,y)dy weakly in LP(Q;RY). (4.11)
Q

Further, it holds that
Xie 2 x; strongly two-scale in LP, (4.12)
whence, by the first two convergences in (4.10), we find
uo(z,y) = xo(y)u(z,y) almost everywhere in 2 x Q.
In particular, also the first equality in (4.1) is satisfied.

By linearity, the previous considerations also entail that ex1 u. EN (1 — xo)u weakly two-scale in
LP?. On the other hand, from (4.9) we infer that {ex1 cu. } must actually converge to 0 strongly in
LP(Q;RY) and, a fortiori, in the strong two-scale sense. Thus, (1 — xo)u = 0, which implies that
u(z,y) =0 if y € D;. We therefore conclude that u = ug.

(2) Since Fu. = 0 in 2 for all ¢ > 0, Proposition 3.7 yields immediately (4.2) and (4.3). As for

(4.4), given any 1) € Wg’p/(Dl;RM), we extend it to the whole R? by setting ¢» = 0 in Dy and
Y(z + 2) = ¥(z) for all z € Q and 2z € Z4. Fix a function n € C1(Q). Since &u. = 0 in ) for every
e > 0, denoting by A* the symbol of &/* (see Subsection 2.2), we have

0= (uesn( 10 (2)) vy
_ /Q ue(a) - (A (V0@ (2) +n@)e v (2)) do
= [ @) (a1vata@ln (2) + n@er s (£)) ao

where the latter equality is due to the choice of the support of ). Therefore, the third convergence

in (4.10) yields
[t ( /Q o1z, ) -M«/»(y)dy) dr =0,

which in turn implies (4.4).
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(3) For every € > 0 let 4. denote the «7-free extension of u. provided by Assumption 2. Owing to
(4.9), the sequence { . } is bounded in LP(Q;RY) and there exists @ € LP(Q; L?  (R%RY)) such
that (up to subsequences)

. 2% weakly two-scale in LP and o, </ u(z, y)dy> =0 in WHP(Q;RM). (4.13)
Q

Since Assumption 2 grants that xi .l = Xx1,ue almost everywhere in €2, we infer (4.5) from (4.10)
and (4.12). Relationship (4.5) in turn rewrites as

tuy = oy ( /Q vl(x,wdy) _ ( / | a<x,y>dy) -, ( / 0 a<x,y>dy> ,

i.e., (4.6) is proved. Finally, to obtain (4.7), we combine the fact that @ = X1 cue + X0,cU: almost
everywhere in ) with the assumption that @/u. = 0 for every € > 0. Using again Proposition 3.7, as
well as (4.4) and (4.10) — (4.13), we complete the proof of the third statement.

(4) By (4.7) and Assumption 1, we deduce that fDo @(z,y) dy = 0 for almost every = € Q. Then, by

(4.5), @u; = 0 in Q. Besides, in view of its weak two-scale convergence, { @, } converges weakly in
LP(Q;RY) to

/Qﬂ(wy)dy/QxDl(y)ﬂ(ny)dy/Qvl(wy)dym(%

where we used (4.5) and (4.1). This also shows that { u. } admits an extension on the ‘soft’ part that
converges to u; weakly in LP. Therefore, to grant that there is a subsequence of { u. } that converges
to u; in the high-contrast sense, we are only left to observe that eu, — fQ uo( -, y) dy and that such

average vanishes because of (4.1), (4.3), and Assumption 1. The proof is now concluded. O

As already anticipated in Remark 2.2, we note that the preservation of p-equiintegrability granted
by Assumption 2 is not needed to prove item (3) of the previous proposition. We will instead resort
to it to establish Proposition 4.4 below.

4.2. Splitting. In the light of the of previous subsection, we know that those sequences which are
equibounded in energy are precompact with respect to the high-contrast convergence, and that their
cluster points fulfill suitable differential constraints. Following the approach of M. CHERDANTSEV &
K. D. CHEREDNICHENKO [25], the next step is to show that the asymptotic behavior of the energy
along such sequences coincides with the sum of those of the energies of two decoupled systems, one
sitting on the ‘soft’ inclusions, the other on the ‘stiff’ matrix.

To favor intuition, let us consider a family {u. } C LP(Q;RY) such that sup,. o -Z:(us) < ¢ for
some ¢ > —a\.Z%(Q), and assume that the operator .7 is admissible in the sense of Definition 2.3. As
Proposition 4.1 proves, the growth condition H3 on the energy densities entails ||x1,cue| zr(orr) < .
Hence, by exploiting Assumption 2, we retrieve the functions a. = ES u. € LP(§; RY) such that for
all

(1) x1,ele = X1,eUe almost everywhere in €,

(2) Ha8||LT’(Q;RN) <gc
(3) iie =0 in Q,

and also that
(4) {a. } is p-equiintegrable if so is { u. }.
Setting v. = u. — ., we rewrite
Fe(ue) = Foe(ve) + Fre(ite) + 6z (ue),
where %y . and #; . are as in (2.11)—(2.12) and

& (ue) = /Q [fo.e (eue) — fo.e (eve)] dx. (4.14)

(notice that ve(z) = 0 when z € Q7.). In the lemma below we show that the error made by
substituting %, (u.) by the sum %#g ¢ (ve) +F1 (1), 1.6. & (ue), is asymptotically negligible whenever
high-contrast convergence holds.
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Lemma 4.2 (Splitting). Let o/ be a constant rank differential operator of the form (2.2). Let also
u € LP(Q;RY) be the high-contrast limit of a family {u.} C LP(Q;RY). Eaplicitly, assume that
cu. — 0 weakly in LP(Q;RYN) and that there is a family { 4. } C LP(;RY) with the properties that
A =0 in W HP(Q;RM), 4. — u weakly in LP(Q;RY) and ue = e in Q1 .. If sup.sqFe(us) <c
for some ¢ > —aXg L), and if v. = u. — 1., then the following hold:

du =0 in W HP(Q;RM),

ve =0 1n Q¢

e =0 in WHP(Q; RM),

eve — 0 weakly in LP(Q; RY),

lim inf o < (ve) + lim inf 73 ¢ () < lminf Z (uc), (4.15)

e—0

lim sup %, (u:) < limsup %y (ve) + lim sup %1 ¢ ().

e—0 e—=0 e—0

Proof. As a consequence of the fact that &/u. = 0 in § for all €, also the weak limit of { . }, i.e. u,
must be o/-free. As immediate consequences of the definition, we also find that v. = 0 in ©; . and
that @/v. = 0 in Q. Being { @, } bounded in LP(;RY), we also deduce

eve = e(ue — ) = 0 weakly in LP(Q;RN).

Only the estimates involving the semilimits are now left to prove. It suffices to show that
lime g &-(ue) = 0, with & as in (4.14). To this aim, we observe that in view of H4, for almost
every xr we have

[foe (eue) = foe (eve)| < (14 leve P~ + |5Us|p_1> |etic].

Holder’s Inequality yields |6%(uc)| < cel|tel|Lr(orv), and the conclusion is achieved by exploiting
again the boundedness of { @. } in LP(;RY). O

We conclude this section by showing that, thanks to the «/-free decomposition procedure in Lemma
3.2, we can always reduce to the case in which the sequence {v. } on the left-hand side of (4.15) is
p-equiintegrable. This motivates the I'-liminif inequality contained in Proposition 5.3. We premise a
lemma.

Lemma 4.3. Let { fo.} and f1 satisfy hypotheses H1, H3, and H4. Let also {uc},{ve} C
LP(Q;RYN) be bounded sequences such that u. —v. — 0 in measure, and that { v. } is p-equiintegrable.
Then,

lim inf/Q [fo,e (ue) — fo,e (ve)]dx >0, (4.16)

e—0

i [ 1 (G5 (2] e 20

Proof. Despite the dependence of the energy density fi; on the oscillating variable, up to a different
notational realization, the ‘stiff’ case is completely analogous to the ‘soft’ one. For this reason, we
detail the proof of (4.16) only

We first note that (4.16) is left unchanged if we replace fo . with fo. — fo,c(0), and hence we may
assume that fo.(0) = 0. Upon extraction of a (non-relabeled) subsequence, we may also suppose
that the left-hand side in (4.16) is a limit. In view of [48, Lemma 8.13], for every ¢ > 0, we can
decompose the elements of such subsequence as u. = u2 + ug, where {u?} (the ‘oscillating’ part)
is p-equiintegrable and {u¢} (the ‘concentrating’ part) converges to zero in measure. If we let
Re=={2 € Q:u?# uc }, we have that Z¢(R.) — 0, whence, by the current assumptions, { u? — v, }
is p-equiintegrable and converges to zero in measure. Thanks to Vitali’s convergence theorem (see
e.g. [48, Theorem 2.24]), it follows that u® — v. — 0 strongly LP(Q;RY), and, in view of H4, we
deduce

lim [fo.e(ul) — fo.e(ve)|dx = 0. (4.17)
0,e

e—=0 Jo

By employing the definition of R., H3, and H4, we find the estimate
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fore(ue) dz — / o) + foo(ud)] da

QU,E

QO,E

/ fore (ug + 1) d — / e () + for(ug)] de
Qo,cNR.

Qo,eNR:

<[ e - focwdlde s [ (o) do
QU,EﬂRE Q

O,EORE
<o PP el de A [ (1 2P d
Qo cNRe Qo,:NR:

Since {u? } and {u¢} are bounded in LP(£; RY) and {u?} is p-equiintegrable, we infer that the last
term tends to zero as € — 0. Therefore, we see that

i [ (foc(u2) = foctodldo =l [ (fooul) + foou) = foo(vo))da

e—0 Qo.c

= lim fo,e(ug)da.
e—0 Qo..NR. €

Zliminf/ M —a+ [uf]P)dx
QO,EPIRE

e—0
>0,

where the second equality is a consequence of (4.17), the second to last inequality is due to H3, and
the last one follows from .Z4(R.) — 0. O

The improved variant of Lemma 4.2 for the liminf inequality in (4.15) reads as follows.

Proposition 4.4 (Refined splitting for the liminf). Let o be an admissible differential operator. Let
u € LP(Q;RY) and consider two sequences {u. },{ 4.} C LP(S;RY) with the property that eu. — 0
weakly in LP(Q;RY), t. =0 in WP (Q;RM), 4. — u weakly in LP(Q;RY), and ue = . in Qi ..
If sup.~ o Z-(us) < ¢ for some ¢ > —aXg L), then there exists {0} C LP(S;RY) such that the
following hold:

’55 =01 Ql,sa

V. =0 in W HP(Q;RM),

{eb: } is p-equiintegrable,

0. — 0 weakly in LP(;RY), (4.18)
liminf % . (0.) + liminf #; . (4.) < liminf %, (u.),. (4.19)
e—0 e—0 e—0

Proof. The equiboundedness in energy entails that
letellramry < e and [y et ooaem) < c. (4.20)

By Lemma 3.2, there exist a (not relabeled) subsequence of { u. } and a sequence { w, } C LP(Q;RY)
such that

(1) {ewe } is bounded, «7-free, and p-equiintegrable;

(2) e(we — u.) — 0 strongly in L(€; RY) for every ¢ € [1, p);

(3) ex1,c(we —u:) — 0 strongly in LP(Q; RY).
Note that the last property is not mentioned explicitly in the statement of Lemma 3.2, but it is a
byproduct of the construction in its proof (see [50, Lemma 2.15]).

For every ¢ > 0, we define . := ES,w., with ES, as in Assumption 2. We then set 7, = w. — W-.
In view of Assumption 2, we immediately obtain that v, vanishes on €; ., that it is o/-free in 2, and
that { ev. } is p-equiintegrable. To prove (4.18), we consider the identity

ele = e(we — ue) — e(We — ue). (4.21)
Thanks to (2) above, e(w. — u.) — 0 strongly in L(£;RY). Additionally, by Assumption 2,

el e || r(ryy < cellwellpr o, rvy < cellwe — uellpr o, ryYy + cellUel Lr o, ryy = 0,
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the convergence to 0 following from (3) above and (4.20). In view of the assumptions on { u. } and
of (2), (4.18) is inferred.

To complete the proof of the corollary, it suffices now show that for ¢ € [1,p),
£(9. —v.) — 0 strongly in LI(Q;RY), (4.22)

where v. = u. — .. Indeed, once this is proven, (4.19) is deduced from Lemma 4.2 and Lemma 4.3.
To prove (4.22), we notice that, by the definitions of v. and ¥, as well as by Holder’s inequality, for
every ¢ € [1,p) it holds

lle(Te — Us)||Lq(Q;1RN) < gllwe — us”Lq(Q;]RN) + cel|ES, (we — ue)”LP(Q;RN)-

Then, in view of (2), of Assumption 2, and of (3), we deduce (4.22). O
4.3. T'-convergence. In this short subsection we tackle the proofs of Theorem 2.6 and Corollary 2.7.

Proof of Theorem 2.6. Statement (1), concerned with the high-contrast compactness of families with
equibounded energy, follows from Proposition 4.1.

Let now u € U; be fixed and assume that there are two sequences { u. },{ @ } C LP(;RY) with
the property that cu. — 0 weakly in LP(Q;RY), /i, = 0 in Q, . — u weakly in LP(Q;RY), and
Ue = TUe in O . If the lower limit of { .Z.(u.) } is not finite, the estimate of point (2) holds trivially.
Otherwise, we define v, = u. — 4. and, owing to Proposition 4.4, by applying Proposition 2.8 to
{ve }, as well as Proposition 2.9 to { 4. }, we deduce

liminf %, (u.) > liminf %) ¢ (ue) 4+ lm inf F; o (ue)
e—0 e—0 e—0
= liminf % . (ve) + liminf % . (4.)
e—0 e—0
> ag + F1(u)
= F(u).

Finally, we turn to (3). For u € Uy, again in the light of Propositions 2.8 and 2.9, we can find two
sequences {v. },{ @ } C Uy such that

Ve = 0 in QI,E7
cv. — 0 weakly in LP(Q;RY),
Gle — u  weakly in LP(Q; RY),

lim sup % (uo.c) < o,
e—0

limsup #; (i) < F1(u).

e—0

Then, setting u. = v. + %., by Lemma 4.2 we deduce the desired limsup inequality from the ones
satisfied by { %o (ve) } and { F1 (1) }:

lim sup Z.(u.) < limsup % o (ue) + limsup F1 o (u.)

e—0 e—0 e—0
= lim sup %y (ve) + limsup F; . (Ge)
e—0 e—0
< ag+ Fi(u)
= .7 (u).

At this stage, the convergence of infima and of minimizers easily follows.

Proof of Corollary 2.7. The equicoercivity of the energies with respect to the high-contrast conver-
gence and the convergence result in Theorem 2.6 yield the conclusion by standard I'-convergence
arguments. U
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5. ASYMPTOTICS FOR THE SOFT COMPONENT

This section is devoted to the proof of Proposition 2.8. We address the asymptotic analysis of the
energy stored in the ‘soft’ component of the system, that is, { % } in (2.11), and we prove that the
limiting behavior is encoded by the functional Zy in (2.13). We recall that %, is finite only when
u = 0 and in that case the value of the functional equals the constant o given by

oo = sup inf // fo u(z,y) dydx
Q'cQuer ) Jor

where the supremum is meant to run over all open sets that are compactly contained in €2, and, for
any open Q' C Q, Up()') is as in (2.5).
Remark 5.1 (On the constant «g). By the definition of Uy(2) in (2.5), we see that

Up(Q) C Up(Qy) C Up(Q}) whenever Q) C Q) C Q. (5.1)
Since A(—a + [¢[P) < fo(€) for every € € RY| from (5.1) we deduce that

ag < inf/ fo(u(z,y))dy da,
ueUy Do

and, more generally, that

inf / fo u(z,y) dydz< inf / fo u(z,y) dydz (5.2)
Do % J Dy

ueUpe (2] u€Up (2,

when Q) C Q) C Q. In particular, the supremum in the definition of o is not a maximum, in general.
Indeed, suppose that Q] € Q achieves such supremum. Then, we would get a contradiction whenever
there exists Q) € Q containing )] such that the inequality in (5.2) is strict.

We separate the discussion of the I'-liminf and of the I'-limsup inequalities.

5.1. T-liminf inequality. The proof of the I-liminf inequality relies on the compactness and splitting
results of Section 4, on unfolding techniques, as well as on the following intermediate statement.

Lemma 5.2. Let { fo.} satisfy H1 and H3-H5. Suppose that {w.} C LP(Q; LP (R4 RY)) is a
p-equiintegrable family satisfying the following properties:

we =0 ify € Dy, (5.3)
and for all open ' € Q there exists ¢’ := &' (') such that
Aywe =0 in WHP(TERM) for ae. 2 € Q ife <. (5.4)
Then, it holds
ap < liminf fo,e (we(z,y))dy dz. (5.5)

e—0 0 JD,

Proof. The proof is divided in two steps.

STEP 1: A SIMPLIFIED SETTING. We start by establishing an inequality for the case in which the
densities on the right-hand side do not depend on ¢ (cf. [25, Lemma 20]), that is, we first prove that

oy < l1m1nf// fo(we(z,y))dy da. (5.6)

According to the definition of o and to Remark 5.1, for an arbitrary ¢ > 0, there is an open set
Q5 € Q such that dist(99, 0Qf) < ¢ and

f d d d.
—uelllzl(ﬁ' / Dofo (z,y))dydz +

In view of (5.3) and (5.4), w. € Uy(2) for € > 0 sufficiently small, whence

a0<hm1nf//f0 we (z,Y) dydx—i—é

e—0
= lim inf/ fo(we(z,y))dydz — / fo(we(z,y))dy dz + 4.
e—0 Do Q\Q/ Do
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Thanks to the p-equiintegrability of { w. }, the conclusion (5.6) now follows by letting § vanish.

STEP 2: THE GENERAL CASE. We adapt the argument in the proof of [38, Thm. 5.14], relying on
the almost everywhere convergence of { fo . } to fo, as well as on the p-Lipschitz continuity of these
energy densities (see H4 and H5).

Fix § > 0. By the p-equiintegrability of { w. } and by the p-growth assumptions on fy, there exists
r > 0 such that

sup fo(we(z,y))dzdy < 0. (5.7)

€>0 /{(fﬂ,y)eflxDo:we(Ly)IW}
Besides, since fy . and fy are p-Lipschitz, we find p > 0 such that

|fo(&) = fo(m)| + Sup [ fo.e(€) = foe(m] <6 for every £,n € B(0, p). (5.8)

Let now &1,...,&kx € B(0,r) be such that

C=

B(0,r) c {J B (& p)- (5.9)

k
In view of H5, for any such & there exist & > 0 such that | fo(§x) — fo(€x)| < 6 if € < &. Letting
g:=min{é&y,...,&x }, it follows that for any k =1,..., K

|fo,e(€k) — fo(€k)| <0 ife<éE (5.10)

By (5.9), for every n € B(0,r) there exists k € {1,..., K} such that n € B(&, p). For this particular
k, the combination of the triangle inequality, (5.8), and (5.10) yields

[fo,e(m) = fo(m)| < 1fo.e(n) = fo.e (&)l + [fo.e (&) — fo (&)l + [ fo(n) — fo(&r)] < 36, (5.11)

for every n € B(0,r) and every € < &.

1

In view of (5.6) we deduce

aogliminf// fo(we(z,y))dy dx
QJD,

e—0

< liminf

=0 /{(Ly)EQxDo:ws(z,y)lér}
< lim inf/ / fo.e(we(z,y))dy dz + 36.2%%(Q x Do) + 9,
o J Dy

e—0

fo(we(z,y))dzdy + 6

where the first inequality is due to (5.7), and the second one to (5.11). The arbitrariness of 6 > 0
yields the conclusion. O

We are now ready to tackle the I'-liminf inequality for the ‘soft’ contribution; the argument is
comparable to the one in [25, Lemma 21].

Proposition 5.3. Let { fo. }. satisfy assumptions H1 and H3-H5, and let u € LP(S; RN). Then,
for every p-equiintegrable sequence {u.} C LP(;RY) such that u. = 0 on Q1., Fu. = 0 in
W=LP(Q;RM) for every e > 0, and cu. — u weakly in LP(;RYN), we have

Fo(u) < lign_%lf Fo.e(ue).

Proof. If the lower limit of % . (u.) is not finite, then there is nothing to prove. Otherwise, without
loss of generality, we focus on the case in which the lower limit of % . (u) is finite, and we assume
that it is a limit. Then, it follows by Proposition 4.1 and Assumption 1 that necessarily v = 0.
Therefore, we are left to prove that

ap < lim Jo.e(eue(z))da,
e—0 Q

0,e
where aq is given by (2.8) and cu. — 0 weakly in LP(;RY).

We exhibit a formula for % . (ue) that involves the unfolding operator introduced in Lemma 3.6.
We let . be the unfolded map of gu,:

ﬂg(.ﬁ, Z/) = 5SEUS(I7 y)7
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whence
G.(xz,y) =0 for almost every x € Q and y € D;. (5.12)

Also, since the unfolding procedure preserves p-equiintegrability, {a.} C LP(Q x Q;RY) is p-
equiintegrable. Finally, Lemma 3.8 grants that

Hyie =0 in WIP(TERM)  for ae. € Q.
where Q. is as in (3.1). In particular, if ' C € is an open set such that the distance ¢ := dist(9', 99)
is strictly positive, it is clear that ' C Q. if V/de < §. Thus, for all open ' € Q
Aytie =0 in WHP(THRM) for ae. z €  if e < &, (5.13)
where ¢’ > 0 is a suitable threshold depending on €.
By the definition of ¢ . (see (1.1)), we have

Fo.e(ue) —5dZ/ foe €u€ y—i—z)))dy
2€Z,

Being z an integer-valued vector, it holds 4. (ez,y) = eu. (s(y + z)) for every z € Z. and y € Dy.
Hence, we obtain

90,5(%) = ¢4 Z fOs UE €z y)) dy

zE€EZ,

2€2. /(Q+z Do foe e *J 7y)>dydx

> /Q | foe (o) dy e

because for all x € e(Q + z), |z/e| = z. We can rewrite the last estimate as follows:

Foe(ue) > /

Q J Dy

fo (ite () dydar — / ] clicte)dyda.

Q\Q.
From this, owing to (5.12) and (5.13), we can invoke Proposition 5.2 to infer
cg.O,s(ue) > ap — / . fO,e (ﬁf(xi y))dy dz.
Q\Qs 0

In view of the p-equiintegrability of { 4. }, the desired liminf inequality is now obtained by taking the
limit as € — 0. O

5.2. T'-limsup inequality. We now turn to the I'-limsup inequality for the energy functional associ-
ated to the ‘soft’ portion of the material. The optimality of the lower bound identified in Proposition
5.3 hinges upon the next proposition.

Proposition 5.4. Let { fo} satisfy H1 and H3-H5, and let Q' € Q be open. Then, for all
w € Up(Q), there exists a family {u. } C LP(;RN) that satisfies the following:

(1) ue =0 on Q. and u. is &/ -free in Q for all € > 0;

(2) eu. 2w strongly two-scale in LP, where w'(x,y) = xaor (x)w(x, y);

(3) it holds that

lim sup Zp ¢ (ue) < / Jo(w(z,y)) dy dz.
' J Do

e—0

We postpone the proof of Proposition 5.4 to the end of the section, and we discuss next how the
I'-limsup inequality is deduced from it.

Corollary 5.5. Let { fo.} satisfy H1 and H3-H5, and let u € LP(;RY). Then, there exists a
family {u.} C LP(Q;RY) such that the following holds:

(1) ue =0 on Q. and u. is &/ -free in Q for all € > 0;
(2) eu. — u weakly in LP(Q;RN);
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(3) the upper limit inequality

lim sup %y ¢ (ue) < Fo(u)

e—0

is satisfied.

Proof. We first remark that if v # 0, there is nothing to prove. Thus, we assume in what follows that
u=0 and Fo(u) = ap.
Fix now § > 0 and ' € Q. By the definition of «y, there exists a map ws € Up()’) such that

/,/D fo(ws(z,))dyde < ag + 6.

Proposition 5.4 yields a sequence { u. } such that

(1) ue =0o0n O and u, is o/-free in Q for all € > 0;

(2) {euc} converges strongly two-scale in L to xqo/ (z)ws(z,y);

(3) the inequality

timsup Fo. () < [ folws(e.)dyds
' J Do

e—0

is satisfied.

Lemma 3.5 and Assumption 1 entail that cu. — 0 weakly in LP(£2;RY). Besides, the last estimate
and the definition of ws get
limsup Zo ¢ (ue) < ap + 9.

e—0

The conclusion hence follows then by the arbitrariness of § and by standard properties of I'-
convergence (see e.g. [15, Subsection 1.2]). O

We now address the proof of Proposition 5.4.

Proof of Proposition 5.4. We construct a family { @, } that strongly two-scale converges to w'(z,y) =
xo (z)w(z,y) in LP, so that {u. } will be given by u. := @./e. However, because of measurability
issues, we cannot deal directly with a general w € Uy(£2). The argument is thus subdivided in three
parts: firstly, we define { @. } under some extra regularity assumption on w; then, we prove the limsup
inequality when w is regular; lastly, we recover the general statement by means of an approximation
argument.

STEP 1: CONSTRUCTION OF { @, } WHEN w IS REGULAR. In this step we assume that w possesses

some extra regularity in the z variable, namely we take w € Up(Q') N LB, (R%: C(RY)). We

construct a sequence { i } of &7-free maps such that 4. = 0 on Q; . for all € > 0 and that . 2w
strongly two scale in LP. Below, when we write w(x,y), we consider the second entry y to be the
periodic variable.

Recalling (1.1), we define
Q= U eQ+2), Z={zeZ':e(Q+2)cQ}CZ,
zEZé
and, for ¢ > 0 and (z,7) € Q x R?, we consider the averages of w(-,%) on the cubes that compound

QL

- ][ w(z,g)dz if T € £(Q + z) for some z € Z,
We (.’13‘7 y) = e(Q+z)

(5.14)
0 for any other € Q.

In this way, w.(-,y) is piecewise constant for all y € @Q and w.(x, -) is Q-periodic for almost every
x € . The position

Ue(x) = we (x, g) for every z € Q, (5.15)

defines a measurable function which vanishes on € ., because w =0 on {2 x D;.
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/
N

We firstly check that { . } converges strongly two-scale in L? to w
prove the claim, we start by showing that { @, } is bounded in LP(£2; R
and a change of variables grant that the following identities hold:

i T\|P T\ |P
[ fiaraz = [ e (=2)] -3 /[ oo fo (@) a
Z / |we (e(z +v), ‘p dy = Z /

2€Ze 262!

2,y) = xor(2)w(z,y). To
). The properties of {w, }

p

x,y)dz| dy.

(Q+z
From Jensen’s inequality we then deduce
/|u€ )|Pde < Z / ][ w(z,y)P de dy */ / w(z,y)|? de dy. (5.16)
EZI Dy (QJrZ Do '

As for the convergence of {@. }, in view of Lemma 3.5, (5.16) yields the existence of a map
w e LP(Q; LA, (
consider ¢ € C(€Q; Cper(R% RY)) and, by similar computations to the ones above, we find

/Qﬁg(x) ) (x7 g) dzx = /QO,E W, (w, g) ) (x, g) dx
=2 /(Do-i-z) v <x’ g) A <x’ 9 dr

2E€Z.

—gdz/ £z +).y) - 6(e(= + 1) y)dy

z2€Z.

B zgz;; ‘/Do /E(Q+Z) w(x’ y) ' ¢(€(Z + y)7 y) dx dy

~ [, [, e -bnana

where ¢.(z,y) = ¢p(e(y+2),y) if x € £(Q + z) with z € Z/. By the dominated convergence theorem,
we infer

R RY)) such that . 2 4 weakly two-scale in LP. To identify the limit @, we

Y RECRICES dx:/,/Dow<x7y>~¢<x7y>dydx7

that is, . 2w weakly two-scale in LP (recall that w(z,y) = 0 if y € D;). In turn, the weak
two-scale convergence implies

lwll e (728, RaRN)) < ligl)iglfuﬁeHLP(Q;RN)»
which, combined with (5.16), ensures that
lim||e || Loy = llwllLe(@iLpe, Ry y) -

In view of the definition of strong two-scale convergence, cf. Definition 3.4, we conclude that . 2w
strongly two-scale in LP.

Finally, we show that { @, } is &/-free on 2. To this aim, we fix ¢ € Wol’pl (; RM) and, by repeating
the steps already seen above, we obtain

/Qusu o p(a)ds = é,/W /D w(z,y) - 7Y (e(z +y))dy da.

If n € C*(Q;[0,1]) is a cut-off function which equals 1 on Dy, thanks to the fact that w(x, ) vanishes
on D; and is @/-free on T? for almost every = € )., we conclude

/Qﬂe(l") - P(x)dr = ZZZ;/ /(Q+Z /Do w(z,y) - 7 Y (e(z +y))dy da



HOMOGENIZATION OF HIGH-CONTRAST COMPOSITES UNDER DIFFERENTIAL CONSTRAINTS 27

z Lo o ) [ +0) v

=Y [ vl e+ )| dyds
22! e(Q+z) JQ
=0.
STEP 2: LIMSUP INEQUALITY WHEN w IS REGULAR. We have so far shown that, if w € Up(Q2') N
P (R% C(Q;RY)) and { . } is the sequence of Step 1, then

_ 2 .
cus = e — w’'  strongly two-scale in L?,

where w'(z,y) = xo (z)w(x,y). Moreover, u. = on . and &u. =0 on Q for all € > 0. Here, we
prove the inequality

limsup %o c(ues) = limsup/Q fo,e (@e(2))da < /, /D fo(w(z,y)) dyda. (5.17)

e—=0 e—0

We preliminarily notice that, by construction, @, vanishes outside the set Q’E Therefore, we have
the identities

= ¢4 Z /Qfoﬁ (ﬂa (s(y + z)))dy

Since z € Z¢, we have that @.(c(y + 2)) = S.1.(cz,y), Se being the unfolding operator. Therefore,
by exploiting the properties of S., the energy of . is rewritten as follows:

Foelu) = S / foe(Seiic(e2,y))dy

2€2! Q

S [ s (s (2[£] ) vas

zEZé

- / Joe (Seie(2,y)) dy dz
Q. J Dy

= / fO,E(SEﬂE(x7y))dydxa
" J Dy

where the last identity is due to the fact that S.u. vanishes for = ¢ Q’E

In the light of the previous equalities, we have

y&a(ue) :// b fO@(SaaE(xay))dydx_/Q/ O f078(w(aﬁ,y))dydx

0

’ /Q . Foalelew)dydo - / /Do fo(w(z,y))dydzx
+/,/DO fo(w(z,y))dyda.

Keeping in mind Lemma 3.5, we observe that S.i. — w strongly in LP(Q' x Dy; R™V), and consequently,
owing to H4 and HS5, the limits as ¢ — 0 of the first and of the second term on the right-hand side
equal 0. We thereby conclude that (5.17) holds.

STEP 3: RECOVERING THE GENERAL STATEMENT. Let w € Up(Q'). We first extend it to the whole
space setting w = 0 for x € R\ Q, and then we mollify it with respect to the variable z. This
procedure ensures that @, the regularization of w, belongs to Up(Q') N L2, (R4 C(Q; RY)) and it is

per

close to w in LP(; LY, (R RM)). Now, Steps 1-2 yield a recovery sequence for w, and, by means of
a diagonal argument and of the continuity of the right-hand side of (5.17) in L, a recovery sequence

for w satisfying all the desired requirements can be constructed. O
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Remark 5.6 (On recovery sequences). Observe that the construction we propose does not yield, in
general, a recovery sequence with respect to the weak LP-convergence, that is, a sequence {u. } C
LP(Q;RY) fulfilling Corollary 5.5 with (2) replaced by

(2°) ue — uin LP(Q;RN).
Indeed, to this aim, letting w’ be as in Proposition 5.4, we would need to exhibit a sequence { . }

such that

1
- i. > w  strongly two-scale in LP,

and we would then again set u. := i, /e.

On the whole, the results above form a proof of the I'-convergence of the energies { % }.

Proof of Proposition 2.8. The fact that %, is a lower bound for the asymptotic behavior of the
sequence { % } is established in Proposition 5.3. The optimality of such lower bound is proven in
Corollary 5.5. g

6. ASYMPTOTICS FOR THE STIFF COMPONENT

In this section, we characterize the limiting behavior of the family {.%1 .} in (2.12), which ac-
counts for the energy of the ‘stiff’ component of the system, and we prove that {.%; . } I'-converges
to the functional .#; in (2.14) We rely on the contribution by I. FONSECA & S. KROMER about
homogenization of multiple integrals under differential constraints:

Theorem 6.1 (Theorem 1.1 in [46]). Let g: R? x RN — [0, +00) be a Carathéodory function which
18 Q-periodic with respect to its first argument. Assume that there exist ¢ > 0, A > 0, and p > 1
satisfying

—c < g(y,&) < AA+|€|P)  for a.e. y € R and all € € RY.
Then, for all u € LP(S;RY) such that «/u = 0, the functional

Y. (u) == /Qg (g,u(x)) dz

I'-converges with respect to the weak LP-convergence to
gilom(u)::zt/nghom<u(x))dxv
Q

where, for all £ € RV,

ghom (&) = lim inf inf { /Qg(ky,ﬁ +u(y)) dy : v € LB (RGRY)

k—+oco
with / v(z)dz =0 and /v =10 in Wl’p(Td;RM)}. (6.1)
Q

As a corollary of the theorem above, we derive the asymptotics of { .%#; . }.

Proof of Proposition 2.9. For £ > 0, we introduce the set

QLE =N U e(Dy + 2),
z€Z4

and we observe that Q; . C Q. (recall (1.2)). We let
(T
- —,u)dr ifuelU,
F1e(u) = /le,s /i (5 ) '
+00 otherwise in LP(Q; RY),
with f: R? x RN — [—a), +00) defined as
ja(yvg) = fl(y7£) zz: Xj)1+2(y)7

z€7Z4
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where a and A are the constants in H3, and xp,+. is the characteristic function of the set Dy + z.
When u is &/-free we can hence write

Fro(u) = Fre(u) + /

Q1.\ Q1 e

i (2 u@)) de. (6.2)

g

We observe that Theorem 6.1 applies to jl’g, yielding
F1(u) =T — lim .7, . (u)
e—=0

in the weak LP-topology. As for the difference between .%#; . and ﬂzl’@ by H3 one has

AL\ ) < [

Q1,:\Q1,c

AN PR

Q1,:\ Qe

u(x)|pdx> .

Notice that the term .24(9; .\ € ) is at most of order e. Thus, the lower bound for { . . } follows
from (6.2) and Theorem 6.1:
F1(u) < liminf F . (ue)

e—0

for all u € LP(Q;RY) such that «/u = 0 and all </-free sequences {u. } C LP(2;RY) that converge
to u weakly. For what concerns the upper bound, let us fix u € LP(Q;RY) in the kernel of </ and
consider a recovery sequence { u,. } for { 9175 } given by Theorem 6.1. Thanks to Lemma 3.2, we get a
p-equiintegrable family { v. } C LP(Q; RY) such that {u. — v. } converges to 0 strongly in L4(£2; RY)
for all ¢ € [1,p). Therefore,

lim |ve(x)|Pdz = 0.

€20/0, Q..
Let now { &, } be such that

limsup Z, . (v.) = lim F., (ve,).
e—0 n——+o0o )

By Lemma 4.3, we obtain the desired upper limit inequality:
lim sup %1 ¢ (ve) = lim sup jlyg(vg) = lim ﬁzlygn (ve,)
e—0 e—0 n—r+oo

< lim jl,en (ue, ) < limsup ﬁie(ug) < Z1(u).

T n—+oo e—0

O

7. ADMISSIBLE DIFFERENTIAL CONSTRAINTS

In what follows we deepen our analysis of constant rank operators. We investigate the existence of
Sobolev potentials for o7-free maps and of extension operators on perforated domains. In particular,
we prove Theorems 2.10 and 2.11.

In contrast to the previous sections, here we take into account also differential operators of order
greater than 1: we treat the broader class of linear, k-th order, homogeneous differential operators
with constant coefficients. To fix the notation, given k, N, M € N\ {0}, we consider linear maps
AW RN — RM for all d-dimensional multi-indices i with |i| = k and we focus on the operators
whose action on a function u: RV — RM is given by

du=Y Aou.
|i|=k
Recall that if i == (i1,...,iq) € N® is a multi-index, then
dltly

= —]—\T).
Oiy w1 -+ 0iyxa

diu(x) :

We keep in place the constant rank condition, which currently reads: there exists r € N such that
the rank of A[w] equals r for all w € R?\ {0}, where

Alw] = Z Wt A®

li|=k
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is the symbol of & and w' = H?zlw;j if i = (i1,...,1q) is a multi-index. Note that when k = 1 we
recover the setting of Subsection 2.2. As before, we say that a map u is &/-free in Q if &u = 0 in
W=Fe(Q; RM).

7.1. Existence of potentials. This subsection is devoted to the proof of Theorem 2.10. Loosely
speaking, our goal is to prove that, given an operator & of constant rank, there exists a second
differential operator # such that any .o/-free map u € LP satisfies u = PBw for a suitable Sobolev
function w. When such a relation holds, we will say for brevity that w is a potential for v and that %
is a potential for o/. We are able to prove existence of potentials for those functions that are .o7-free
on a certain class of subsets of R%, which we introduce in the next definition.

Definition 7.1. Let o7 be a homogeneous operator of order k. An open set 2 C R is an .« -extension
domain if there exist Eo : LP(Q;RY) — LP(R% RY) and ¢ > 0 such that the following holds: for all
u € LP(Q;RY) such that &/u = 0 in W—*?(Q; RM), we have

(1) Eyu =u a.e. in 9,
(2) HEJZ{UHLP(Rd;RN) S CHUHLP(Q;RN)a and
(3) o (Egu) =0 on R

Analogous definitions concerning extensions of sequences that are (asimptotically) o-free are found
in [47, Definition 1.4] and [46, Lemma 2.8] (i.e. Lemma 3.3 above), while the reader is referred to
Section 7.2 below for a more detailed discussion on extension problems. We also refer to [57] for
a related study in the stochastic setting. It is important to notice that the property of being an
o/ -extension domain carries some topological consequences.

Remark 7.2 (On the topology of «/-extension domains). The requirements of Definition 7.1 may
act as implicit restrictions on the topology of the set ), according to the specific choice of o7. Let
us consider, for instance, the case in which d = 3, @ =curl, and Q = R? \ Reg, { €1, €2, e3 } being the
canonical basis in R3. We assume by contradiction that € is an </-extension domain. Then, if for
every x = (x1,x2,x3) € 2 we let

u(xy, xe,x3) = ( 2 il O) ,

) 27,2 27
r{+x5 T1+ 235

we find that curlu = 0 almost everywhere in €, whence curl (Eu) = 0 in R3, if E,, is the extension
operator in Definition 7.1 for o/ = curl. This fact, in turn, yields a potential w such that Eu = Vw
in R? and, from the requirement that Eu = u on Q, we conclude that u = Vw on €. This leads to
a contradiction, for the field « is not conservative.

For the proof of Theorem 2.10 we rely heavily on some recent contributions by B. RAITA and
coauthors, who established existence of potentials for o7-free smooth maps and Korn-type inequalities
for constant rank operators. Further related bibliographical comments are provided when we discuss
Propositions 7.4 and 7.5 below. Before dealing with the proof, we pinpoint here that Theorem 2.10
constitutes a sufficient condition for Assumption 1 to hold:

Corollary 7.3. Assume that <7 is a first order operator satisfying the assumptions of Theorem 2.10
and that the unit cube Q is an o -extension domain. Then, for any open set Q' C Q, the space Up(Q)')
in (2.5) is characterized as follows:

Uo(Q) = {u € LP(Q LY (RERY)) s u =0 if y € Dy,
dyu =0 in W HP(TLERM) for a.e. € Q/, and /Qu(x,y) dy =0 for a.e. z € Q’}. (7.1)
Proof. For the desired equality to hold, we just need to prove that
per

Up(Y) C {u € P LP (RERY)) :u=0ify € Dy,

Ayu =0 in WHP(THLRM) for ae. 2 € ', and /

u(z,y)dy =0 for a.e. z € Q’}.
Q
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Let us fix u € Up(€'). Theorem 2.10 grants that for a.e. x € Q' there exists w, € W/ Z(R%RM)
such that u(z,-) = Byw, a.e. in Q. To the aim of defining a measurable selection of the maps

{wgz },cqr» we exploit Proposition 3.1.
We first observe that for every u € LP(€; L2, (R4 RYN)) and = € ' the set

per

W(z)={we WEE(RERMY : Bw(y) = u(z,y) for ae. y € R? }

per

is either empty or a closed (and hence complete) subspace of W’ (R, RM). Besides, being =

per

u(z, -) € LB, (R%RY) measurable, then for every open set O C WEP(RY:RM ), the set
{zeQ WE)nO#£0}

is measurable as well. It follows that the multifunction  — W (z) admits a measurable selection,
which we denote by w(z, -).

Summing up, we recovered a measurable function w from ' to Wég;(Rd; RM) with the property
that u = Z,w for almost every x € Q' and y € R?. We conclude that

/Q u(e,y)dy = 3" BO /Q 8,y w(,y) dy =0,

li|=¢

where the latter inequality follows from the periodicity of w in its second variable. O

We devote the remainder of the section to the proof of Theorem 2.10 and to the pertaining tools.
We first highlight that B. RAITA [70] has recently pointed out that the kernel of the symbol of any
constant rank operator coincides with the image of the symbol of a suitable operator %, and that
the latter is actually a potential for .7 when tools from Fourier analysis are applicable. Precisely, we
have:

Proposition 7.4 (Theorem 1 and Lemma 2 in [70]). Let & be a linear homogeneous differential
operator on R? with constant coefficients. Then, < is of constant rank if and only if there exists a
linear homogeneous differential operator 2 on R* with constant coefficients such that

ker Alw] = imBlw] for allw ¢ R*\ {0}, (7.2)
where A and B are the symbols of &/ and B, respectively.
Moreover, suppose that o/ and B are, respectively, operators from RN to RM and from RM to

RN, If (7.2) holds, then, for all u € (R4 RY) such that «/u = 0, there exists w € .7 (R4 RM)
such that w = Bw.

Observe that if the operator % satisfies (7.2), then it is in turn of constant rank; precisely,
rank Blw] = N — r if rank A[w] = r for all w € R%\ {0}. Proposition 7.4 builds a unified framework
that encompasses some well-studied special cases, such as the one of the curl and of the divergence.
Results in the same spirit had been previously obtained by J. VAN SCHAFTINGEN [79, Proposition
4.2] for elliptic operators, which correspond to the subclass of operators whose symbol is injective.

A second relevant finding related to constant rank operators was obtained by A. GUERRA & B.
RAITA [54], who showed that this class is exactly the one in which a sort of Korn inequality holds.
To state their result, we need to introduce the projection Iy associated with the operator <. For
u € S (RGRY), it is defined as

Nyu(z) = (F 1 (PyFu))(z), (7.3)
where F and F~! are the Fourier transform and its inverse (see (3.4)), and the map
P : R4\ {0} — Lin(R;RY)

associates to each w € R?\ {0} the orthogonal projection operator onto ker A[w]. Here and in the
rest of the paper, Lin(V; W) is the set of linear operators from the vector space V' to the vector space
W. We have:

Proposition 7.5 (Korn-type inequality for constant rank operators [54]). Let p € (1,00) and let </
be a linear, k-th order, homogeneous differential operator with constant coefficients. Then, </ is of
constant rank if and only if there exists ¢ := c(d,p) such that

IV5(6 = Ny )l 1 (a v xary < el Dl Lo gaary  for all ¢ € CF(RERY).
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For future use, we remark that the conclusion remains valid when ¢ € .%(R% RY), as the Fourier
analysis on which the proof is based is still viable in this case, or even when ¢ € W*P(R% RYN),
by approximation. The sufficiency of the constant rank condition had been already observed in the
literature, see for instance the bibliography in [54] or the paper by D. GUSTAFSON [56], where a proof
for first order operators is given.

To the purpose of constructing Sobolev potentials for «7-free fields, we first need to extend the

projection operator Ny in (7.3) to nonsmooth maps. We invoke the following result by T. KaTo
[58], which we present in a form due to F. MURAT:

Lemma 7.6 (Lemma 3.7 in [66]). Let &7 be a linear, k-th order, homogeneous differential operator
with constant coefficients and constant rank. Then, the operator Mg in (7.3) can be extended to a
bounded linear operator from LP(R%:RYN) to LP(RY; RY).

In the proof of the lemma the constant rank assumption is fundamental. Indeed, it ensures that
the map w — P [w] introduced above is analytic on R?\ {0} (see [66]); this, in combination with
the 0-homogeneity of P, allows the use of S.G. MIKHLIN’s multipliers theorem (cf. Corollary 3.10).

Remark 7.7 (Self-adjointness of the projection operator). As a consequence of Parseval’s formula
and of the self-adjointness of P/, by density there holds

/l‘lggu-vdx:/ u-MNyvdz for all u,v € LP(REGRY). (7.4)
R R4

We next clarify why Mg, is entitled to be named projection: Lemma 7.9 below shows that for an
LP-function u one has that &7 (Myu) = 0, and that Mg u = v if @u = 0. We premise the instrumental
notion of Moore-Penrose generalized inverse AT of a linear map A.

Lemma 7.8 (Properties of the generalized inverse [54, 23|). Given the map A € Lin(RY;RM)  we
let AT € Lin(RM;RN) be defined as

AT = (AL(kerA)L)71 OPimAa
where (ker A)* = im A* is the orthogonal complement of the kernel of A and Py, a is the orthogonal
projection on the image of A. Then, the following hold:
(1) AT is the unique element in Lin(RM;RN) such that AT o A = Py a- and Ao AT = Py p.
(2) Let A: O — Lin(RYN;RM) be a smooth map on the open set O C RY. If rank Alw] is constant
for allw € O, then the map O > w v+ (Aw])T is locally bounded and smooth.
(3) If o is a linear, k-th order, homogeneous differential operator with constant coefficients, then
the map w — (Alw]) is (—k)-homogeneous.

We can now characterize the properties of the projection lM,,. Note that they are comparable to
the ones presented by I. FONSECA & S. MULLER [50, Lemma 2.14] for the periodic setting. We
also refer to [62, Subsection 2.8| for an alternative projection operator on the unit torus for which no
null-average conditions are imposed.

Lemma 7.9. Let o/ be a linear, k-th order, homogeneous differential operator with constant coeffi-
cients and constant rank. For every u € LP(R%;RY), there holds:

(1) For all ¥ € CH(R4RM), we have Ny (&/*1) = 0 and, as a consequence, < (Mgu) = 0.
(2) If h =0 and u € LP(REGRY), orif h = 1,...,k — 1 and u € WhP(RYRY), there exists a
constant ¢ == c(p, h) > 0 such that

||Vh(u — ndu)”L?(Rd;RNth) < CHJZ{uHW_(k_h,),p(Rd;RN). (75)
In particular, when o/u =0 in R, then Myu = u a.e.

Proof. When u € . (R%RY), the facts that &/ (Mgu) = 0 and Nyu = u if @/u = 0 are simple
consequences of (7.3). To extend these properties to the case of a nonsmooth u, we regard ¢ €
CH(Q; RM) as a Schwartz function on the whole space and we find

Mo (o7*p) = F (P (A" Fp)) = 0,
because the image of A*[w] is orthogonal to ker A[w] for all w € R%. Tt follows by (7.4) that

/nedu'%*ql}dl':/ u-Nye/ pder =0
Rd Rd
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and statement (1) holds.

We now turn to point (2). We argue for h = 0 as the case h > 0 is analogous. We consider at first
u € .7 (R4 RY) and we compute the Fourier transform of u — M u. Setting & = Fu, we find

i[w] — Py lwliw] = Piy pe)+ Glw] = A[w]T(A[w]ﬂ[u}]) for all w € RY,
where in the latter inequality we exploited statement (1) in Lemma 7.8.

Since A is k-homogeneous and A' is (—k)-homogeneous, we infer by Corollary 3.10 that ATA is an
LP-Fourier multiplier. Therefore, the operator T defined for u € .7 (R% RY) as Tu = F (4 — Py 0)
can be extended to a bounded linear operator from LP(R?;RY) to LP(R%; RY), which we still denote
by T.

For every u € .7 (R% RY) we write
F(Tu)lw] = AMlw] (F(o/u)[w])
= (L |w)*2AT[w] (1 + |w]?) =2 F (o u) w),
whence, by the (—k)-homogeneity of .«7T, Mikhlin’s multipliers theorem yields
Tl Lo (oiryy < el|(I — A)_k/Q(dU)HLP(Q;RNy
From the definition of T and the characterization of W% recalled in Subsection 3.3, (7.5) follows

for u € .7 (R4, RY). The general assertion is then obtained by density. O

Eventually, we are able to establish the existence of potentials in a nonsmooth setting and prove the
first main result of this section. We will use the following variant of Poincaré-Wirtinger’s inequality,
which can be derived as a corollary of Rellich-Kondrachov’s Theorem.

Lemma 7.10. Let Q C R? be a bounded, connected, open set with Lipschitz boundary. There exists
a constant ¢ > 0 such that for every u € WoP(Q;RY)

||U - I_IVEUHLP(Q;RN) < C”veu”LiJ(Q;RNxde)a (76)
where Mg is the projection on the kernel of the operator V.
Proof of Theorem 2.10. Let us fix u € LP(;RY) satisfying @/u = 0 in W%?(Q;RM). Since we

postulate that  is an .«7-extension domain, there exists an operator E. : LP(Q;RY) — LP(R;RY)
as in Definition 7.1. In particular, if we let % := Eu, then @ is .o/-free on R<.

As a first step, we approximate 4 by maps in the image of . By the definition of the projection
M., there exist a sequence {u; } C .7 (R% RY) such that
ur — @ and 4y = MNgyup — MNgya  strongly in LP(Rd;RN).

By construction, the functions @, belong to .#(R%; RY) and, in view of Proposition 7.4, we recover
a sequence { wy } C (R4 RYN) such that iy, = Bwy. Therefore, recalling that M@ = @ because @
is of-free, we deduce

PBwy, — 0 strongly in LP(RERY). (7.7)
Next, we proceed by applying Proposition 7.5: since % has constant rank,
HVe(wk — Ngwy) HLP(W;RM) < |tk r mesmy ),

where £ is the order of 4. Note that the right-hand side is uniformly bounded in k because
{g } is convergent in LP(Q;RY) by (7.7). As a consequence, inequality (7.6) yields a function
w € WHP(Q; RM) such that (up to subsequences)

Wy, = wi — Ngwg, — MNye (wk — I'Ig/gwk) — w strongly in LP(Q;RM).

Since the functions wy are smooth, the equality Zwy = PBw; holds pointwise and we deduce from
(7.7) that, for all ¢ € C(Q;RY),

/U(y)-¢(y) dy = lim wk~95’*¢(y)dy=/w(y)~%’*¢(y)dy,
Q

k— 400 O Q

where #* is the adjoint of Z. The conclusion is then achieved. O



34 E. DAVOLI, M. KRUZIK, AND V. PAGLIARI

Remark 7.11. Let u € LP(£;RY) be an «/-free map and let w € W5P(Q; RM) be a potential for u
in the sense of Theorem 2.10. Then, there exist constants cy,c; > 0 such that

1
%HUHLP(Q;RN) < Nwllwer@ryy < ellullpr@rny- (7.8)

The first inequality easily follows from the identity u = Zw. Conversely, keeping in force the
notations in the proof of Theorem 2.10, we have

ke maznry < el g,

for a suitable ¢; > 0, whence, by taking the limit ¥ — 400 and recalling requirement (2) in Definition
7.1, the second estimate in (7.8) is achieved.

7.2. of/-free extensions. The I'-convergence analysis that we developed in Sections 4 — 6 is grounded
on the splitting argument contained in Lemma 4.2, which in turn requires Assumption 2. For the
reader’s convenience, we recall the latter here:

Assumption 2 (&/-free extension). There exists an e-independent constant ¢ > 0 and a sequence
of operators { ES, }, with ES,: LP(Q; RY) — LP(Q;RY) such that the following holds: for all u €
LP(Q;RY) such that &/u = 0 in W=LP(Q; RY)

(1) E5,u =u ae. in Oy,

(2) B ullr@rry < cllullir(q, . mry,

(3) «/(ES,u) =0 on , and

(4) if {u: } C LP(Q;RY) is p-equiintegrable, then { E5, u. } C LP(Q;RY) is also p-equiintegrable.

In contrast to the classical cases of the curl and of higher-order gradients (see the examples at the
end of this section), we did not manage to ensure that for a general operator &/ the whole Assumption
2 holds (cf. Theorem 2.11). Note that this assumption is designed to tackle the periodically perforated
structure appearing in our problem. The first step to prove properties (1)—(3) is thus to start from
the simpler scenario in which the parameter € is neglected. In this respect, we establish the following;:

Theorem 7.12 (Existence of </-free extensions). Let D,O C R¢ be open sets such that D is con-
nected, O is bounded, and OD N O is a Lipschitz boundary. Let also </ be a linear, k-th order,
homogeneous differential operator with constant coefficients and constant rank, and let #B be a linear,
L-th order, homogeneous differential operator with constant coefficients such that (7.2) holds. We
further assume that

o for all o/ -free u € LP(D;RY) there exists w € W5P(D;RM) satisfying u = $w;
e there erist a projection operator on the subspace of PB-free maps Ng: WP (D;RM) —
WEP(D; RM) and a constant ¢ > 0 such that

|V (w — I'Iggw)HLP(D;RNX,iz) < c||Bwl| Lo pirmy  for all w € W4 (D;RY). (7.9)

Then, there exist a map
Ew: LP(D;RY) — LP(O;RY)
and a constant ¢ = c(d,p, o/, D,0) such that, for all u € LP(D;RN) with o/u = 0 in W=5P(D N
O;RY),
(1) Egu=u a.e. in DNO,

(2) |EwullLromyy < cllullLe(pgny, and
(3) o/ (Ezu) =0 on O.

Here, the projection g on the kernel of % has to be understood as an analogue of the one in
(7.3) and Lemma 7.6. The main difference is that Mg acts on functions defined on a domain, and
not on the whole space.

Remark 7.13. (On Korn-type inequalities) After the first version of this manuscript was completed,
A. ARROYO-RABASA proved in the preprint [6] that inequalities of the form (2.15) (that is, (7.9) for
every open bounded D) hold whenever % meets a suitable maximal rank requirement, which entails,
in particular, that % has constant rank. Therefore, if &/ admits a potential £ in such class, the
assumptions in Theorem 7.12 are satisfied. An example of maximal rank operator is the divergence,
see Example 7.20 below.
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We will comment on the relationships between the previous theorem and the theory developed
above at the end of this section, see Remark 7.16. For the moment being, let us just highlight that
the hypothesis concerning existence of potentials for .@7-free fields on D enables us to recast the
problem in terms of extension of Sobolev maps. For the latter, an adaptation of well-established
arguments yields the following:

Lemma 7.14 (cf. Lemma 2.6 in [1]). Let D,O C R* be open sets. If D is connected, O is bounded,
and 0D N O is a Lipschitz boundary, there exist a bounded linear map

E: W (D;RY) — W4 (O; RY)
and a constant ¢ = c(d,p, D, O) such that

(1) Eu=wu a.e. in DNO,
(2) |[Eullpoorn) < cllullpo(piry), and
(3) HVZ(EU)HLp(O;RNxd@) < CHVZUHLP(D;RNxd‘)'

Proof. The proof follows the same lines of [1, Lemma 2.6]. Note that, in order to recover item (3)
when ¢ > 1, Poincaré’s inequality has to be replaced with (7.6). O

We are now in a position to prove the first main result of this section.

Proof of Theorem 7.12. Let us fix u € LP(D;RY) such that .«/u = 0. The current assumptions grant
that there is a Sobolev potential w € W%P(D;RM) for u, i.e. v = %w, and that it satisfies

19 (w = agt)] . oty < el (. (7.10)
If E is the extension operator in Lemma 7.14, we set
Eou = B(E(w — Ngw)).
By construction, then, E,u = w almost everywhere in D N O. Additionally, &/ (E,u) = 0 on O by
the definition of &7-free maps and (7.2).

To conclude, we need to show that ||EcullLrorny) < cllullprpryy. By the definition of Egu, we
have
”EWUHL"(O;RN) = H%(E(w - ﬂ@w)) HLP(O;]RN) < CHVZ(E(w - ﬂ@w)) ||Lp(o;]Rdel)7

¢ being a constant depending on % (and hence on 7). Thanks to Lemma 7.14, we obtain a bound
in terms of the potential of u:

HEMUHLP(O;JRN) < C”vf (w - n%’w)”Lp(D;Rdeg)

for some ¢ = ¢(d,p, o/, D,0). The conclusion is achieved by combining the above inequality with
(7.10). O

Arguing as in the proof of Theorem 7.12, we ground the study about extensions from perforated
domains on the corresponding result for Sobolev functions. When the perforations are detached from
the boundary, the following holds:

Proposition 7.15 (cf. Lemma 8 in [25] and references therein). Let ;. as in (1.2). Then, there
exist a constant ¢ .= ¢(d,p, D) independent of £ and 2, as well as a sequence of operators { ES }, with
ES: WOP(Q o RY) — WEP(Q; RY), such that

(1) EFu=u a.e. in Qi e,

(2) IE*ul|Lrmny < cllullpro, rN);

(3) HVZ(EEU)HU)(Q;RNMZ) < CHVZUHLP(QLE;RNX(M); and

(4) if {uc} € LP(RY) is bounded and {Vu.} is p-equiintegrable, then {V¢(ESu.)} is p-

equiintegrable as well.

The proposition may be proved by adapting the strategy in the seminal work by E. ACERBI &
Av. [1]. Their result addresses only the case £ = 1, and the analogue of (4) is not mentioned; we omit
nonetheless the proof in the case ¢ > 1, which is a natural adaptation of [1, Proof of Theorem 2.1].
As for point (4), it is a mere consequence of the construction of E®: it suffices to note that reflections,
dilations, and patching by partitions of unity preserve p-equiintegrability.
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Thanks to the previous result, we obtain that Assumption 2 is fulfilled by an operator &7 as soon
as it admits a potential for which a Korn-type inequality holds. Note that it is fundamental that
we start from fields u which are «7-free in the whole set : in principle, the existence of a potential
would be false if we worked with maps that are .o/-free just on the perforated set ; ., cf. Remark
7.2.

Proof of Theorem 2.11. Let u € LP(Q;RY) be an </-free map and let w € W4P(Q;RM) be its
potential. In the same spirit of Theorem 7.12, we set

Sou = B(E(w—Ngw)),
where E€ is the extension operator in Proposition 7.15. As in the proof of Theorem 7.12, it easy to
check that (1) and (3) in Assumption 2 hold. We now turn to item (2), that is,
IES ull Lo aryy < cllullirio, rv) for all o7-free u € LP(Q;RY).

By the definition of Qg in (1.1), there exists an open set Q' C  with Lipschitz boundary such
that Qp. C Q' and that § == dist(9€,dQ) > 0. In particular, recalling (3.1), Q' C Q. if Vide < 4,
and {Q.,Q\ '} is an open cover of Q. We observe that

Ew=w ae inQ\Q CQ,,
whence, by the definition on EZ,,
||E§fu”LP(Q\Q';RN) = HUHLP(Q\Q’;RN) < ||“HLP(91,E;RN) (7.11)

For what concerns the contribution on QE, if we let

M= U e(Dy + z), with 7. = {2€Z%:e(Q+2)CQ},
ZGZE
we have
HE;uHLP(QE;RN) < C||V€(E5(w — n%w))”Lp(fza;Rdee) < c||V¢(w — n&%’w)”Lz’(Ql,E;RMXd’Z)'

The second inequality is a consequence of the construction of E®, which is obtained by patching
together the extension operators from each ‘stiff’ unit (D7 + z) to the cell £(Q + z). Thanks to the
definition of §2; . we can further bound the last quantity from above by invoking Korn’s inequality

||V£(w - n%w)HLp(Dl;Rdef) < C”%)WHLP(DHRN)a
which holds by assumption. We obtain
HEfszHLP(QE;]RN) < CHUHLP(QLE;RN) < C||UHLP(QL€;RN)~
On the whole, the last estimate and (7.11) yield
IES ull e myy < HEfzfu||LP(QE;RN) + B ull e \armyy < cellullpeo, rry-

Eventually, we turn to (4). For any £ > 0, let w. be the potential of u.. We fix n > 0 arbitrarily
and we let E C € be a Lebesgue measurable set. As a first step, we prove that there exists m > 0
such that Z4(E) < m implies

||vz(w£ — Ngw.)| <n.

p
Lr(E;RMxd)

Since {u. } is p-equiintegrable, there exists /m > 0 with the property that |luc||ir(pry) < 7
whenever .#%(F) < 2m. Thanks to the outer regularity of the Lebesgue measure, we can select a
finite union of open rectangles U D E such that Z4(U) < £%(E) + m. Thus, if we set m = m and
we assume that .Z¢(E) < m, thanks to (2.15) we deduce

||V2(w5 - n‘%we)H[zP(E;]RMXde) S ||V£(w5 - n%we)”iP(U;RMXdE) S ||U5||I£p(U;RN) <n,

where the last inequality is a consequence of the p-equiintegrability of { u. }.
In conclusion, we infer the p-equiintegrability of {ES,u.} from the one of { V/(w. — Mgw.) }.
According to the definition of E%,u, we have

”E;fue“LP(E;RN) = H%(Ea(we - nu@ws)) ||LP(E;]RN) < C||ve<Es(ws - n%ws)) HLP(E;RJ\/I><(1£)7
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whence, owing to point (4) in Proposition 7.15,
IES uell Lo (mmyy <1
if #?(E) is sufficiently small, as desired. O

In light of our analysis, existence of potentials and of extension operators turn out to be almost
equivalent; a key role in this respect is played by (7.9). We elaborate on this point in the next remark.

Remark 7.16 (Relations between existence of potentials and of extension operators). Let us compare
the main results of the current section.

We let the operator &/ be as above, notably we assume that it has constant rank. Thanks to
Theorem 2.10, we know that if D C R? is a bounded, connected, open set with Lipschitz boundary
which is also an &7-extension domain in the sense of Definition 7.1, then /-free maps on D admit
potentials. In short, for the class of operators under consideration and for sufficiently ‘nice’ open sets
D, it holds

D is an @7-extension domain = existence of potentials for o7-free fields on D. (7.12)

Conversely, if D C R? is an open bounded set with Lipschitz boundary such that all o7-free fields
on D admit Sobolev potentials through the operator % and if for the latter (7.9) holds, then D is an
o7 -extension domain. Indeed, by a slight adaptation of the proof, a variant of Theorem 7.12 for the
case O = R? can be established. Schematically, again for sufficiently ‘nice’ open sets D, we have

existence of potentials for «7-free fields on D
= D is an &/-extension domain.

Korn-type inequality for £ on D

All in all, we see that, given a constant rank operator </ and a bounded, connected, open set with

Lipschitz boundary D, the existence of Sobolev potentials for @7/-free maps on D and the existence

of an /-free extension operator from D to R? are nearly equivalent. More specifically, they would

actually be equivalent as soon as we knew that the generalised Korn inequality (7.9) holds when D

is a ‘nice’ open set and & is a constant rank operator. In conclusion, we believe that investigations
about the validity of (7.9) constitute a very interesting line of research.

We conclude with a parade of examples.
Example 7.17 (Curl). For the choice o/ = curl, we have (classically) d = N = M =3 and

I S TORL
curlu_;A oz,
with
0 0 O 0 0 1 0 -1 0
AV =10 0 —=1|, A®=10 o0 0|, A®=111 0 o0
01 0 -1 0 0 0 0 0
The symbol of curl is then
0 —Ww3 w2
A[w]: Ws 0 —W1
—W w1 0

and rank Alw] =2 for allw € R4\ {0}.

It is easy to check that Assumption 1 holds. Besides, when £ is simply connected, in view of
Proposition 7.15 all the conditions in Assumption 2 are fulfilled too.

Example 7.18 (Operators associated with higher-order gradients). Let Q be simply connected. For
any k € N\ {0}, a constant rank differential operator o/ can be constructed such that o/u = 0 if and
only if u = V*w for a suitable w [50]. Then, similarly to the previous evample, for such operator of
Assumptions 1 and 2 are consequences, respectively, of a simple check and of Proposition 7.15.

Example 7.19 (The curl curl operator). Let d = M = N = 3 and, for all i,j = 1,2,3, let E(*9)
be the matriz whose entries all 0, but for the one in position (i,j), which equals 1. We consider the
operator &/ = curl curl, defined as
3
curl curlu == Z A7)

ij=1

0%u
65(}j(9.%‘i ’
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where A = — gL+ _ pli+244+2) (the indices are computed modulo 3) and A9 = EG:D) - The
symbol of this operator is

—w% — w§ W12 wiwsg
Alw] = wiwe —w? —w? Waws
wWi1Wws Ww3ws _(JJ% — w%

and rank Aw] = 2 for allw € R4\ {0}.

When Q C R? is a bounded and simply connected domain with Lipschitz boundary, we have that
du = 0 if and only if u = PBw for a suitable potential w, where B is the symmetric gradient
PBw = (Vw + (Vw)')/2. As a corollary of a recent result by F. CAGNETTI & AL. [19, Theorem
1.1], every such Q is a curl curl-extension domain, whence Assumption 1 is satisfied. Classical Korn’s
inequality grants also that Assumption 2 holds.

Example 7.20 (Divergence). Let us choose of = div, div being the standard divergence operator on

R¢. Then, N=d, M =1, and
d ou
d. = t
ivu ;el oz,

where, fori=1,...,d, e; is the i-th element of the canonical basis of R% and el is its transpose. The
symbol of div is

d
Alw] = Z wjes,
i=1

thus rank Alw] = 1 for all w € R\ {0}. For what concerns Assumption 1 and the ewistence of
extension operators, we resort to a result by T. KATO & AL., which we present in a simplified
setting:

Proposition 7.21 (Extensions and potentials for divergence-free vector fields [59]). Let © C R? be
a bounded and simply connected set with Lipschitz boundary. Then, the following holds:

(1) Q is a div-extension domain in the sense of Definition 7.1.
(2) For every u € LP(Q;R?) such that divu = 0 in , there exists w € WHP(Q; Antisym(d x d))
satisfying

where Antisym(d x d) is the space of d x d antisymmetric matrices. Besides, w can be selected
in such a way that the map u > w from LP(;RY) to WHP(Q;R?) is linear and bounded.

It is interesting to notice that the authors of [59] derive item (2) from (1), that is, they prove an
implication of the form (7.12).

It is proved in [6, Subsection 4.1] that Div satisfies (2.15). Hence, Theorem 7.12 holds for o = div
and Assumption 2 is fulfilled too.
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