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Abstract

In the present paper, we obtain the two-scale limit system of a sequence of linear elliptic periodic problems with varying coefficients.
We show that this system has not the same structure than the classical one, obtained when the coefficients are fixed. This is due to
the apparition of nonlocal effects. Our results give an example showing that the homogenization of elliptic problems with varying
coefficients, depending on one parameter, gives in general a nonlocal limit problem.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Itis well known (see [10,8]) that given a bounded open subset Q2 C RY anda sequence of matrices A, € L™ QNN
which are uniformly elliptic and bounded, there exist a matrix A (homogenized matrix) in the same conditions that A,
and a subsequence of ¢, still denoted by &, such that for every f; which converges strongly in H~!() to a distribution
f, and every u, which converges in H(} () and satisfies

—divA;Vu, = f, in Q, (D

the limit of u is a solution of the analogue equation, where A; is substituted by A, and f; by f. The aim of the present
paper is to show that the analogue of this result is not true when the matrices A, measurably depend on a parameter,
i.e., when at the place of (1), we have

—divy Ay (x, y)Vyue(x,y) = fe(x,y) inQae. x €0, 2)

where (0, o, 1) is a given space of measure. Indeed, for this type of problems the limit operator is in general nonlocal
in y. This is due to the fact that the set of solutions of (2) is not compact in general in Li(@; L%(Q)).
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The homogenization problem (2) appears, for example, in the study of the asymptotic behavior of partial differential
problems with varying coefficients, which depend on an aleatory parameter x € @ (stochastic homogenization prob-
lems). Another interesting situation is the study of some systems which usually appear in periodic homogenization.
In this way, let us consider in the present paper the homogenization problem

—div (AS (x, f) Vu, — G (x, f)) —0 inQ u;=0ondQ, 3)
I I

where as above Q is a bounded open subset of RN, A, and G are, respectively, continuous matrices and vectorial
functions in Q x RN, which are periodic in the second variable, of period YN, vy = (—%, %). The matrices A, are
uniformly elliptic and bounded. We remark that (3) is not a particular case of (1) because —div G (x, %) does not
converges strongly, in general, in H “1(@) (it converges in W_I*OO(Q)N weakly-*). When A; is a constant matrix

A, the two-scale convergence theory of Nguetseng and Allaire (see e.g. [1,9]) shows that denoting by ug € H(} (Q),
up € L2(Q; H'(Y"N)/R) the solutions of

—divx/ (AQx, Y)(Vauo(x) + Vyui(x, y)) = G(x, y))dy =0 in Q, “
YN

—divy (A(x, y)(Vxuo(x) + Vyur(x,y)) — G(x,y)) =0 in RN ae. x € Q, 5)

then the solutions of (3) converge weakly in HOl () to ug, while Vu, two-scale converges to V,ug + Vyu; (the idea
is to approximate u.(x) of the type uo(x) + eui(x, x/¢), which is better than to approximate u, just by ). When
divy G(x, y) =0, Eq. (5) permits to calculate u from u¢ and then, substituting in (4) we get the homogenized problem
(see e.g. [1,9]) for up. When this condition is not satisfied we can still calculate u; from uo and then to obtain an
equation which only contains uq, but their coefficients depend on G and thus, it is better to remain with the system
(4), (5). In the present paper, given u, the solution of (3), let us search for the system satisfied by the limit of u, in
HO1 (£2) and the two-scale limit of Vu,. Clearly, this must contain in particular the limit of a system like (4), (5), where
the second equation has a structure similar to (2). As we announced above, we will obtain a nonlocal limit system
(see Theorem 4 and Proposition 5). In particular there does not exist in general a matrix A such that the corresponding
system is (4), (5), as it happens when A, is constant. Related results have been obtained in [4] for a different problem,
the asymptotic behavior of thin structures. Other results, about the apparition of nonlocal terms in the homogenization
of linear elliptic problems, can be found by using the theory of Dirichlet forms (see [7]), where it is assumed strong
convergence in L2, which as we said above does not hold in our context.

2. Homogenization of periodic problems

We take ¥ = (—%, %), and Q ¢ RY a bounded open subset of RN,
LAYV )N , L2V )N ) is the space of lineal continuous functions from L2(YN )N into itself.
As it is usual, we use the index # to mean periodicity. For example, Lé’ (YY) is the space of functions of LQC(RN )

which are periodic, of period YN, _
For a sequence of matrices A € cY(Q; C?(Y N ))N *N “such that there exist , y > 0, with

A, Y)EE= minfulE, 7145 (x, )EP) VEERY ¥(x,y) € @ x RY, ©)
let us study the homogenization of (3), with G € C(Q; C?(YN))N.
Remark 1. We recall (see [8]) that (6) is equivalent to the existence of «, § > 0, such that
Agx, )EEZ P, 1A, NEISPIEL VEe RY Vix,y) € @ x RY. )
To study the asymptotic behavior of u,, let us apply the Arbogast et al. method’s [2], strongly related to the two-scale

theory (see [1,3,5,6,9]). For this purpose, we define x : RY — Z" by the following rule: assuming R decomposed as
the union of the cubes k + YV, with k € Z", then, fora.e. x € RN , K(x) gives the center k of the cube which contains x.
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We remark that if we decompose RY as the union of the cubes ¢k + ¢Y ", with k € Z", then the center of the cube
which contains x is ¢x(x/¢).

For the proof of the following theorem we refer to [2,5,6].

Theorem 2. Consider a sequence u, which is bounded in H(} (Q) and define ti, € L*(RY; H'(YN)) by (u, is extended
by zero outside of 2)

Ue(x,y) =u, (SK (%) + sy) , ae (x,y) e RV x YV, 8)

then there exists a subsequence of ¢, still denoted by ¢, and there exist uy € HO1 (Q),u; € L*(Q; Hjl (YN)/[R{), such that

Ug —u in HOI(Q), )
| .

~ Vyity = Veug + Vyuy in L*(RY x V). (10)
&

Remark 3. For k € ZV, 0.(x, y) restricted to (¢k + €Y Ny x YV does not depend on x, and as a function of y, it is
obtained from u, by using the change of variables y = (x — k) /e which transforms the small cube ¢k + ¥ on Y'V.
Statement (10) is equivalent to Vu, two-scale converges to Vyiug + Vyui.

The homogenization of (3) is given by the following theorem. Its proof is based on the one of the classical result of
F. Murat and L. Tartar for the compactness of the H-convergence [8].

Theorem 4. There exist a subsequence of ¢, still denoted by &, and an operator o/ € L®(Q; L(L>(YM)N, L2(yN)Ny)
such that:
Forevery ¢ € RN, every w € H! (IRN) and a.e. x € Q, we have

/ o (x)(E+ Vw) - (E+ Vw)dy
YN

>min{a(|é|2+/ |Vw|2dy),yf I&/(X)(6+Vw)l2dy}. (11)
yN yN

Forevery G € CO(Q; CI?(YN))N, the solution u, of (3) satisfies (9) and (10), where i1, is given by (8) and uq € HOl (),
up € L*(Q; Hﬁ] (YN)/R) are the unique solutions of

—div, </N(;z{(x)(vxuo(x) + Vyui(x,.) — G) dy> -0 inQ, (12)
Y

—divy (A (x)(Viuo(x) + Vyui(x,.)) = G) =0 in RY a.e x € Q. (13)

Proof. We divide the proof in several steps:

Step 1: For G € cY(Q; CE(YN))N, the solutions u, of (3) are bounded in HO1 (€2). So, by Theorem 2, up to a
subsequence, there exist ug € HO1 (Q), u; € L2(Q; HY(YM) /R) such that (9) and (10) hold. Moreover, using that Ag
defined by (take an extension of A, outside of Q)

As(x, y) = A, (sx (f) Ty, y) ae. (x,y) € RY x vV (14)
5
is bounded in L*°(Q x YN)NXN and that (1/¢) Vi, is bounded in L2(Q x YN)N, we can also assume that there exists
o€ L%2(Q x YNV such that

1

- A,Vyii, =~ o in L*(Q x YM)N. (15)
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For ¢y, ¢ € Cé ),y € Ctl(Y), we take vg(x) = @ (x) + e (x /)@ (x) as test function in (3). Decomposing RN as
the union of the cubes ¢k + &YV, k € ZV and using in each cube the change of variables y = (x — ¢k)/e, we get

0=lim | (Ag (x, %) Vi, — G (x, %)) Vg dx

e—0

e—0

. ~ 1
lim <A8_Vyu£ - G) “(Vigo(x) + @1 (x)Vyh(y)) dx dy
QxYN &

/Q oy (0= G) - (Vxpp(x) + @1 (x)Vyh(y)) dx dy.

Since ¢, ¢, Y are arbitrary, this means that ¢ satisfies the equations
—div, (/ (o(x,y) — G(x,V)) dy) =0 a.e. in £, (16)
Y

—divy (o(x,y) = G(x,y)) =0 in RN ae. x e Q. (17)

For ¢ € Cé (), we take u,¢ as test function in (3), using then the Rellich—-Kondrachov compactness theorem, (16)
and (17), we get

lim Ag (x, )—C> Vug - Vugpdx
Q £

&—0

= —lim (Ag (x, f) Vu, - Vou, — G (x, f) - (Vugp + uSV(p)> dx
Q & 3

e—0
) ~ 1 1_ .

= — lim A = Vyug - Viouo— G- | = Vyuep +uoVip dxdy
e—0 JoxyN & [

:—/;2 N(a- Vipug — G - ((Vxug + Vyui1)e +ugVyp)) dx dy
xY

:/ o - (Vyug + Vyup)pdxdy. (18)
QxYN
On the other hand, from (6) and the lower semicontinuity of the weak convergence, we have

e—0

lim [ A, (x, f) Vit - Vigpdx > lim inf/ min{oc|Vug|2,y|A£ (x, f) Vug|2}(pdx
Q 3 =0 Jo 3

2

1 .
; Vylztg

1o
7V‘z148vyu£

2
= lim inf/ min {oc } @dxdy
e—0 QxYN

> / min{oc|qu0+Vyu1|2,y|0|2}(pdx dy.
QxyN
Thus, from (18) and ¢ arbitrary, for a.e. x € 2 we get
/ 0(Vaug + Vyun) dy > / min{o Vo + Vyus . 7o) dy. (19)
Y Y

Step 2: We consider a countable subset D of Cé () x C(l) (L2, C; (Y™)) which is dense in H(} (Q) x L*(; Hﬁ1 YM)/R).
By a diagonal argument, there exists a subsequence of ¢, still denoted by ¢ (this will be the subsequence which appears
in the statement of Theorem 4) such that for every (wo, w1) € Span(D), the solution u, of (3), with G =V, wo + Vywy,
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is such that there exist ug € Hg (Q), u1 € L*(Q; H} (YN)/R), o € L*(2 x YV)" such that (9), (10), (15)—(19) hold.
From (19), (16) and (17), we have

cx(/ |quo|2dx+/ |Vyu1|2dxdy)
Q QxynN

goc/ |quo+Vyu1|2dxdy

QxYN

é/ 0 - (Vyup + Vyur)dxdy
QxYN

:/ (Vywo + Vywy) - (Vyug + Vyup) dx dy (20)
QxyN
and thus, we deduce

ol (uo, “])”H(} (Q)XLZ(Q;H:' (YN)/R) <l (wo, wl)”HO' (.Q)XLZ(Q;H; ¥N)/R) 20

The two first lines of (20) also show

ol (o, ”l)”[-]ol (Q)XLZ(Q;H:'(YN)/R) < ”O-”LZ(QXYN)N’ (22)

while from (16) and (17), we have

f |wa0|2dx+/ |Vyw1|2dxdy=/ o (Vewo + Vyw) dx dy. (23)
Q QxyN QxyN :

So, taking into account (19) and (22) we get

1
[l (wo, wl)||H01(Q)><L2(Q;Hul(YN)/R) < F Il (uo, Ml)”Hol(Q)XLZ(Q;H:I(YN)/R)' (24)

Following (21) and (24) we can extend the linear application (wg, w1) € D + (ug, u1), to a linear application Q
on H(} (2) x L2(Q; Hﬁl(Y Ny /R) which still satisfies (21), (24). From Lax—Milgram’s theorem, Q is bijective and
has a continuous inverse. From (19) and (21) we can also extend the linear application (wg, wi) € D +— o to a
continuous application R from H(} (Q) x L2(Q; Hﬁ1 (YN)/R)into L2(Qx YV)N . In particular, we can define S=R o'
Hi(Q) x L*(Q; Htl(YN)/[R{) — L%2(Q x YN)N which extends the application (g, u;) € QD > .

Now, given an increasing sequence of compact subsets K, of @ such that | J,.n Kn = Q, Ko = §, we consider
Y, € CH(Q), such that , (x) = x, for every x € K,,. Then, we define o/ € L>(Q; Z(L*(YV)V, L2(¥V)V)) by

S0 =5 ([ enar-pu). 03)

Vg e L2(YN)V, ae. x € K,\K,—1, withw € H} (YV)/R, —Aw = —div g in R". From (19), .o/ satisfies (11).
Step 3: Let us take G € (@, Cé)(YN))N, and define u, as the solution of (3) (with ¢ the subsequence of ¢ given

by the previous step). By Theorem 2, and Step 1, there exist a subsequence of ¢, still denoted by ¢, and ug € H(} (Q),
up € L*(Q; H!(YN)/R), o € L*(Q x YM)¥ such that (9), (10), (15) hold. Let us prove that ug, u; satisfy (12),
(13), and then, by uniqueness that there is not necessary to extract any subsequence. Applying Step 1 to G replaced by
G — Viwo — Vywy, (wo, wy) € Span(D), we deduce from (19)

“/Z/N lo — R(wo, w1)|*dy < /N |Vyuog + Vyuy — Q(wo, wy)|dy a.e.in Q.
Y Y
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By density this holds for every (wo, w1) € Hy (@) x L*(@; H}(YN)/R). Taking (wo, w1) = Q7 (& - ¥,,, Vyw), with
e RN, we H (YN)/R) we get

v /Y |0 — A/ ()€ + Vyw)P dy < /Y [Vitto — &+ Vy(uy —w)* dy
a.e. in K, and then in Q. Thus, ¢ = .27 (x)(Vyuo(x) + Vyuy) a.e. in Q, which by (16) and (17) proves (12), (13). [J

The question now is if effectively there is some example with a nonlocal term. If N =1, it is possible to show that the
homogenized problem of (3) is local. For N =2, the following result gives an example where a nonlocal term appears.

Proposition 5. Letbey, € C é) (Y) asequence which converges almost everywhere to the function =3z 1q—(1,2).1)>
and it is such that 0 <Yy <1 in R. Given

1 0 1
w3 9 =)

we define the sequence of matrices A, € CO(R?; Cé)(Yz))2><2 by Ag(x,y) = A(x1/4/e) + Aa(l — Y(x1/4/%)),

Xx=(x1.x) €Qy=(y.y) e R )
Then, for every bounded open set Q C R? and every G € CO(Q; CS(YZ))Z, the solution ug of (3) is such that (9),
(10) are satisfied, where ug € HOl (Q), u; € LX2(Q; Hﬁl(Yz)/[R) are the solutions of

[ N[ ¥ e}

—Aug = —divy f G(x,y)dy inQ, (26)
Y2

—A, -— R(—)=—-divyG in R® ae inQ, 27

}u1+46y2 (6y2> ivy in a.e. in 27

where R : L%(Y2) — Lﬁ(Yz) is the nonlocal operator given by R(z) = 0w /0y, for every z € LE(YZ), with w €
H!(Y?)/R, —Aw = —0z/3y; in R*.

Proof. An easy application of the two-scale convergence theory shows that (9) and (10) hold, where taking A €
L(Y)>** as A1y_12,0) + A21(0,12)» there exist dig € L2(Q, H}(Y)/R), i1 € L*(@; L3(Y; H}(Y?)/R)) such that
(uo, ug, t1) satisfy the variational problem

di ds
/ (A(t) (quo + 20+ vyzz1> - G) (vao + 0+ vyf)l) dxdrdy =0
QxYxY? d[ dt

V(vo, Do, 1) € Hy () x L*(Q, H} (Y)/R) x L*(Q; L;(Y; H} (Y})/R)),

where e is the first vector of the usual basis of R? and u is given by
ui(x, y) =/ Gi1(x,t,y)dr ae. (x,y) € Qx RV, (28)
Y

Taking vy = o = 0, we deduce i1 (x, 7, y) = @1 (x, Y)1(_1 (1) + P2(x. ¥)0 1, (1) with &; € L*(Q; H!(Y)/R),
—divy (A;Vy®; — G) =0 and RN, ae.x € Q, i =1,2. From (28), we have u; = (@1 + @,)/2 and then, using
A1+ A =21, we get —A),QD,- = —divy, A;Vyu; and RN, for a.e. x € Q, where i, j € {1,2},i # j. Denoting by
Y e L3(Q; Hnl(Yz)/[R%) the solution of —A, Y =—0%u; /0y in RV, fora.e. x € Q, we have that &; =u; +(—1)"T'7/2,
i =1, 2, and then, using the equations satisfied by ®;, we conclude that u; satisfies (27). [

Taking in the variational equation vg = 0; = 0, we now get 1o = 0, and then using 0y = 0; = 0 we conclude that ug
is the solution of (26).
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