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Abstract

We study the homogenization of a scalar problem posed in a com-
posite medium made up of two materials, a positive and a negative
one. An important feature is the presence of a flux jump across their
oscillating interface. The main difficulties of this study are due to the
sign-changing coefficients and to the appearance of an unsigned surface
integral term in the variational formulation. A proof by contradiction
(nonstandard in this context) and T—coercivity technics are used in
order to cope with these difficulties.

Key words: Negative materials; transmission problem; homogeniza-
tion; imperfect interfaces; flux jump
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1 Introduction

In this paper, we study the homogenization of a class of scalar problems
stated in a composite medium made up of two e-periodically distributed
materials, a positive and a negative one. Here, € is a small real parameter,
related to the characteristic dimension of our domain. There are two im-
portant features of the problem under study: the sign-changing coefficients
of the two materials and the presence of a flux jump across their interface.
Negative materials are encountered in optics in the framework of metama-
terials, which are composite structures displaying unusual properties (see,
e.g., [28, 27]). Such materials can exhibit, over some frequency ranges, nega-
tive dielectric permittivity and magnetic permeability, leading to a negative
index of refraction.

Our goal in this paper is to analyze the limit behaviour, as ¢ — 0,
of problem (2.3), in which we notice the continuity of the solution and



the presence of a flux jump on the oscillating interface between the two
constituents. More precisely, the flux jump, given in (2.3)(“}), depends on
the solution u®, on a jump function ¢ and on a scaling factor €7, with v a real
parameter. To the best of our knowledge, this is the first mathematical study
of a scalar problem involving flux jump at the interface between a positive
material and a negative metamaterial. Let us emphasize that, as pointed
out in [22, Chapter 4], there are applications for which the use of such more
involved transmission conditions is relevant in the positive-negative case.
For scalar problems posed in composites with two positive materials, the
continuity of the solution and the flux jump across the interface correspond
to physical and chemical phenomena (we refer the reader to [2, 23, 21, 4, 3]).

In the non-elliptic case studied here, the main difficulties consist in prov-
ing the well-posedness of both the microscopic and macroscopic problems,
as well as of the local ones. This is due to the sign-changing coefficients
and to the presence, in the variational formulations, of an unsigned surface
integral term, coming from the special form of the imposed flux jump. To
cope with the lack of coercivity due to the sign-changing coefficients, we ap-
ply T—coercivity technics, which can be seen as a variation of Lax-Milgram
lemma. The T—coercivity was first used in [9] for the study of problems with
sign-changing coefficients. Since then, such problems have been studied in
several contexts. For instance, we can refer the reader interested in the anal-
ysis of indefinite problems to [6] for scalar transmission problems, [18] for
Helmholtz type problems, [7] for Maxwell’s system, [24] for a non linear sign-
changing problem, [16] for the study of scattering resonances and [17, 8] for
numerical aspects. In the context of the homogenization for perfect trans-
mission problems with sign-changing coefficients, the T'—coercivity has been
used in [12, 13, 14] for scalar diffusion problems and in [11] for Maxwell’s
system.

In order to overcome the difficulties generated by the presence of the un-
signed term, we use, for the well-posedness and the homogenization result,
a proof by contradiction similar to the one in [11]. More precisely, two cases
which are relevant are studied, namely v = 1 and v = 0 in problem (2.3).
It is worth mentioning that some of our proofs highly use results from [11]
concerning the homogenization of scalar problems with sign-changing coeffi-
cients, in the case of perfect interfaces (without jump fluxes). Nevertheless,
due to the presence of jumps at the interfaces, here the proof of convergence
and the obtained limit problems are quite different from those in [11]. In
particular, an extra zero-order term appears in the homogenized problem
(see (4.3) and (5.3)), to keep memory of the integral term on the imperfect
interface between the two materials. For each case, we first establish the
homogenization result, by assuming a uniform energy estimate condition.
Next, we prove by contradiction that this uniform energy estimate condition
is indeed satisfied, under some assumptions on the data. These assumptions
are related to the contrast x between the two conductivities (see (2.2)), that



should be large or small enough, and to the special properties of the jump
function r. For elliptic problems, such a function r was already encountered
in perforated domains in [5] and in two-component domains in [15]. Follow-
ing the value of v, its effect at the limit is seen in the homogenized problems
and in the special form of the corrector (see Theorems 4.2 and 5.1).

The paper is organized as follows. In Section 2, we introduce the main
notation and set the problem. In Section 3, we recall some results concerning
the homogenization of non-elliptic perfect transmission problems that will
be used in this paper. Sections 4 and 5 are devoted to the proof of the
homogenization results in the case of weak coupling (y = 1 in problem
(2.3)) and, respectively, strong coupling (v = 0 in problem (2.3)). We give
in Section 6 some concluding remarks and perspectives. Finally, we collect
in the Appendix the definitions of the periodic unfolding operators and their
main properties used throughout the paper (see [19]).

2 Setting of the problem

1
|
|
!
I
()

\

\
N
\
\
\

~

0000 0

J e T
Qs Q

£
2

Figure 2.1: The composite periodic material and the corresponding reference
cell Y.

Let Q ¢ RY (N > 2) be a bounded domain with Lipschitz boundary
02 and denote by Y = (0, 1)N the reference cell in RY. We suppose that
Y7 and Ys are two non-empty disjoint connected open subsets of Y such
that Yo C Y and Y = Y7 UY,. We also assume that I' = 9Y5 is Lipschitz
continuous. For each k € ZV, we set YK = k+Y, Y;Dk =k+Y), forp € {1,2},
and T¥ =k +T.

Let € € (0,1) be a sequence of strictly real positive numbers, such that



e~! € N*. The small parameter ¢ is related to the characteristic dimension
of the spatial variations in our domain. We define, for each p € {1,2}, the
following sets (see Figure 2.1):

E={reQ|zece¥XkeZV}, I*={rcQ|zeel*kez"}

We denote by n° the unit outward normal to €25. This choice of the domain
Q is made without loss of generality. Indeed, all the results contained in
this paper hold true for any bounded open set  with Lipschitz continuous
boundary 0f2.

We consider two real constants a; and as such that ajas < 0. Let
a € L>®(RY) denote the function given by

a(y) = a1ly, (y) + a2ly,(y)

and extended by Y —periodicity to the whole of RY (1o denotes the char-
acteristic function of a set ). Without loss of generality, we can suppose
that

ar >0, ax<0 (2.1)

and we define the contrast x as being the positive number

a1

ai
a2l = Taa) (2.2)

We set
x

at(x) = a(—), a.e. in Q.
€
For every function v defined on 2, we set
v = ’U|Q§, Vg = U|Q§

Similarly, for every function v defined on the reference cell Y, we set

vy = vlyy, vg 1= Vly,.
Let .
rf(z)=r (—) ) a.e. on I'?,
€

where 7 is a Y —periodic function in L>°(T'). Given f € L?(Q) and a real
number ~, our goal is to analyze the asymptotic behavior, as € — 0, of the
solution u® of the problem:

—a1Au] = f in QF,
—agAus = f in 5,
uj—u3; = 0 on I'?, (2.3)
a1Vui -n® —aaVus -n® = 'ru® on I'%,
uj = 0 on 0f.



Here, the positive and the negative materials occupy the domains €25 and €25,
respectively. Across their common boundary I'¢, we notice the continuity
of the solution and the presence of a flux jump. The flux jump, given in
(2.3)(“,), depends on the solution u®, on the jump function ¢ and on a
scaling factor 7.

Our goal is to study problem (2.3) for two relevant values of the real
parameter v, namely v = 1 and v = 0. Indeed, in these two cases one keeps
track of the flux jump in the limit.

The variational formulation of problem (2.3) is the following one: find u® €
H}(Q) such that
A% (uf,v) = £(v), Vv e HY(Q), (2.4)

where the bilinear form A° : H}(Q) x Hi(Q) — R and the linear form
(: H}(Q) — R are given by
A (u,v) = /aEVu -Vodz + 57/ rfuv doy (2.5)
Q £
and

() = /Q Foda.

respectively. Here, the space H&(Q) is classically endowed with the norm
|Vul[2(q)- The variational formulation (2.4) can be equivalently written in
the abstract operator form

Ay =F

where A® € L(H}(2)) is given by
A% = A5+ K°,

in which the operators A§ € L(H}(2)) and K® € L(H}(Q2)) are defined by

(V (AGu) , Vo) 12(q) == /aEVu -Vudz, Yu,v € H3 (), (2.6)
Q
(V (Ku), V) 2(q) = 57/ rfuv doy, Vu,v € Hi(S), (2.7)

and the right-hand side F' is such that
(VE, V)2 = £(v), Vv € Hy(Q).

It is worth noticing that the operator Af corresponds to the case without
jump in the flux (the normal trace aVu - n being continuous through I'¢).
The well-posedness of the problem corresponding to the operator Af has
been first studied in [12] and then in [10] and [11]. For reader’s convenience,
we recall in Section 3 some results corresponding to this case that will be
used in what follows.



For any bounded open set D of RY, we denote by ngr(D) the closure of
Coor (D) for the norm of H'(D), where %Ifgr(ﬁ) is the subset of functions of
¢ (D) satisfying periodic boundary conditions on dD. We introduce the
space Héer’o defined by

H;er,o(D) = {SO € le)er(D) ‘ /D pdy = 0} .
We also define
1
Mor() = 0 /D o(oy)dy, Vo e LY x D)

and we set
ym =y — My(y).

Throughout the paper, C' denotes a positive constant, independent of ¢,
whose value can change from line to line.

3 Background on the homogenization of non-elliptic
perfect transmission problems

In this section, we collect some results concerning the homogenization of
the operator Aj defined by (2.6), which corresponds to the case of a perfect
transmission condition across the interface I'*. In other words, for a given
f in L?(9), we are interested in the asymptotic behavior of solutions v €
H}(Q) of the boundary value problem

{—div(aEV'z}E) = f in Q,

¢ = 0 on 0f). (3.1)

In the elliptic case (i.e. when a; > 0 and ay > 0), it is well-known (see,
for instance, [25] or [1, Section 2]) that (3.1) admits a unique solution v €
H} () that weakly converges in H{ () to the unique solution v € H} () of
the homogenized problem

{—div (ahova) = f in €,

v = 0 on 0, (3.2)

where the entries of the homogenized matrix "™ = (a?fm)KL j<N are given
by
hom

i =/Ya(y)V(xi+yz-) V(X +y;) dy. (3.3)

(Y), 1 < j < N, solve the variational

a

Here, the cell functions x/ € ngr,o
problem

/ a(y) V- Vx'dy = (a1 — as) / (e -m)xdoy VX € Hlyo(Y). (34)
Y I



Note that x/ is the unique solution in H},, . (Y) of the second order equation

per,o
{ —div, (a(y)(Vij +e;)) =0 inY,
My (x?) =0,
or equivalently, of the following transmission problem:
—Axg = 0 in Y7,
—Axg =0 in Yo,
Xi—xj = 0 on T, (3.5)
alanxi - aganxg = —(a1 —a2)(e;-n) on T,
([ My () =0,

where X{ and x% denote the restrictions of x/ to ¥; and Ya, e; stands for the
4 vector of the canonical basis of R and n is the outgoing unit normal to
Y.

In the case of sign-changing coefficients studied here (see (2.1)), the
bilinear forms associated with the cell problems and the microscopic problem
become indefinite and the homogenization requires the development of new
techniques. It has been shown in [12, 10, 11] that the above homogenization
results are still valid provided that the contrast x between the two materials
(see (2.2)) is small or large enough. For reader’s convenience, we collect
these results in the following proposition.

Proposition 3.1. Assume that a1 > 0 and as < 0 and let kK = %. Then,
az
there exist two positive constants ky and K}, (depending only on the geometry
of Ya) such that, for all
0<k<1/Ky or K > Ry, (3.6)

the following assertions hold true:

1. The operator Af is uniformly T—coercive as € tends to zero, i.e. there
exists €* such that for e € (0,€*) and a family of invertible operators
T of L(HL(RY)), there exists a > 0 independent of ¢ such that:

(V (A5(Tw)) , V) | =

/aEV(Tsu) -Vudz| > o Vul 2,
Q

(3.7)
for all u € H& (Q). In particular, Af is uniformly invertible as ¢ tends
to zero, or equivalently, there exists €* such that, for e € (0,&*), prob-
lem (3.1) admits a unique solution v¢ € H}(Q) and

Vol z200) < Cllfll2 (),

for some constant C' independent of ¢.



2. For every g € L*(T), the variational cell problem

/ a(y)Vx’ - Vx'dy = / gx' doy, VX' € Hpo oY), (3.8)
Y T

is well-posed. In particular, the cell problems (3.4), corresponding to
the right-hand sides g = (a1 — a2)(e; - n), are well-posed and the ho-
mogenized matriz (3.3) is thus well-defined.

3. The homogenized matriz (3.3) is positive definite and, hence, the ho-
mogenized problem (3.2) admits a unique solution v € H} ().

4. The sequence (v¥) converges to v weakly in H}(Y) and strongly in
L?(Q).

Obviously, the Lax-Milgram lemma cannot be applied to prove exis-
tence results for problems with sign-changing coefficients. The T—coercivity
method is a slight variation of Lax-Milgram lemma, in which the main idea
is to check the coercivity of the bilinear form a(T-,-) instead of a(-,-) for
some isomorphism 7'. This method turns out to be a quite efficient alterna-
tive to handle sign-changing problems, by choosing an isomorphism 7' that
changes the sign of the solution in the subdomains where the coefficients
are negative (and leaving it unchanged in the “positive subdomains”). Of
course, this cannot be always done in such a rough way. In order to also
ensure the continuity of the traces at the interfaces and to remain in H', we
may be led to introduce some correcting terms.

The results of Proposition 3.1 have been first obtained in [12] using the
T—coercivity method, in the case of large contrasts only. Then, they have
been proved for small and large contrasts in [10] through the analysis of
the spectrum of the Neumann-Poincaré operator. Studying a similar ho-
mogenization problem for Maxwell’s system, the authors of [11] investigated
the above scalar problem and obtained the precise values of the bounds
ky and k§ through a variational approach (these bounds are related to
the constants m and M of Theorem 3.14 in [11]). Let us emphasize that
these results have been also obtained for small and large contrasts using the
T—coercivity method when studying the homogenization of a scalar prob-
lem in thin periodic domains (see [13]).

More precisely, assertions 1 and 2 are proved in [13] using two distinct
T—coercivity operators depending on the value (large or small) of the con-
trast (see Proposition 3.8 and Proposition 3.10 for assertion 1 and Theorem
3.6 for assertion 2). They can also be found in Theorem 3.14 and Theorem
4.1 of [11] where the proof is based on variational arguments and differ-
ent T—coercivity operators. The proof of assertion 3 can be found in [10,
Corollary 5.1] or [11, Proposition 4.2]. Finally, assertion 4 is proved in [10,
Proposition 5.5.].



It is worth noticing that the third assertion of Proposition 3.1 implies,
in particular, that under assumption (3.6), the operator A"°™ defined by

Abomy .= —div (a"™Vu), Yu € D(APo™),

where D(AM™) .= {u € H}(Q) | div (a™™Vu) € L?(Q)}, is a positive and
selfadjoint operator with compact resolvent. Thus, it is diagonalizable with
an orthonormal basis of eigenfunctions associated with a sequence of strictly
positive eigenvalues (A1°™), -1 tending to +oo. In the sequel, we set

Abom .= {xhom > (3.9)

It is also worth mentioning that the first assertion of Proposition 3.1 implies
that, for extreme contrasts (i.e. if condition (3.6) is satisfied), A® = Aj+K*
is a Fredholm operator.

Corollary 3.2. Assume that the contrast kK = |a—1‘ satisfies (3.6). Then,
a2

there exists €* such that for every (fized) e € (0,e*), A® = Aj +K°® is a
Fredholm operator of index 0.

Proof. The result follows immediately from the invertibility of Af, according
to the first assertion in Proposition 3.1, and the fact that K& € L(HZ(Q)) is a
compact operator. The last assertion on K¢ is a consequence of its definition
(2.7), due to the compactness of the trace operator for fixed e. O

We conclude this section with some comments concerning the case of
“moderate” contrasts (i.e. for k € (1/k},Kky), k& # 1). The analysis turns
out to be much more complicated and leads to several open questions, even
in the case of perfect transmission conditions (continuity of the traces and
fluxes). First of all, the homogenized matrix is probably not anymore el-
liptic, as it can be expected from the numerical experiments performed in
[11] (see Figures 4.1 and 4.2 therein). Hence, the well-posedness of the ho-
mogenized problem probably fails. Secondly, for every fized value €, the
microscopic problem is well-posed except for a countable set of critical val-
ues of the contrast converging to 1 (see [11, Section 3.4.]). However, this
countable set of critical values changes with ¢, and it is not clear at all if
there exists a segment of (1/k%-, ky) which is uniformly free of such critical
values as ¢ tends to 0.

4 Case 1: Weak coupling

This section deals with problem (2.3) in the case where v = 1. The main
result is stated in Theorem 4.2. We notice in the homogenized problem
(4.3) the presence of an extra-term of order zero, coming from the properly



scaled flux jump function r. The proof of Theorem 4.2 is done by a non-
standard argument. More precisely, we start by establishing in Proposition
4.5 the homogenization result, assuming the uniform energy estimate (4.8).
Next, we prove by contradiction in Proposition 4.7 that this uniform energy
estimate is indeed satisfied, under suitable assumptions on the data.

4.1 Main result

In the Appendix, we recall, following [19], the definitions and the main
properties for the periodic unfolding operators. These operators will be
used in the homogenization process. According to Chapter 1 of [19], one
has the following classical convergence results.

Lemma 4.1. Let (u®) be a sequence in H}(QQ) satisfying the uniform energy
estimate

HVUEHL2(Q < C.
Then, there exist u € HE(Q) and U € L*(Q, HL, (Y)), with My (4) = 0,

per
such that, up to a subsequence, we have the following convergence results as

e — 0:
Te(uf) = u  strongly in L*(Q, HY(Y)),
Te(Vuf) = Vu+V,a  weakly in L*>( x Y),

€
(4.1)
We can now state the main result of this section.
a
Theorem 4.2. Assume that v = 1 in (2.3) and that the contrast K = ﬁ
ag

satisfies (3.6). Assume also that
—(’l“, 1)L2(F) ¢ Ahom’ (42)

where A"™ is the spectrum defined in (3.9).

Then, there exists €* such that for all ¢ € (0,e*), problem (2.3) (or,
equivalently, the weak formulation (2.4)) admits a unique solution u®. More-
over, u® converges, in the sense of (4.1), to (u,u) € HE(Q)x L%(Q, ngm(Y)),
where u is the unique solution of the well-posed homogenized problem

: hom i
{ —div (a™"Vu) + (r, 1) peryu = f in {2, (4.3)

u=20 on 012,

and
N
Z g— (4.4)

10



hom

Here, a is the homogenized matriz, given, fori,7=1,...,N, by

aif™ = /Ya(y)v (X +w) V(X +y5) dy, (4.5)

in terms of the cell functions x? € H!

per(Y) (7 = 1,...,N), solving the
following well-posed cell problems:

{ —divy (a(y)(Vyx’ +¢;)) =0, in Y, (4.6)
My (x)) =0,
which read equivalently
( —Ax{ =0 in Y7,
—Axg =0 in Yy,
le‘ _ X% -0 on I, (4-7)
alanxji - a28nxg = —(a1 —a2)(ej-n) on T,
\ My (x?) = 0.

Remark 4.3. Let us note that if (r,1)2ry = 0, then condition (4.2) is
automatically satisfied, since Ah™ C (0, +00).

Remark 4.4. Note that the cell problems (4.7) coincide with those obtained
for r =0, namely problems (3.5).

Theorem 4.2 follows from the results given in Proposition 4.5 and Propo-
sition 4.7, respectively, which are proved in the next two subsections.

4.2 Proof of the homogenization result under uniform energy
estimate condition
ai

Proposition 4.5. Assume thaty = 1 in (2.3) and that the contrast k = aa]
a2

satisfies (3.6). Let (u®) be a sequence of solutions of problem (2.3) (or,
equivalently, of the weak formulation (2.4)) satisfying the uniform estimate

[Vus][L2(0) < C. (4.8)
Then, the following properties hold true:

1. The cell problems (4.7) are well-posed and the homogenized coefficients
(4.5) are well-defined.

2. The sequence (u®) converges, in the sense of (4.1), to (u,u) € H(Q) x

L2(Q,ngr70), where u solves (4.3) and u is given by (4.4).

11



Proof.

1. This statement follows from the second assertion in Proposition 3.1.

2. The passage to the limit in the variational formulation (2.4) is done by
using the periodic unfolding method (see, for instance, [19] and the references
therein). We recall in the Appendix the results from [19] that we use in the
paper.

In order to get the limit problem (4.3), we unfold the variational formu-
lation (2.4) and, then, we take in the unfolded problem the admissible test
function

v =) +ew@)y (%), (4.9)

with ¢, w € D(2) and ¥ € Hrl)er(Y). The following convergences hold true:
T¢(v) = ¢ strongly in L*(Q x Y), (4.10)

T¢(Vv) = Ve + V,® strongly in L*(Q x Y), (4.11)

where ®(z,y) = w(z)y(y). The passage to the limit with ¢ — 0 in the
unfolded formulation of problem (2.4) is standard, by using convergences
(4.1) and (4.10)-(4.11). In this way, we are led to

/ a(y)(Vu+V,u) - (Ve + V,®)drdy
Qxy
+/ r(y)upderdo, = / fedzdy, (4.12)
QxI QxY

which holds, by standard density arguments, for all p € H}(Q) and ® €
L*(Q, Hpe (Y)).-
By taking successively in (4.12) ¢ = 0 and, respectively, ® = 0, we get

/ a(y)(Vu+ Vyu) - V,odedy =0 (4.13)
Qxy
and

/ a(y)(Vu+ Vyu) - Vodz dy + /
QxY

r(y)up dz doy, :/ fodxdy.
QxT Qxy

(4.14)
Using now the factorization (4.4) and (4.6), we obtain immediately the
homogenized problem (4.3), with the homogenized coefficients given by

(4.5). O

Remark 4.6. The result of Proposition 4.5 can be easily generalized to the
case where the right-hand side in (2.3) is a sequence (fy,) strongly converging
to some limit f in L*(Q).

12



4.3 Proof of the uniform energy estimate

Proposition 4.7. Assume that~y = 1 and that the contrast Kk = % satisfies
a2
(3.6). Assume also that

—(r, ]l)LQ(F) ¢ Ahom,

where A"™ is the spectrum defined in (3.9).

Then, there exists €* such that for all e € (0,e*), problem (2.3) (or,
equivalently, the weak formulation (2.4)) admits a unique solution u®. More-
over, the uniform estimate

[Vullpaey < € (4.15)
holds for all ¢ € (0,e*).

Proof. Assume by contradiction that there exists a sequence €, — 0 such
that problem (2.3) is not well-posed for € = ¢,,. According to Corollary 3.2
and to the Fredholm alternative, the well-posedness of (2.3) is equivalent
to the question of the uniqueness of its solution. Hence, there exists a
sequence denoted (u,) of non-zero solutions of (2.3) for ¢ = ¢, with f = 0.
We can suppose without loss of generality that ||Vug|/r2(q) = 1. Using the
equivalent weak formulation (2.4) of (2.3), we have thus

[V 20y = 1, A (uy,0) =0, Yo € HY(Q). (4.16)

Similarly, if we assume by contradiction that (4.15) is not satisfied, we obtain
the existence of a sequence (u;,) in H}(2) and a sequence of right-hand sides
(fn) in L?(Q) such that

V| 20y = 1, [ frllz2) — 0,

. (4.17)

A (up,v) = / favdz, Vv e Hy(Q).
Q

Since (4.16) can be seen as a particular case of (4.17) (corresponding to
a null sequence (f,)), the proposition will be proved if we can derive a
contradiction when assuming (4.17). Hence, from now on, let us assume
that (u,) and (f,) satisfy (4.17). According to Proposition 4.5 and Remark
4.6, we can pass to the limit in (4.17) and obtain that u, weakly converges
in H}(Q) (and strongly in L?(Q)) to the solution u of the following problem

. hom i
{—dw(a Vu) + (r,L)mu = 0 in £, (4.18)

u = 0 on 0f).

Since —(r, 1) r2(ry ¢ APo™ | we have u = 0.
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On the other hand, using the definition (2.5) of the bilinear form A% (-, -),
(4.17), we get

/aE”Vun -Vodr = / frvdx — En/ r* upv dog.
Q Q I'en

Choosing v = T®*u,, in the above relation, where T¢ is the T—coercivity
operator from Proposition 3.1, we obtain from (3.7) that:

- (4.19)

oIVl < \ [ 5

En / r°ruy, T u, dog| .
Ien

Below, we need to deal separately with the cases of large and small con-
trasts.

The case of large contrasts: k > Ky .
In this case, the operator T¢" is the one defined in Proposition 3.8, [13],
and it verifies

(T up ) |pen = Unp.

Using its value in the last term of (4.19), we obtain that

€n/ 7 U |* dog | .
Ien

Let us prove that the two terms of the right-hand side of (4.20) tend
to zero, which will provide the desired contradiction, since |[Vuy| r2) =1
and a > 0.

Concerning the first term fQ fn T u, dz, it is enough to notice that (f,)
converges to 0 strongly in L?(2) and that (T*u,) is bounded in H}(€2),
since T" is uniformly bounded in £(H{(f)).

Concerning the second term, we note that, by unfolding, according with
Proposition A.1(;;, it can be written as follows :

+ (4.20)

aHVunH%Q(Q) < ‘/anTE”un dz

e () Jup ()| doy, = T n () (2, y)|? da doy,.
o [ @) dos = [ )T ) )P o

Using in the above equality the continuity of the trace operator on I', the
identity V,(T*u) = eT¢(Vu) (see Proposition A.1(;,)), and the boundedness
of the function r, we get

< C{IT* (wn)l3xaxy) + 2N T (Vun) B2y }

sn/ 75 (2) | un () |* dog
I'en

Since [|un || r2(q) — 0, it follows from Proposition A.2;;) that || 75" (un)|| £2(axy)
tends to zero. On the other hand, since ||[Vup|r2(q) = 1, it follows from
Proposition A.1;) and A.1; that [[75" (Vuy)||p2(xyy = 1. Hence,

n—-+4o0o

lim <, / rn () [un (2)|? dory = 0 (4.21)
I'en
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and the proof is complete for large contrasts.

The case of small contrasts: 0 < k < 1/k}. In this case, the operator
Te" is the one defined in Proposition 3.10, [13], and it verifies

(T up,)|ren = —up, + 2M5™ (uy),

where M3 (uy,) is the function, piecewise constant on each cell eYX, defined
on )5 by:

1

= —=i u, dz, Vi € Yy
|€nY2 ‘ EnYQk

MG (un)(2) :
Using its value, the last term of (4.19) reads as follows

En/ r*ruy, T u, do, = en/ " U, (—Up + 2M5" (uy)) doy
T'en T'en

= en/ rsnlunPde
T'en

—2<€n/ T Uy, (Up, — MG (Uy)) dog.
Ten

Since the first term of the right-hand side in the above equation tends to
zero according to (4.21), it suffices to prove that the second one also tends
to zero. Using Proposition A.1;;), we get that:

€n/ T Uy, (Up, — M5 (uy)) dog =
Ien

/Q )T ) (T () = My (T (1)) da . (42)

One can prove as above (in the case of large contrasts) that
T (up) — 0 in L>(Q x T). (4.23)
Setting as in [20]

o T ) = My (T ()

n - gn 9
we note that U, € L*(Q, H'(Y2)), since u, € H}(2). By the Poincaré-
Wirtinger inequality applied in the domain Y5, we have
H T (un) = Moy (T7 (un))

En

[Unll2(0x )

LQ(QXYQ)

En
< BT

En L2(2xY2)
= CO|T" (Vun) |l 12(0xvs)
< C.
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Moreover, using the definition of U, and Proposition A.1(;,), we get

1 .
;V?ﬂ- (un)

n

VUl L2 (xv2) = = T (Vun) 2 (xys) < C-

LQ(QXYQ)

Consequently, by the trace inequality,
T (un) — My, (T (un)) = enUp, — 0 in L2(Q x T). (4.24)
Plugging (4.23) and (4.24) in (4.22), we obtain the desired result. O

Remark 4.8. Let us remark that Theorem 4.2 also holds true in the elliptic
case, namely when both a1 and as are positive. In this case, the result holds
true for any value of the contrast k.

5 Case 2: Strong coupling

This section deals with problem (2.3) in the case 7 = 0, under the additional
assumption that Mr(r) = 0. The main result is stated in Theorem 5.1. We
first remark the presence of £, a scalar function which is the unique solution
of the additional cell problem (5.1). This function £ appears, as expected,
in the corrector (5.4) and gives rise in the homogenized problem (5.3) to an
extra-term of order zero, namely (r,£)2ryu. The proof of Theorem 5.1 is
done by using the same type of nonstandard argument as in Section 4.

5.1 Main result
Theorem 5.1. Assume that v =0 in (2.3) and that Mr(r) = 0. Assume

a
also that the contrast Kk = |—1’ satisfies (3.6). Then, there exists a unique
a2

Y -periodic scalar function & solution of the following well-posed cell problem:

—A& = 0 in Y7,
—A& = 0 in Y,
&i—& =0 onT, (5.1)
a10p61 — a20n,§2 = 1(y) on T,
My(ﬁ) = 0.
If we assume in addition that
—(r, &) 2y & A", (5.2)
where A"™ is the spectrum defined in (3.9), then there exists €* such that for

all e € (0,e%), problem (2.3) (or, equivalently, the weak formulation (2.4))
admits a unique solution u®. Furthermore, (uf) converges, in the sense of
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(4.1), to (u,u) € Hy(Q) x L*(, H,,, ,(Y)), where u is the unique solution

of the well-posed homogenized problem

—div (a™™Vu) + (1, &) 2y u = f in Q,
{ u=0 no on 0f) (5:3)
and
Y. ou ;
(x,y) =) %j(w)xj (y) + £()ul). (5.4)
j=1

Here, aP™ is the homogenized matriz defined in (4.5)-(4.6).

Remark 5.2. According to (5.1), one has

/ a(y)VE - VE dy = - / re'do, Ve € Hly (V).
Y I

We first remark that in the elliptic case (i.e. when both a1 and ay are
positive), by taking §' = & in the above relation, we get (r,§)r2ry < 0. In
the non-elliptic case studied here, the same choice of test function leads to a
term with indefinite sign. Thus, we need to use a T—coercivity argument in
the cell Y. More precisely, we use the results proved in [13] (see Proposition
3.3 for k > ky and Proposition 3.5 for k < 1/k} therein). First of all, for
K > Ry, there exists an operator Ty € ﬁ(HIl,em(Y)) such that:

I8l < [ 0V T(Tve) dy = - [ rTyeda,

Using the fact that, on I', Ty is equal to & up to an additive constant,
we obtain that (r,&)r2r) < 0, since Mr(r) = 0. Hence, assumption (5.2)
is needed to ensure the well-posedness of the homogenized problem (5.3) for
large contrasts. On the contrary, condition (5.2) is always satisfied for small
contrasts since, in this case, Ty is equal on I' to —& up to an additive
constant, and, hence, one has (r,&) 2y > 0.

5.2 Proof of the homogenization result under uniform energy
estimate condition

Proposition 5.3. Assume that v = 0 in (2.3) and that Mr(r) = 0. As-

sume that the contrast k = — satisfies (3.6) and let (u®) be a sequence of
az

solutions of problem (2.3) (or, equivalently, of the weak formulation (2.4))
satisfying the uniform estimate

IV 2@ < C. (5.5)

Then, the following properties hold true:
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1. The cell problems (4.7) and (5.1) are well-posed.

2. u® converges, in the sense of (4.1), to (u,u) € HE(Q)x L*(1Q, ngr,o(y))
defined as in Theorem 5.1.

Proof.

1. The well-posedness of the cell problems (4.7) and (5.1) for contrasts
satisfying (3.6) follows from the second assertion in Proposition 3.1, applied
for g = (a1 — a2)(e; - n) and for g = —r, respectively.

2. The passage to the limit in the variational formulation (2.4) is done by
using the periodic unfolding method. We start by unfolding this variational
formulation. Using Proposition A.1, we obtain the unfolded problem

TEANT(Vu) - T (Vo) dady + - [ )5 (u) T (0) do oy

QxY QxT

= [ T dray,
QxYy
for all v € H} ().

Choosing in the unfolded problem the test function (4.9) and using con-
vergences (4.1) and (4.10)-(4.11), one can pass to the limit with € — 0. The
only term which needs more attention is the one involving the function 7.
One has the following convergence result:

1 ~
- / r(y)Ty (W) Ty (v) dedoy — r(y)u(z, y)e(z) dz doy,
€ Jaxr QxT

+ / r(y)u(e)o(@)(y) de do,, (5.6)
QxI

whose proof uses in an essential way the fact that the mean value of r over
I' is zero (see [26] and [15]).

Passing to the limit in the unfolded problem and using standard density
arguments, we obtain that for all ¢ € Hj(Q) and ® € L*(Q, H.,.(Y)) one
has:

/ a(y) (Y + V) - (Vo + V, @) dar dy + / r(y)iip da do,
QxY QxT

+/ r(y)u® drdoy, = fodzdy.
QxT QxYy

By taking successively in the above relation ¢ = 0 and ® = 0, we get

/ a(y)(Vu+ Vyu) - V,&dedy + / r(y)u® dzdoy, =0 (5.7)
QxYy QxT

18



and

/ a(y)(Vu+ V,u) - Vodr dy + / r(y)up dz doy, = fodzdy.
Qxy QxT Qxy (5 8)

Using now the factorization (5.4), the cell problems (4.6) and (5.1) and
the compatibility condition (i =1,...,N)

/Y@(y) g@i (y)dy + /Fr(y)xi(y) doy, =0,

we obtain as in [5] and [15] the homogenized problem (5.3), with the ho-
mogenized coefficients given by (4.5). O

Remark 5.4. The result of Proposition 5.3 can be easily generalized to the
case where the right-hand side is a sequence (fy,) strongly converging to some
limit f in L*(Q).

5.3 Proof of the uniform energy estimate

Proposition 5.5. Assume thaty = 0 in (2.3) and that Mrp(r) = 0. Assume
e satisfies (3.6) and that

|az]
—('I“, E)LQ(F) Qé Ahom7

where & solves the cell problem (5.1) and A™™ is the spectrum defined in
(3.9).

Then, there exists €* such that, for all ¢ € (0,€*), problem (2.3) (or,
equivalently, the weak formulation (2.4)) admits a unique solution u®. More-
over, the uniform estimate

also that the contrast k =

[IVullp2@) < C (5.9)
holds for all € € (0,e").

Proof. The proof goes along the same lines as the one of Proposition 4.7,
but it is slightly more technical. Let us point out the main differences.
Proceeding by contradiction, as in Proposition 4.7, we obtain the existence
of a sequence &, — 0 and of two corresponding sequences (u,) in Hg(Q)
and (f,,) in L?(2) such that:

[Vun| 2y = 1, | frllp2) — 0,

. (5.10)
/aE”Vun -Voudr —|—/ rru,vdo, = / favdx, Yove Hy(Q).
Q Ien Q

Moreover, by assumption —(r,§)r2(r) ¢ AP™ and, according to the ho-
mogenization result of Proposition 5.3 and Remark 5.4, we can prove that
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u,, converges to 0 weakly in H}(2) and strongly in L*(Q). In addition, the
two-scale convergence results (4.1) and the trace theorem imply that

T (un) — 0 strongly in L*(Q, H'(Y)) (5.11)
and e o
(“’2_" is bounded in L2(Q x I), (5.12)

where M, is the function of the macroscopic variable defined by:

M(z) == My (T (un) () = ,; /Y o0 (un) () dy.

As in the proof of Proposition 4.7, we choose in (5.10) the test function
v = T¢"u,, and we consider separately the cases of large and small contrasts.

The case of large contrasts: k > Ky. In this case, we have T*"u,, = u, on
I'*» and the use of the coercivity result (3.7) in (5.10) yields

/ ¥ w2 dog | .
Ien

Since uy, is normalized in H{(£2) and since the first term of the right-hand
side of the above relation tends to zero (as in the proof of Proposition
4.7), the desired contradiction will be obtained if we show that the term
Jren ren|u,|? do, tends to zero. To do so, we rewrite this term as follows:

aHVunH%Q(Q) < ‘/an’]re"'undx +

1
/ rrlug P do, = — r(y)| T (up)|? dz doy
I'en En JQxT

- = r(y) [T (un) — My] T (uy,) dz doy,
En JOxT

1
+— r(y) My T (uy) dz doy
En JOxT

n mn _Mn
= [ T ) dedo,
QxT’

En

€n

En _ M
+/ r(y) T2 (un) = Mn M, dz do,
QxI

1
+— r(y) M2 dz do,.
En JOxT

Since r has zero mean value on I' and M,, depends only on x, the last term
in the above relation vanishes. Moreover, due to (5.12), we have

/ ren |un|2 do,
Den

< Cllrllzoeqry (17" (@n)llz(xry + 1Mallz2oxry ) -
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The left-hand side tends to zero when ¢ tends to zero. Indeed, by using the
same arguments as in Proposition 4.7, we have

172 ()l ey < € {IT (n) 2@y + €T (Vin) By }-

Finally, the last term [|[My||z2@x1) = ]F]%HMTLHLQ(Q) also tends to zero by
using statement (i) of Proposition 1.25 in [19], applied to v: = uy,.

The case of small contrasts: 0 < k < 1/k%. In this case, we have on I'*»

T upy, = —up + 2M5™ (uy).
The use of the T—coercivity result (3.7) in (5.10) implies that
aHVunH%Q(Q) < / fa T uy, dx| + / T U (—Up, + 2M5" (uy,)) doy
Q I'en
< / fnTeuy, dz| + / r€”|un|2dax
Q I'en

+2 T Uy, (Up, — M5 (1)) dog| .
I'en

The two first terms above have been already proved to converge to zero, the
computations being the same as those detailed above for large contrasts.
Following exactly the same arguments as in the proof of Proposition 4.7 for
the case of small contrasts, we show that the last term also converges to
zero and the proof is completed. O

6 Conclusion

In this paper, we studied the homogenization of a class of scalar problems
stated in a composite medium made up of two e-periodically distributed
materials with different signs, in the presence of a flux jump at the inter-
face. Two typical limit cases were considered: the case of weak coupling
(v = 1) and the one of strong coupling (v = 0). The proof is achieved by
contradiction, taking advantage of the fact that the homogenized problems
are of Fredholm type.

The same technique used here might also work for the class of problems

{ —div (a*Vu®) + pu® = f in Q,

u® =0 on 01}, (6.1)

where a° is as in the present paper and  is a given real number. Indeed,
proceeding by contradiction like we did in this paper, one can prove that
the solution u® of problem (6.1) converges weakly in H}(€2) to the unique
solution u of the homogenized problem

—div (a"™Vu) + u = f in Q,
u = 0 on 0f).
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This convergence holds true provided that the contrast x = |Z—1‘ satisfies
2
(3.6) and that —3 ¢ AP°™ where AP°™ is the spectrum defined in (3.9).

In [14], we treated a non-elliptic double-porosity problem of the form
(6.1) (with a; = 1 and ag = —¢?), only for 3 = 0. The case 3 > 0, which
was left open there (see Remark 3.4, problem (3.10)), as well as the case
B < 0, might also be solved by applying the approach used in this paper.
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of this paper. The last author wishes to thank Institut Elie Cartan de Lor-
raine and Université de Lorraine for the financial support and the warm
hospitality.

A Appendix

We recall here the definitions of the periodic unfolding operators and some
of their properties. We refer the reader to the monograph of Cioranescu,
Damlamian and Griso [19].

Without loss of generality, we suppose that the domain Q is exactly
covered by an entire number of cells eY¥ = ¢(k +Y) (k € ZV). Moreover,
we omit writing the measure of Y, since it equals 1 if Y = (0,1)".

For z € RY, we denote by [z] its integer part in Z”, such that z—[z] € Y,
where Y = (0,1)V. We set {z} = z — [z] for x € RY. In particular, for a.
e. x € RY and every € > 0, one has

x:s[g+a{§}. (A.1)

3

Definition A.1. (Unfolding Operators)
(i) For every function ¢ Lebesgue measurable in 2, the periodic unfolding
operator T¢ is defined by

T () (@, y) = ¢ (E E} - fsy) for (z,y) € Ax Y.

(ii) For every function ¢ Lebesgue measurable on I'®, the boundary un-
folding operator T is defined by

Ty (0)(z,y) = (6 E} +5y> for (x,y) € Q x T

We remark that the operators 7° and 7,7 are linear and continuous. We
list below some of their properties, that we use throughout the paper.

Proposition A.1.
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(i) If v € LY(Q), then
/v(x) dz = T (v)(x,y) dedy.
Q QxY

(i) If v,w are Lebesgue measurable functions, then
T (vw) =T (v) T (w).
(iii) If v € L' ('), then

/Ev(:n) doy = ! Ty (v)(x,y) dedoy.

€ Jaxr
(iv) If v € HY(Q), then T¢(Vv) € L*(Q, HY(Y)) and

T=(Vo) = évy(frf(vv)).

(v) Let w be Lebesgue measurable in'Y, extended by Y -periodicity to the
whole space RY and define the sequence w®(x) = w <£> Then,
€

T (w]o)(z, y) = w(y).
(vi) If v € HY(Q), then
Ty (v) = T=(v)|axr.
(vii) If w € LP(T), p > 1, is Y -periodic and w®(z) = w (g) then

X

Ti ) (@) = T (w) () = w(y).

The next proposition recalls the main general convergence results used
in this paper.

Proposition A.2.
(i) If v € L*(Q), then T¢(v) — v strongly in L*(2 x Y).
(ii) If v° strongly converges to v in L?(S2), then
T=(v°) = v strongly in L*(Q x Y).
(iii) If v° weakly converges to v in H(Q), then
TE(v%) — v weakly in L*(; H(Y))

and there exists v € LQ(Q;ngr(Y)) with My (V) = 0 such that, up to a
subsequence,

TE(Vo®) — Yo+ V,0 weakly in L*(Q x Y),
Ty (%) — v weakly in L*(Q x T).
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