Max-Planck-Institut
fur Mathematik
in den Naturwissenschaften

Leipzig

Homogenization of periodic
multi-dimensional structures

by
Nadia Ansini, Andrea Braides
and Valeria Chiado Piat

Preprint-Nr.: 21 1998







Homogenization of periodic
multi-dimensional structures

Nadia Ansini, Andrea Braides
SISSA, via Beirut 4, 34014 Trieste, Italy

Valeria Chiado Piat

Dipartimento di Matematica, Politecnico di Torino
corso Duca degli Abruzzi 24, 10129 Torino, Italy

Abstract

We study the asymptotic behaviour of a class of oscillating integral
functionals, which may depend on measures concentrated on periodic low-
dimensional or multi-dimensional structures. We set the problem in the
framework of Sobolev spaces with respect to periodic measures, and show
that, under proper assumptions, a limit functional defined on the usual
Sobolev space can be obtained using the techniques of I'-convergence, whose
energy density is described by an appropriate formula.

1 Introduction

In this paper we deal with the asymptotic behaviour of integral functionals which
may model energies concentrated on multidimensional structures. The model ex-
ample we have in mind is that of composite elastic bodies composed of n-dimens-
ional elastic grains interacting through contact forces depending on the relative
displacements of their common boundaries (see Example 3.1). In a general set-
ting, following the approach of Ambrosio, Buttazzo and Fonseca [2], we consider

integrals of the form
/ = x dDu
E dlls lu€7

defined on the space Wtf’ (©; R™) of Sobolev functions with respect to the measure
e, which is the set of LP-functions of {2 whose distributional derivative is a measure
absolutely continuous with respect to p. with p-summable densities. We study the
limit as € — 0 of such functionals under the hypotheses that f is a Borel function
1-periodic in the first variable satisfying a standard growth condition of order p,
and 1
pe(B) = e"u(=B)

where p is a fixed 1-periodic Radon measure. We show (Theorem 3.6) that under
suitable requirements on the measure p, the family (F;) I'-converges as € — 0 to
a functional of the form

Fhom / fhom DU
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on WHP(; R™), where the function fiom is described by an asymptotic formula
that generalizes the usual one, corresponding to the case when u is the Lebesgue
measure (see Braides [4] and Miiller [15]). This problem had been studied in the
case when g is the restriction of the Lebesgue measure to a periodic set whose
complement is composed by well separated bounded sets by Braides and Gar-
roni [6] (media with stiff inclusions). Another meaningful case is when p is the
(n—1)-dimensional Hausdorff measure restricted to the union of the boundaries of
a periodic partition of R™. In this case the functions in W};”(Q; R™) are piecewise
constant and the functionals F. can be interpreted as a finite-difference approxi-
mation of the homogenized functional (Section 5, see also Kozlov [13], Pankov [16]
and Davini [8]).

The approach described above is somehow complementary to the “smooth
approach” where the functionals F. are defined as

Fu(u) = / £(2. Vu)dp.

on C*°(2; R™), whose homogenization is studied by Zhikov [18] (see also Braides
and Chiado Piat [5] for the case p = x g with E periodic, and Bouchitté, Buttazzo
and Seppecher [3] for relaxation results in the case of general p).

2 Notation and preliminaries

Let © be a bounded open subset of R™; we will use standard notation for the
Sobolev and Lebesgue spaces WP (; R™) and LP(Q; R™); p’ and p* denoting the
conjugate and Sobolev exponent of p > 1, respectively. The L°°-norm of a function
u is denoted simply by ||u||ec. We denote by A(Q2) the family of all open subsets
of Q; IM™*" stands for the space of m x n matrices. The letter ¢ will denote a
strictly positive constant independent from the parameters under consideration,
whose value may vary from line to line. The Hausdorff k-dimensional measure in
R" is denoted by H*. We write | E| for the Lebesgue measure of E. If E is a subset
of R™ then xpg is its characteristic function.

Given a vector-valued measure p on 2, we adopt the notation || for its total
variation (see Federer [12]). We say that u € L'(Q; R™) is a function of bounded
variation, and we write v € BV (Q2; R™), if all its distributional first derivatives
Dj;u; are signed measure on 2. We denote by Du the IM™*"-valued measure whose
entries are D;u;. For the general exposition of the theory of functions of bounded
variation we refer to Federer [12], Evans and Gariepy [11], and Ziemer [17].

If u € LY(Q;R™), we denote by @ the precise representative of u, whose
components are defined by

@i(z) = limsup Ji Ly, (1)
z,p

p—0+

where B(z, p) denotes the open ball of centre z and radius p.



2.1 TI'-convergence

We recall the definition of De Giorgi’s I'-convergence in LP spaces. If for all j € N
F; : LP(; R™) — [0, 4+00] is a functional, then, for u € LP(2; R™), we define

T(L?)-lim inf Fj(u) = inf{lim inf F}(u;) : u;=
(L7)-lim inf Fj(u) = inf{liminf 5 (u;) - u;=u},
and ,
[(L?)-lim sup Fj(u) = inf{lim sup Fj(u;) : ujL—m};
Jj—+oo Jj—+oo

if these two quantities coincide their common value will be called the I'-limit of
the sequence (Fj) in u, and will be denoted by ['(L?)-lim;_, 4o Fj(u).

It is easy to check that { = I'(LP)-lim;_, o Fj(u) if and only if

(a) for every sequence (u;) converging to u we have

| < liminf Fj(u;);

j—+oo
(b) there exists a sequence (u;) converging to w such that

[ > lim sup Fj(u;).

j—+oo

We say that (F.) I'-converges to | at u as e — 0 if for every sequence of
positive numbers (¢;) converging to 0 there exists a subsequence (¢j, ) for which

we have
I =T(L?)- lim F.. .
(L)- Jim ., (0
We recall that the I'-upper and lower limits defined above are LP-lower semi-
continuous functions. For all properties of I'-convergence and its importance in the
theory of homogenization we refer to the book of Dal Maso [9].

2.2 Sobolev spaces with respect to a measure

The following notion of Sobolev space with respect to a measure has been intro-
duced by Ambrosio, Buttazzo and Fonseca [2].

Definition 2.1 Let A be a finite Borel positive measure on the open set  C R"”,
and let 1 < p < 400. The Sobolev space with respect to A, Wi’p(ﬂ; R™), is defined
as

dDu

WivP(Q’Rm) — {U c LP(Q’Rm) : Du << )\, X

€M™, (2)

where L’)’\(Q;RN) stands for the usual Lebesque space of p-summable RN -valued
functions with respect to \.



Remark 2.2 By definition, functions in Wy?(Q; R™) are functions of bounded
variation. From the properties of the space BV (2; R™) the following two facts can
be easily deduced, that are used in the sequel.

(a) WyP(Q; R™) is embedded in L™/ ("~ (Q; R™).

(b) If uw € WP (4 R™) and v € Wy™(Q) then uv € WP (Q; R™), and

dDd(j\w) _ 73ddli\u tie d(g\v 3)

Note that in (3) it is necessary to consider the precise representatives, since
the measure A may take into account also sets of zero Lebesgue measure.

Ifue Wi’p(ﬂ; R™) then Du(B) = 0 if B is a set of zero (n — 1)-Hausdorff
measure. Hence, Wi’p(ﬂ; R™) = Wi’,”(ﬂ; R™) if A— X' is concentrated on a set of
Hausdorff dimension lower than n — 1; e.g., points in R?.

Properties of lower semicontinuity and relaxation for functionals defined on
Sobolev spaces with respect to a measure have been studied in [2].

3 Statement of the main result
Let p be a non-zero positive Radon measure on R™ which is 1-periodic; i. e.,

u(B +e;) = u(B)

for all Borel subsets B of R™ and for all i = 1,...,n. The measure y will be fixed
throughout the paper. We will assume the normalization

n((0,1)") = 1. (4)
For all € > 0 we define the e-periodic positive Radon measure u. by
n 1
pe(B) =" u(=B) 5)

for all Borel sets B. Note that by (4) the family (u.) converges locally weakly* in
the sense of measures to the Lebesgue measure as € — 0.

In the sequel f : R® x M™*" — [0, +00) will be a fixed Borel function 1-
periodic in the first variable and satisfying the growth condition of order p > 1:
there exist 0 < a < 3 such that

alAlP < f(z, A) < (1 + |A[P) (6)

for all z € R"® and A € M™*™.
For every bounded open set €2, we define the functionals at scale € > 0 as

dDu
/f g “Jdpe ifue WLP(Q; R™) -

otherwise.



Example 3.1 (a) (Perfectly-rigid bodies connected with springs) We take
E={yeR": Jie{l,...,n} such that y; € Z},

that is, the union of all the boundaries of cubes @; = ¢+ (0,1)" with ¢ € Z". E is

an (n — 1)-dimensional set in R™. We take

u(B) = ~H" (BN E)

for all Borel sets B, where H" ! stands for the (n—1)-dimensional surface measure.
For every € > 0 we have

1
pe(B) = Ee%”*(B NekE).

In this case W};Ep consists of functions which are constant on every connected
component of each £Q); N 2, since we must have Du = 0 on these sets. In the case
that u is constant on each £Q);, e.g. if ) is convex, we have

dDu n dDu n .
e = gd’H”fl = E(u, — Uj) ® (Z - ]) on 8(6@,) N 8(EQ]) neQ,

where u; is the value of u on £();. In this case the functionals F. take the form

z 1 dDu
22 227\ n—1
© /QﬁsEg(E, € dHn—l) H ’

up to a normalization factor. Note that if € is bounded then W, ?(;R™) =
W}Lf"(ﬂ; R™) for all p if the number of connected components of each Q Ne@); is
finite.

(b) (Elastic media connected with springs) Let E be as above and let

wB) = —=(IBl+HEnB)
4(B) = n%l (1Bl + e (E) N B)).

In this case the functions in W?(Q; R™) are functions whose restriction to each
£Q;NQ belongs to WP (eQ;N2; R™), and such that the difference of the traces on
both sides of 0(eQ;)NA(eQ) ;)N is p-summable for every ¢, j € Z™. The functionals
F, take the form

xz dDu z 1 dDu
e d i d n—1
G re [ o S

up to a normalization factor.




In order to obtain a meaningful limit of the functionals F, as € — 0, some
requirements have to be made so that the limit functionals admit an integral
representation on W7 (Q; R™).

Definition 3.2 A 1-periodic positive Radon measure pu on R™ will be called p-
homogenizable if the following properties hold:
(i) (Poincaré inequality) there exist a costant ¢ such that for all k € N

/ |u|Pdz < ckp/
(0,k)™ 0,k)"

for all w € WP((0,k)™) with f(o,k)n udz = 0;

(ii) (existence of cut-off functions) there exist K > 0 and § > 0 such that for
alle > 0, for all pairs U,V of open subsets of R™ with U CC V', and dist (U,0V) >
de, and for all u € W,P(V) there exists ¢ € W, (V) with 0 < ¢ <1, ¢ =1 on
U, ¢ =0 in a neighbourhood of OV, such that

dDu P

s (8)

dD K
ISP Sy . .
d,us (dist (U,0V))" Jv\w
Such a ¢ will be called a cut-off function between U and V;
(iii) (existence of periodic test-functions) for all i = 1,...,n, there ezists
i € Wi’fOC(R") such that v — z;(x) — x; is 1-periodic.

Remark 3.3 Note that the Lebesgue measure satisfies trivially all the properties
of Definition 3.2. Property (ii) depends on p and p.

Example 3.4 (a) The measure p in Example 3.1(a) is p-homogenizable for all
p > 1. In fact, (i) follows from the Appendix. To prove (ii) let 6 = 54/n. Fixed
e>0,set Us = J{eQ;: €eQ:NU # 0}. Note that U. CC V. Choose (we use the
notation [t] for the integer part of ¢)

b(z) = 1— (% Einfﬂx ~yle 1y € U] A1),

where |2 — y|oo = maxi<i<n |2; — ¥s|, and
1.
C = [gmf{m Yz EU., y€ av}] -
Note that |dD¢/du.| < n/(Ce) < ¢/dist (U, V) for some constant ¢ independent

of U and V. Moreover, if u € W,?(V') then u is equal to a constant u; on each
cube £@Q); such that D¢ # 0 on 9(eQ);). Hence, for two such cubes

g arant<e [ (il + sy = [ jupda
0eQ; QSEQJ' BstBst {:‘Q,’UEQJ'



so that

dD P
/ \ Ol e < o< @l dmn
\%

dlls W /(V\U)ﬁsEﬂsptD¢

Cp
n——— Pdx .
" dist (U, V) /V\U|“| de

The proof of (ii) is then complete. To verify (iii) take simply z;(x) = [z;].

(b) The measure p in Example 3.1(b) is p-homogenizable for all p > 1. In
fact, (i) follows from the Appendix . The proof of (ii) and (iii) is trivial since the
Lebesgue measure is absolutely continuous with respect to p.

The homogenization theorem for functionals in (7) takes the following form.

Theorem 3.5 Let pu be a p-homogenizable measure, and for every bounded open
subset Q of R"™ let F.(-,Q) be defined on LP(Q; R™) by (7). Then the I'-limit

Fhom (u,2) = D(LP)- lim F. (u, ) (10)

exists for all bounded open subsets 0 with Lipschitz boundary and for all u €
WLP(Q; R™), and it can be represented as

Foom (1, 9) = /Q Fuom(Du) dz, (11)

where the homogenized integrand satisfies the asymptotic formula

. . 1 dDu
from(4) = I wt{ /[M)n Gl (12)
u € W;lffljoc(RnQ R™), u— Az k—periodic} .

If p>1 then Fyom(u,Q) = +oo if u € LP(Q; R™) \ WHP(Q; R™). Furthermore, if
f is convex then the cell-problem formula holds

dDu

From(A) = inf{/[o . f(z, W)d,u: (13)

we Wh? (R";R™), u— Ax 1-periodic}

w,loc

for all A e ™™,

Remark 3.6 In formulas (12) and (13) we cannot replace the sets [0,k)" and
[0,1)™ by the sets (0,%k)™ and (0, 1)", respectively, if y charges [0,1)™ (0,1)".



Remark 3.7 If p is not a p-homogenizable measure then in general fi,om may be
equal to +oo for all non-zero matrices A. As an example, take

w(B)= Y A +B), (14)

i€L™

where A is any probability measure with spt A contained in (0,1)™. Then test-
functions u in (12) must be constant on a periodic connected component of R™,
and hence we get that fhom(A4) = +oo if A # 0.

Remark 3.8 Contrary to the usual homogenization results in the framework of
ordinary Sobolev spaces, the hypothesis that  has a Lipschitz boundary (which
will be used in an essential way in Step 3 of Proposition 4.3) cannot be removed
from Theorem 3.5. To check this, take simply n = 2 and

o0 oo

0= (U@ —27"q+277) x 0,0) u (JO,1) x (@ - 27, i +2779)),

i=1 =1

where (¢;) is a numbering of QN (0, 1). Take as p the measure of Example 3.1(a)
and any f in Theorem 3.5. Note that, as QN %Ql is connected for all subcubes
7Q; of (0,1)2, each function u € WP (2n(0,1)* R™) is constant on each such
QN £Q;. Hence, the two spaces WP, (@N(0,1)*R™) and WP ((0,1)* R™) are
equivalent, and, as +£ N (0,1)2 C 2N (0,1),

Fl/k(ua an (07 1)2) = Fl/k: (U, (07 1)2)
If the thesis of Theorem 3.5 were true, we would then have
Fhom('; an (07 1)2) = Fhom('; (07 1)2)7

which is not possible since |2 N (0,1)?| # |(0,1)?|.

4 Proof of the homogenization theorem

The proof of Theorem 3.5 will be obtained at the end of the section, as a conse-
quence of the following propositions, which adapt to this case the usual methods
for the homogenization by I'-convergence. While the usual compactness and inte-
gral representation results in Dal Maso [9] hold with minor modification also in
this case, a more complex proof for the so-called fundamental estimate, for the
growth condition from above and for the homogenization formula is necessary.

From now on, 2 will be a fixed bounded open subset of R™ with Lipschitz
boundary.

Proposition 4.1 (Fundamental Estimate) For every o > 0 there ezists €,
and M > 0 such that for all U,U',V open subsets of Q with U' CcC U, for all



€ < ggdist (U',V\U) and for all u € WyP(Q;R™), v € W P(R™) there exists
a cut-off function between U' and U, ¢ € W}L’EOO(U UV), such that

Fe(pu+ (1=, U'UV) < (1+40)(F:(u,U)+ Fe(v,V)) (15)

M / » ,
- u—v|Pde +op:(UNV)\U").
dist (U, V \ U))p (UNV\U' | | \

T

ProoF. Let K > 0 and 6 > 0 be the constants given by Definition 3.2(ii), let
N € N be such that Nde < dist (U',V \U), and let U, = {x € U : Ndist (z,U’) <
kdist (U, V\U)}, Uy = U'. For each k = 1,...,N let ¢, be a cut-off function
between Uy_;1 and Uy, satisfying (9), which exists since dist (Ug—1,0Uy) > de. We
have, using Remark 2.2(b), (6) and (9)

FE(¢ku + (1 — ¢k)U,UI U V)

z -~ dDu ~ dDv . .. dDé¢y
= — L 1_ _ d ]
/U'va(67¢k dpie *( o) dpse Ta-0)e dpse Jdu
z dDu + dDv
< —— T T 2 au.
< /Uf(s’dus) I +/Vf(6 dus) "
dDu P dDuv |p
+4P3 1 dp.
(Uk\Uk,l)nv( dpie dpe )
D
+4743 ﬂ—ﬁ)@d b, pd,us
(Ux\Ug—1)NV d'u/g
S FE(U;U)+FE(U7V)
dDup |dDuv P
+4°3 1 dpi.
(Uk\Uk_l)mv( dpe dpe )
P
+4P3— KN p/ lu — v|P dz
(dist (U, VA D))" Jwa\v v

where K is the constant appearing in (9).
Choose k such that

dDu

1+
(Ue\Ur_1)NV dyte
KNP

p dDv
dpie

p
)dpe

+— / u — v|P dx
(dist (U, V\U))" (Uk\kal)nv| |
1 / dDu |p dDv P
N( (UnV)\U'( dpe dpe )

P
- KN p / |u—v|pdm).
dist (U, V\U))" Jwnvnu

i
Then, taking into account also (6),

Fg(qﬁku + (1 — (]5]0’[1, U'u V)



< F.(u,U)+ F:(v,V)
4r 3 / x dDu x dDv
+ f PR d:u’!:‘ +/ f ] d/-‘!:‘
Na( (UNV)\U' (5 dﬂs) (UNV)\U' (6 dug) )
KNp-1 473
+4P 53— / u—vPde + —p.((UNV)\U'
(dlSt (U’,V\U))p (UﬁV)\U’| | N (( )\ )
4P 3
< (1+ N—a) (Fo(w,U) + Fo(0,1))

KNP 43
+4P / u—vPde + —=u. (UNVI\U").
BT T foye 1~ 18+ S0 0D

We can choose ¢, satisfying

43 1
P 1=
omin{l, a} * deo’

so that we can find N, depending only on ¢ and on the constants of the problem,

in such a way that (15) holds, with M = 4?PK3NP~L, O

Proposition 4.2 For every A € IM™*" there exrists z4 € beOC(R”;Rm) such
that zo — Az is 1-periodic and satisfies

oo

Proor. Define z4 = 377", 377 | Ajjzje;, where 2; are as in Definition 3.2(iii).
Inequality (16) is trivial. U

dDzx
dp

‘pdu < AP (16)

We fix an infinitesimal sequence (¢;). We define

! _ p 1 .
F (U, U) - F(L ) ljlgl_ﬁgFEJ (U, U)

F"(u,U) = [(LP)-limsup F;, (u,U)

j—+oo

for all u € LP(2; R™) and for all open subsets U of ().

Proposition 4.3 (Growth Condition) We have

F(u,U) < c/ (1+ | Dul?)dz
U

for all w € WHP(Q; R™) and for all open subsets U of Q with |0U| = 0.

PROOF. Step 1: we have F"(Az,U) < c|U|(1 + |AJP) for all A€ M™*" and
for all U € A(Q).

10



Let z4 be given by Proposition 4.2. We may assume that z; — z; has mean
value 0 in the periodicity cell, so that the functions 25 (z) = eza(x/e) converge in
Ly .(R™;R™) to Az, and

F'"(Az,U) < limsup/f x dDZA Ydpe
e—0+ 5 d;u/s
dD —
< ,Blimsup/ 1+‘ Al Ydpe < c|U|(1+ |A]P).
U

e—0+

Step 2: we have F"'(u,U) < ¢ [,(1+|Du|P)dz for all piecewise affine function
u € WHP(Q; R™) and for all open subsets U C Q with |0U| = 0.

We write u = Zf;l Xu;ui, where Uy, ..., Un are disjoint open subsets of U
such that |[U\U, Us| = U;| = |U;|, and u;(z) = A;z+c; for some A; € IM™*™
and ¢; € R™. For each i we set u$(x) = 2%, (x) + ¢;, as from Step 1.

We will prove Step 2 by finite induction. First, we give an estimate on Uy UUs.
For all ¢ sufficiently small, we can apply Proposition 4.1 with U’ = Us,

U=U)={zeU: dist(z,Us) < n},

V = U, where n = n. > 0 will be determined later, 0 =1, v = u§ and v = uj.
We obtain then a cut-off function ¢ = ¢. between Us and U] such that
Fo(peui + (1= ¢ )ui, Ur UUz) < 2(FL(uf, Ur) + Fe(u3, Uzn))

M

P2 g de 4 U0 TY).
n? Juinup

The constant M is the one given by Proposition 4.1 with ¢ = 1. We can choose
now 71 = 1., tending to 0 as € = 0, in such a way that

lim—p/ |lus —uilPdz =0,
e—0 1)z UlﬁUgE

taking into account that

lim lus —ui|Pde = / luy — uy|P dw < c|| Dul|ZnP+!
e—0 U ﬁUg U1ﬁUn

since u; are affine and us = u; on OU; NAU,. If we define w§ = ¢ us + (1 — ¢ )us,
we have wj — u in L?(U; U Uy; R™) and

e—0

limsup F. (wi, Uy UU;) < c/ (14 |Du|?) dx
U, UU>

as in the proof of Step 1.

11



We can proceed now by induction, repeating at each step the previous argu-
ment replacing Uy by Uy U...UUj, Us by Ujt1, uf by the w§ constructed in the
preceding step, and u3 by .

Step 3: conclusion.
To conclude the proof it suffices to recall that F''(-,U) is weakly lower semi-
continuous and piecewise affine functions are dense in W?(Q; R™). O

Proposition 4.4 There exists a subsequence of (¢;) (not relabeled) such that for
all open subsets U of Q) there exists the I'-limit

- lim F.;(u,U)=F(u,U),

j——+oo

and there exists a function ¢ : M™*" — R such that
F(u,U) :/ p(Du)dz
U

for allu € WHP(Q; R™) and U C Q with |0U| = 0.

PROOF. The proof of this proposition can be obtained using the methods
of I'-convergence, for which we refer to the book by Dal Maso [9], outlining the
necessary modifications.

Using the compactness of I'-convergence (see Theorem 8.5 in [9]) and a diag-
onal procedure, we extract a subsequence (not relabeled) such that the I'-limit

[(LP)- lim F. (u,U) = F(u,U)
Jj—+o0
exists for all w € LP(Q;R™) and for all sets U in the countable family R of all

finite unions of open rectangles of 2 with rational vertices.
Now, observe that for all open subsets U C Q with |0U| = 0 we have

F"(u,U) = sup{F"(u,V): V CCU, Vopen},

F'(u,U) = sup{F'(u,V): V CcC U, Vopen}.

This can be shown modifying the proof of [9] Proposition 18.6 for functionals that
satisfy the conclusions of Proposition 4.1 and Proposition 4.3.

Next, we note that the I-limit F'(u,U) = I'-lim;_, 4 o F; (u,U) exists for all
U € A(Q) with |0U| = 0, and for all u € WH?(; R™) the function F(u,) is the
restriction to the family these open sets of a Borel measure on 2. This result can
be obtained by [9] Proposition 16.4 and by the De Giorgi-Letta measure criterion
([9] Theorem 14.23), noting that the proof of [9] Proposition 18.3 can be repeated
using Proposition 4.1.

12



Eventually, the existence of ¢ : M™*"™ — R such that
F(u,U) = / p(Du)dx
U

for all u € WHP(Q;R™) and for all U € A(Q) with |0U| = 0 follows from the
integral representation Theorem 4.3.2 in [7], observing that translation invariance
in & can be obtained, e.g., as in [9] Theorem 24.1 (see also [14] Lemma 4.2). [J

Proposition 4.5 (Homogenization Formula) For all A € IM™*" there exists
the limit in (12) and we have p(A) = fhom(A4).

ProOF. In order to simplify the proof of formula (12), we can suppose that
w([0,1)™\ (0,1)") = 0, which holds up to a translation. For all A € IM™*" and
k € N we define

. 1 dDu . 1,p n.pm _ . .
gr(A) = 1nf{ o /(O,k)" f(z, an Jdp:u e W, T (R R™), u— Az k-perlodlc}.

Fixed A € M™*" let u € Wbp (R™; R™) with u — Az k-periodic and with mean

,Jloc
value 0 on (0, k)". Define the sequence u;(z) = ¢; u(z/e;), and note that u; — Az

in L? (R™;R™). We have then

loc
1 dDu
A) = F(Az, (0,1)") < liminf F., (uj, (0,1)") = — 4Duy
P(4) = F(Aa, (0,1)") < liminf P, (u;, (0,1)") = 107k)nf<x )
Hence, p(A4) < gi(4), so that
p(A) < liminf gg (A4). (17)

k—+o0

Conversely, let w; — Az be such that

¢(A) = F(Az,(0,1)") = lim F_,(w;,(0,1)").

j—+oo
Let 0 > 0. Let T; = 1/¢; and let uj(z) = Tjw;(z/T;). We use the notation
Kj = [Tj] + 1.
If j is large enough and N > 4, we can use Proposition 4.1 with € = 1,
U=(0,Tj)" V= (0,K;)"\ (213 /N, T; — 2(T;/N))", U" = (T;/N,T; — (T;/N))",
u = uj, and v = z4. We get then

Fi(¢u+ (1= ¢)v,(0,K;)") (18)
Fi(¢u+ (1— ), U UV)
1+ 0)(Fi(u,U)+ Fi(v,V))

+MNPT;P/ lu — vfPde + op((U NV \ ).
(UNV\U?

IN
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Since ¢u + (1 — ¢)v — Az is K-periodic, we obtain

K;‘ngj (A)
< (L+0)(Fi(uy, (0,T5)") + Fi(24,V))
+MNij_p/ |uj — zalPdz + op((UNV)\U")
(0,75)"\(T; /N, T; —(T; /N))™
Kn
< (L4 o)(T)F, (wy, (0,1)") + 071(1 + |A[P)

+MNPT]?1/( ) |wj — zj|Pdx + ocK}',
0,1)

where z;(z) = ijle(Tj:c). Note that z; — Az in LP((0,1)"; R™); hence

lim |lw; — zj|Pdz = 0.
Izree o

Dividing the estimate above by K}', and letting first j — +oco and then ¢ — 0
and N — +o00, we get
limsup gx, (A) < (A4). (19)

j—+oo

By (17) and (19) we obtain then

p(4) =liminf g, (4) = lim _gic,(A).
The first equality shows that ¢ is independent of the sequence (¢;). Repeating the
reasoning then with a sequence (¢;) such that

lim gg;(A) = limsup gx(A)

Jj—=+oo k—+o0
the proof is complete. |

PROOF OF THEOREM 3.5. The previous propositions show that the limit in
(10) exists and (11) holds with fhom given by (12). Formula (13) in the convex
case follows as in [15].

It remains to check that Fyom(u, Q) = 400 if u € LP(Q; R™) \ WHP(Q; R™)
when p > 1. Clearly, it suffices to prove this for f(A) = |AJP. In this case, Fiom is
convex, hence it is determined by its behaviour on W1?(Q; R™) (see [9] Chapter
23). It will be enough then to prove that fhom(A4) > c¢|AJP. Since fhom is positively
homogeneous of degree p, it is sufficient to check that fhom(A4) # 0if A # 0. To
this aim, let u. — Az be such that F_(u., (0,1)") = fhom(4). If fhom(A) =0 then
by Definition 3.2(i) and a scaling argument we obtain that u1 tends to a constant,
and a contradiction. O
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5 Limits of a class of difference schemes

In this section we show how some energies depending on finite differences can be
seen as a particular case of functionals defined on Sobolev spaces with respect to
the measures introduced in Example 3.1(a). For the sake of illustration we deal
only with the case of integrands independent of z. We remark that in the case of
quadratic functionals (i.e., 1x(§) = cx€? below), our result can be framed in the
theory of difference operators elaborated by Kozlov [13], where a compactness and
representation theorem is given for a general class of operators.
Let 2 C R™ be an open set with Lipschitz boundary, and let

L ={i €Z" : i+ [0,e]" C Q}.
Let #;....10, be convex functions such that
€17 < Pe(8) < (L +[€7)
forall £ € M™*™ and k =1,...,n. We define A, the set of functions
u:(Z"ﬁ%Q)%Rm
and for all u € A,

ZZEWJ/@( H'@k) (Z)>'

k=11i€el.

If u € A. then we can associate to u the piecewise constant function v, : § — R™
defined by

u(i) x€ei+[0,e)" ei€ QNeZ™
vy () =

0 otherwise

Definition 5.1 Let u; € A.,. We say that u; converges to u € LP(2) if and only
if vu; converges to u in LP(Q2).

Theorem 5.2 The functionals ¥, T'-converge as € — 0 to

$(u) = Z/W Yz ue Whe(Q; R™)

+00 u € LP(Q;R™) \ WHP(Q; R™)
with respect to the convergence in LP(Q) as in Definition 5.1.

PROOF. Let f: M™*™ — [0, 400) be defined by
=Y vn(sh)
k=1 "

15



where &, = £ey. If we consider p as in Example 3.1(a), since f is convex, by formula
(13) it follows that

From(€) = =7 (n€) = > (&)
k=1

In fact,the computation of (13) is trivial, since u(z) = Y_,_, &[@k] is the unique

function u € W,ljlfoc(Rn; R™), up to translations, such that v — x is 1-periodic.

By formula (11)

/ Zw dm uw e WHP(Q; R™)

+oo w € LP(Q; R™) \ WhP(; R™)

Fhom(ua Q) =

and Fhom(u, Q) = U(u).
For all U CC § open set with OU| =0 and € > 0, let

dDu
(d . )dlu’57

Fe(u,U) =

and let u; € A.; converge to u € LP(£2). Then

liminf ¥ (u;) = hmmf(—: ZZ¢ (u,] l-}-ek) J(Z)>

j——+00
J k=1 zEI

dDuvy,
ljmianzi]/ (= L &Dvy, )dH™ !

j—+oo n dusj

= liminf / f( qu

j—rtoo d/'l’E]
= liminf F; (vy;,U)
J—+oo

v

vV

From (u, U)
by formula (10) and the definition of I'-convergence, so that

liminf ¥ (u;) > sup Fhom(u,U) = ¥(u).
J—rtoo vccQ

By the arbitrariness of u;

[(LP)-liminf ¥, (u) > ¥(u).
e—0

Conversely, suppose that v; € W}Lf (©; R™) converges to u in LP(Q) and define
2

u;j (i) = lim sup][ vj(z —eji) da (20)
B(0,0)N[0,¢5)

p—0t
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for all i € Z™" N %Q Note that if 7 € I. or i — ey € I. for some k then the average
in (20) is constant for p small enough.
By definition, u; converges to u € L?(2) and
limsup ¥, (u;) < limsup F;; (vj, Q);

j—+oo j—+oo
there follows that

I'(LP)-lim sup ¥, (u) < I'(LP)-lim sup F; (u, Q) = ¥(u),
e—0 e—0
so that
D(LP)- lim ¥, (u) = ¥(u),

e—0

and the proof is concluded. O

6 Appendix: Sobolev inequalities in W};p.

In this appendix we include some results about Sobolev inequalities in the spaces
W}/p . In particular, we will prove that the measures in Example 3.1 satisfy the
Poincaré inequality in Definition 3.2(i).

Proposition 6.1 Let u be a measure as in Ezample 3.1(b). Then for all 1 <
g <nnp-2p+1)/(n—p)n—-1) (for any g > 1 ifp > n orn = 1) and for
all k € N there exists a constant C(k) such that for all u € WLP((0,k)") with
f(OJc)" udz = 0 we have

/
(/(071@)" |u|<1dac)1 q < C(k) (/(071@)"

Moreover, if ¢ = p then we can take C(k) = ck with ¢ a fized constant.

dDu

P 1/p
—_— . 21
i ) (21)

PROOF. If n = 1 then (21) follows from the Sobolev inequality for BV func-
tions (see Remark 6.4). We will deal only with the case p < n and ¢ > p, which
again is not a restriction. The other cases can be derived from this by applying
Holder’s inequality.

We set U = (0,k)". We start by considering an inequality involving the
median of a function rather than the mean. We recall that the set of the medians
of u (in U), med(u), is the set of real numbers ¢ such that

1 1
Unfu>Bl<5Ul,  and  UN{u<#| <UL

Let u € W, P(U). By the Poincaré inequality for BV functions, there exists a
constant ¢ = ¢(U) such that for u € BV (U) and t € med(u)

[ < ¢|Du|(U) (22)

1(U)
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(see [17] Theorem 5.12.10). By a scaling argument it can be easyly checked that ¢
may be chosen independent of k. From now on, we denote ¢ any constant which

satisfies this property.
Let v = ulu|""! with r > 1, if 0 € med(u) then 0 € med(v); hence by (22)

ol a7 ) < DI,

We then get, by Hélder’s and Minkowski’s inequalities,

(n-1)/n
</ |u|m/"1dm> < c(r—l)/ Ju|" | Vu|d
U U
+c/ = a |t T
UNE

, 1/p
|IVull, ( [ <”>dx)
U
1/p
+c </ lut — u_|pd7-["_1>
UNE

, 1/p' ) 1/p'
« (/ lut P (r—l)dan—1> + </ lu=|P (r—l)dan—1> )
UNnE UNnE

Let ¢ =rn/(n—1) and a = p'(r — 1); we then can rewrite the estimate above

r/q (r-1)/a
(/ |u|qdm> < ]| Vullp </ |u|°‘dm>
U U
1/p
+c </ lut — u_|pd7-{,"_1>
UNE

(r=1)/a (r=1)/a
X </ |u+|adan1> + (/ |u|adan1> .
UNE UNE

Interpreting u™* as traces of Sobolev functions defined on each cube of U \ E, we

1/a
( / |ui|ad'H"—1) < cllullwrors (23)
UNE

for p<a <p(n—1)/(n—p) (see [1] Theorem 7.58). Hence

IN

as

have

lully < cllVullpllulle™

1/p
te (/ Jut — u-|”dH"‘1> (lully™ + 11vull;™)
UNE

18



Note that a < ¢ < n(np —2p+ 1)/(n — 1)(n — p). By Holder’s inequality
lulln < [fulliHUITDE=D and s < UG,

If we denote ¢; = |U|(T*1)(é «) and ¢ = U= DG we get

ADu e, ) D)
;< clc/‘ u‘d s 1+c/‘ u

. dDu |p (r 1)/p
(c2||u|| (| ) (24)

dDuw P 1/P r1g dDu P ’“
< (e ree( | | ) i e ([ |G
By Young’s inequality

dDu /p _
(entene( [ |G )l
1 <<2( ))“ 1/’“ / dDu |p 1/p>r
— 01 -f—CZ ‘
r T

r/(r—1
e (g ()Y
T “ 2(r—1)
20 = 1)\ ((e1 + 2)e /‘dDu r EIIUIIT
T 2 ¢’

so that, by (24),
< dDu Pd L/p
lull < eae ([ [ an)

where ¢4 = 1+ ¢;1 + ¢2. In particular, we have that, for a general u and ¢ € med(u),

o=ty < cac( [ | 222" a)”". (25)

By Minkowski’s inequality and (25)

lully < llu—tllg + LU (26)

o

Suppose in addition that fU udzr = 0. We then can estimate

(n—1)/n
lt| = |][ udx — t| §][ |u — tldx < < lu — t|”/"1dx>
U U U
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< dDu|, UL dDup 1/p
= U= 1)/n ‘ ‘ = C|U|(n—1)/n ‘

— c|U|p n/np /‘dDu 1/p7
by (22) and Jensen’s and Holder’s inequalities. Finally, by (26),

D 1/
([ pra) ™" < e(ea i) ( ] |28 )™

U

To conclude the proof, fix a and r, and set
Ck) = c(c4 + |U|1/q+(p*n)/np) (27)
- c(l + g5 =3) 4 pnlr=D(5—=79) 4 pn/at(— n)/p) ]

To obtain the last statement of the proposition, take a = p, and let ¢ — p to
get C(k) =c(3+k) <ck. O

Remark 6.2 The last statement of the previous proposition proves the Poincaré
inequality in Definition 3.2(i) for the measures p in Example 3.1. In fact, the
Poincaré inequality for the measures in Example 3.1(a) is a particular case of that
for the measures in Example 3.1(b).

Remark 6.3 Proposition 6.1, and hence also p-homogenizability, can be proved
for measures of the more general form

1
HB) = BN o, 1))

(1Bl +H" (BN E)),

provided that E is a 1-periodic closed set of o-finite n — 1-dimensional Hausdorff
measure and that [0, 1]\ E has a finite number of connected component, each one
with a Lipschitz boundary. The proof follows the same line, remarking that the
particular form of E was used only in (23).

Remark 6.4 The validity of a Sobolev inequality for a general u depends on the
measure g itself and p. In particular it always holds if n = 1 for all p and ¢, or if
p<n/(n—1) with ¢ =n/(n — 1). In fact, in this case, by the Sobolev inequality
for BV -functionsand Holder’s inequality
dD
c|Du|(U) = ¢ / ‘ u

([ o)
’ < / ‘dDu 1/p

Conversely, if ¢ > p > n/(n — 1), take a 1-periodic function u € (BVe.(R™) N
LP((0,1)™) \ L((0,1)™)), and set u = |Dul. Clearly |dDu/du| = 1, so that u €
WL P(U) for all subsets U of R”, but for each U we have [, |u|?dz = 00 .

IN

H(U)(p—l)/p_
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