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1. INTRODUCTION

In the last decade, some advances have been made in a deeper under-
standing of the optical properties of photonic crytals. Such remarkable
structures prohibit the propagation of light, or allow it only in certain
directions at certain frequencies, or localize light in specified areas.
This sort of material which affords us complete control over light prop-
agation results when a small block of dielectric material is repeated in
space. These structures, whose optical properties depend on the geom-
etry of the crystal lattice, have been called Photonic Crystals [10-17].
PC are periodic devices which induces the so-called photonic band gaps
just as electronic band gaps exist in semiconductors: light propagation
is forbidden for certain frequencies in certain directions. This effect is
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well known and forms the basis of many devices, including Bragg mir-
ror, dielectric Fabry-Perot filters, and distributed feedback lasers. All
of these contain low-loss dielectrics that are periodic in one dimension,
and therefore they are called one-dimensional photonic crystals. How-
ever, while such mirrors are tremendously useful, their reflecting prop-
erties highly depend upon the frequency of the incident wave in regard
with its incidence. Actually, for some frequency range, one wishes to
reflect light of any polarization at any angle (complete photonic band
gap). This could be achieved with certain structures with periodicity
in the three dimensions. Such a three dimensional photonic crystal
has been engineered by Yablonovitch in 1987 [9]. The recent thrust in
this area is partly fueled by advances in theoretical techniques, based
on Fourier expansions in the vector electromagnetic Maxwell equations
[7, 8], which allow non prohibiting computational calculus. This plane
wave expansion method is by far the most popular theoretical tool em-
ployed for studying the photonic band gaps problem. In this paper, we
adopt another point of view, based on asymptotic analysis techniques
which have been used for a long time as applied to many problems of
mechanic or electrostatic types [1]. Following the works of G. Bouch-
itté, R. Petit and D. Felbacq [2, 4, 6], we adapt these classical methods
to electromagnetism for “three-dimensional finite periodic” structures.

At an atomic scale, matter behaves as if it were highly heteroge-
neous, but daily experiment shows it is rather homogeneous. Indeed,
microscopic inhomogeneities can be smooth at a macroscopic scale
(fluid aspect of fine sand...). At first sight, one can say that there
are two kinds of inhomogeneities: the first ones of a periodic type
(such as photonic crystals) and the others of a random type (such as
amorphous glass).

In this paper we will deal with photonic structures, but it seems
likely to adapt results to the stochastic case: roughly speaking, the
period is changed in the mean distance between the scatterers. The
incoming wave “averages” the microscopic asperities (microscopic in
regard with its wavelength) whenever they are randomly or periodically
arranged, provided that one makes the assumption that the obstacle
is densely filled up. Indeed the incident wave “sees” the average of the
asperities.

Hence, we consider a structure of constant permeability po (perme-
ability in vacuum) lit by a monochromatic wave, whose wavelength \ is
great in comparison with typical heterogeneity sizes. Consequently the
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wavelength is great compared to the period 7 of the medium.
Under such hypotheses, our goal is to replace the photonic crystal by
an equivalent homogeneous structure, that is with analogous electro-
magnetic properties.

Thanks to our formalism, we can treat three-dimensional
structures of arbitrary shape () with a piecewise continu-
ous complex valued permittivity. Such hypotheses cover the
physical domains of application. In this paper, we will pay special
attention to the case where the permittivity is a piecewise constant
function. Such a function describes inclusions in the scattering object
we are studying. These inclusions are usually called scatterers. It is
worth noting that a scatterer can possibly touch the sides of basic cells;
for instance, this allows us to study compact cubic structures
such as face-centered cubic and simple cubic ones (Fig. 1) or
the well-known “Yablonovite” [9-11]. Moreover, when the num-
ber of scatterers is great, and when they are very small with regard to
the wavelength, one can expect the structure to become homogeneous:
that is to say that the scattering object behaves as if it were made
of only one homogeneous material with a permittivity usually called
effective permittivity by physicists.

From a theoretical point of view, one can only hope to obtain rele-
vant results when the number of scatterers is infinite. Therefore, there
are two ways of tackling this problem: the old one used by most of
people, consists in assuming that the size of the scatterers is fixed,
while the obstacle filled up by these scatterers is increasing until it
covers the overall space IR?, and the wavelength goes to infinity. It
is a useful method in solid state physics, since it enables physicists to
use the powerful tools of Bloch Wave Decomposition. The main draw-
back of this method, when applied to electromagnetism, is that the
diffraction problem does not make sense anymore at the limit. In fact,
the incident field is then confined in the complementary of
the overall space, and it is of null pulsatance! On the contrary,
if one considers that the obstacle and the wavelength remain fixed,
while the size of scatterers goes to zero and their number to infinity,
the boundary of the obstacle has still an influence at the limit, and
one can still speak of incident wave. This process is much more com-
plicated to perform than the first one, but the results it provides are
closer to physical reality.



94 Guenneau and Zolla

Figure 1. Homogenization of a photonic crystal made of ellipsoidal
scatterers. The grid of dotted lines defines a virtual “scaffolding” €2, of
the whole obstacle €. For the sake of simplicity, we give an example
with 7 near from 1, i.e., with rather big scatterers and in a small
number (here 9). The reader has to imagine the same body ()
filled with a great number of scatterers (on the order of 1000) of small
size (n near from 0).

Homogenization techniques used in this paper, namely
homogenization of diffraction, allow us to study structures of prac-
tical interest, for large wavelengths compared to the size of the scat-
terers of the obstacle. We achieve proofs by using a multiple scale
method and, to be more precise, find what is generally called the effec-
tive permittivity of the homogeneous object. This one depends upon
a local problem arising in the crystal lattice unlike the one of solid
state physics which takes place in the first Brillouin zone. Contrary to
the effective permittivity given by the method of Bloch waves decom-
position, our permittivity also depends upon a global problem which
takes into account the boundary conditions. This work is actually an
extension of the ones performed in the 2D scalar cases (TE and TM)
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by D. Felbacq and G. Bouchitté [6], who were among the pioneers in
the homogenization of diffraction.

2. SET UP OF THE PROBLEM
From now omn, assuming a time dependence in e~ we will deal with
time harmonic Maxwell equations.

For this study, we have to consider objects of opposite natures: the
first ones are purely geometrical and the others merely physical.

The first approach is a geometrical description of the obstacle, which
lies in a fixed domain {2y not necessarily simply connex. Furthermore,
although our study only deals with the bounded case, it remains rele-
vant for Q infinite in one (Fig. 2) or two directions (Fig. 3). In such
cases, one just has to adapt the study with “ad hoc” outgoing wave
conditions (as for gratings, the reader may refer to [22]).

The second approach (a physical one) describes the optical charac-
teristics of the material lightened by the electromagnetic wave.

Let us begin by the geometrical description of the objects involved
in our study.

Let (O,x1,x9,23) be a Cartesian coordinates system of axes of
origin O, i = (iy,iz,i3) a multi-integer of Z> and 71 a small positive
real. Let Y =]0;1[%> be a basic cell, and 7; Y be the translation of Y
by the vector i:

TZ(Y> :]il,il + 1[X]i2,i2 + I[X]ig,ig + 1[: Y +1

Let us design by 7 (7;Y) the homothety on ;Y of ratio n: thus we
form a box of size n and from center ni (Fig. 4).

Under such considerations, one can now define a “scaffolding” €2,
of Qy in the following manner: €2, is defined as the greatest (in set
acceptation) union of boxes of size n which is entirely enclosed in
1y and whose fineness is controlled by 7. More precisely, the finer
the scaffolding (the smaller the 7)), the better the imitation (Fig. 5).
Obviously, as we wish to “build up” €y, the number N, of cells
depends upon 7, since it corresponds the following equivalence:

meas(§d,;) _ meas(Qy)
/A

Ny =

where meas(€,) and meas(€y) respectively denotes the measure
(volume) of Q, and .
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Figure 2. Band of finite parallel rods seen as a three-dimensional
photonic crystal infinite in one direction.
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Figure 3. Bi-grating seen as a three-dimensional photonic crystal
bounded in the z3 axis.
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Figure 4. The elementary cell of the photonic crystal is the homothety
on a unit cell of ratio 7.
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Figure 5. The process of homogenization consists in a periodic ar-
rangement of rescaled unit cells, forming a succession of “scaffoldings”
(1, entirely enclosed in the diffracting object €.

We can now start the description of the physical problem we are
interested in.

Let us define what we will call up to the end a Scattering-Box
(SB): we note B an obstacle merely defined by its relative permit-

tivity eZ(x):

vx € IR3, €B(X) =1—xy +xy &(x),

r

with xy the characteristic function of Y (i.e., xy =1 when z €Y
and xy = 0 elsewhere) and where &,(x) is a given piecewise contin-
uous complex valued function, which denotes the relative permittivity
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in the overall physical space. By analogy with the geometrical study
developed above, we define 7;B, n (r;B) and B, . Thus, as n goes
to 0, we build up a sequence of three-dimensional bounded structures
B, made of a periodic arrangement of an increasing number N, of
identical SB of decreasing size, whose global shape €2, tends to €.

For each obstacle B, , we can define a total field F, = (Egl7 H,‘vi),
corresponding to the field generated by the N, SB when they are illu-
minated by a given incident monochromatic wave of wavelength A. As
explained above, our purpose is to make clear the behavior of F;, when
1 goes to zero. In other words, we try to understand the electromag-
netic behavior of our set of SB when their size tends to zero and their
number to infinity. It is obvious that for all x in 2, el (x) =P (%)
where €2 is a Y-periodic complex valued function in Q 7 such that
0 < arg(we) < m et Re (iwe) < 0. Hence, unlike most of the
articles dealing with solid state physics, we do not assume
periodicity of ¢Z in the overall space IR3.

Moreover, let us note the relative permittivity at every point x € IR?
by e,(x) = &(x, %) , with

1 , ifx € Q)

E(x,y) = { B

e'(y) , ifxeQ,

where ()7 denotes the complementary of the obstacle in the overall
space IR? ie., IR3\ Q.

This is the crucial point of our discussion: unlike 7, this
function can be seen as a Y-periodic function of the y vari-
able (which continuously depends on its variable x). Therefore,
we can introduce (Eg7 Hg) the diffracted field (which only makes sense
outside the structure) deduced from the incident field (E¢, H?) light-
ening the structure by (Eg,Hf]) = (E,,H,) — (E', H). It is worth
noting that we can rigorously define the diffracted field, as the struc-
ture does not cover the overall space, which emphasizes the importance
of its boundary. Thus by defining the complex wave number ky as
ko = w(souo)% , we obtain the following problem of electromagnetic
scattering:
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(1) curl Ey, 4 iwpoH, =0
(2) curl H,, — iwepe, By =0
1 1
= M1) HY = —— ). Ed= —
Po = (SMLH, O(\x!)’ n O<\xr?
SM?2) koEd X AHY) =0 —
( ”"W‘(w ) 0(|xr>

where (SM1), (SM2) denote the outgoing wave conditions of Silver-
Miiller type, which play a fundamental role by insuring existence and
uniqueness of the solution of P, (see for example Cessenat [25]).

Of course, equations (1) and (2) of the above system make sense
when assuming that E, and H, and all their derivatives are taken in
the sense of distributions in the overall space IR®. As concerning the
radiation conditions, they are relevant in C*°(IR*\Q,,). That is to say
that E, and H, are continuous and all their derivatives outside the
obstacle (it is a consequence of the Helmholtz equation arising outside
the obstacle, which induces analicity of the diffracted electromagnetic
field). From now on, we will always assume these hypotheses.

If we take the curl of the former equations we then have two similar
problems:

((1%) curl cwl B, — k2, E, = 0
(PE) (SM1F)El =0 (ﬁ
(SM2E) % Acurl ES +ikES = o <%>
(1) curl (e, *curl Hy) — k§H,, = 0
(P11 (SM1#)H! =0 (ﬁ
(SM2H) % Acurl HY + ikHE = o <|%>

At this point, let us note that it appears much more difficult to per-
form the study of the problem 737;3 than the one of the problem

7771;[ : the divergence of H, is null, contrary to divE, = O(%) In-
deed, div (e,E;) = €,divE, + ve, - E, which implies that divE, =

Vye(@y),—1
—% , by using the third Maxwell equation. The behavior of

the gradgent of E, being related to the ones of the divergence and the
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curl of E, , it implies strong oscillations for the gradient of the electric
field E,, .

Hence, in the rest of the study we will exclusively deal with 73,1;[ .
Taking into account that E, = ﬁcuﬂ H, (from equation (2)), we
will come back to the couple (E,,H,), solution of the initial problem
P, by taking the curl of H,,, solution of the problem 7775[ .

To conclude this introduction, let us recall that in this paper, we will
only pass to the limit on the problem (737? ), for the reason explained
above. Furthermore, we will say in what sense does the field H; tend
to a field Hp,, generally called homogenized field, solution of the so
called homogenized diffraction problem (P}Z)m) , whose resolution leads
with an annex problem of electrostatic type which will be explained
further.

Finally, we let the conductivity tend to infinity in the homogenized
problem.

3. ASYMPTOTIC ANALYSIS

The main idea of homogenization of diffraction is to select two scales
in the study: a microscopic one (the size of the basic cell) and a meso-
scopic one (the size of the whole obstacle of shape ¢ ). From a phys-
ical point of view, one can say that the modulus of the incident field is
forced to oscillate like the permittivity in the lightened periodic struc-
ture. In fact, the smaller the size 1 of the SB, the faster the modulus
of the field F;, oscillates. Hence, we suppose that H, , solution of the
problem 777? has a two-scale expansion of the form:

Vx €€y, Hy(x) =Hp (X»%> +nH, <X> %) +n°Hy <X, %) +...

where H; : 0y x YV — €3 is a smooth function of 6 variables, inde-
pendent of 7, such that Vx € Q, H;(x,-) is Y-periodic.

Our goal is to characterize the electromagnetic field when n tends
to 0. If the coefficients H; do not increase “too much” when 7 tends
to 0, the limit of H,, will be Hp, the rougher approximation of H,, .
Hence, we make the assumption that for all x € IR?, H;(x, %) = 0(%) ,
so that the expansion (also denoted by the german word “ansatz”) still
makes sense in neighbourhood of 0. If the above expansion is relevant,

we can state the following fundamental result:
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Fundamental theorem 1 When n tends to zero, H,, solution of the
problem (7771;1) , converges (for the norm of energy on every compact
subset of IR3) to the unique solution Hyoy, of the following problem

(Prom) -

curl (sfolm(x)curl Hjom (x)) — k§Hpom(x) =0

(P, = { W) =0 <ﬁ)

X
T— Acurl H(fiLom( ) + ZkI—Ihom( ) =0

| x|

1
| x|

With

ehom(x) = E(x,y)I — v, Vy(¥))), ,inSy
5hom(x) 1 , N Q?

Where < f >y and &(x,y) respectively denote the average of f in
Y (ie., [y f(z,y)dy) and

_ 1 ,ifer?
S y) = eBly) ,ifxeQy

Besides, Vy = (V1,V2,V3), where V;, j € {1,2,3} is the unique
solution in Hﬁl(Y)/lR (that is to say that V; are defined up to an
additive constant in the Hilbert space of Y -periodic functions Hﬁ1 (Y))
of one of the three following problems (IC;) of electrostatic type:

(K)) : =divy [/ (y) (v, (Vi(y) —9;))] =0, j€{1,2,3}

Roughly speaking, as 7 tends to zero, we can replace the isotropic
heterogeneous diffracting obstacle of shape €, , by an anisotropic ho-
mogeneous obstacle of shape €y . In other terms, the effective permit-
tivity is given by what follows.
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Developed form for the matrix of effective permittivity

The relative permittivity matriz of the homogenized problem is equal

to:
(e(W)y 0 0 Y11 P12 P13
€hom = 0 <€(y)>Y 0 - Y21 P22 P23
0 0 (e (y)>Y Y31 P32 P33

where p;; represent corrective terms defined by:

av; av;
Vi, 7 €{1,2,3}, ;s =(¢ ‘7> :<5 Z> =—{exy Vi -vV;
jet2h ey =(52) =(50) ——EvVi-y

the brackets denoting averaging over Y , and V; being the unique so-
lutions in Hﬁl(Y)/lR of the three partial differential equations K; .
Hence, thanks to the symmetry of the right matriz above (@i = @ji ),
the homogenized permittivity is given by the knowledge of sixz terms
@ij , depending upon the resolution of three annex problems K; .

Proof of the corollary

As for the homogenized permittivity, 7, Vy denoting the Jacobian
matrix g—‘y/j of Vy, epom clearly derives from the equation of the
theorem.

Multiplying divy, (e 7y (Vi —yi)) by Vj, j € {1,2,3}, and integrat-
ing by parts over the basic cell Y leads to: (e(y) (Vy(Vi — %)) - Vi)y =
0. Therefore, we get the equality:

s (<25
N Oy; [y

=—({vVi-VVj)y

=(¢c , ¢ and j playing a symmetrical role
83/1’ Y

Hence, we derive that ¢;; = ¢j; .

4. PRACTICAL APPLICATION

In most applications, one has just to consider a two valued piecewise
constant permittivity in the unit cell Y and more precisely, the relative
permittivity yields €, in what we will call, from now on, the scatterer
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4

Figure 6. The elementary cell of the three-dimensional photonic crys-
tal’s lattice results of a homothety of ratio n over a unit cell.

S and 1 elsewhere. It is the case, for instance, of the structures studied
by E. Yablonovitch [9]. Consequently, the problem we are dealing
with is only defined by a complex number e,.,; and the shape of the
scatterers Qg = Supp{e, —1} (in other words, the scatterers lie in the
volume area, support of the above function). It is worth noting that
one can give many shapes to S, except the ones with very irregular
boundaries: this covers most of the structures encountered in physics
(cubic compact structures, Yablonovite...). Before going further, it is
worth noting that the limit behavior of the complex permittivity e, of
the set €2, is crucially related to the limit filling ratio of the elementary
cells:
0 — lim meas(fg(n)ﬂs)
n—0 n

where meas(f(n)2s) denotes the volume occupied by the homothety
on Qg of ratio f(n) ie., f(n)Qs in Y, (Fig. 6). Indeed, when @
equals zero the scatterers “disappear” when 7 tends to 0, and the
effective medium is completely transparent (e.g., f(n) =n?).

On the contrary, the structure becomes homogeneous (but not in-
visible) at the limit when 6 # 0 i.e., when f(n) = n (if the reader
wants to convince himself from this remark, he just has to make an
expansion (ansatz) with functions H;(z, %), a>1).

This remark seems trivial at first glance, but one has to be careful
with the behavior of the structure in the case where it is filled up
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nyY
Y
Figure 7. The imitation of the photonic crystal results when a small

scatterer nS is periodically distributed in the whole diffracting object
Q.

by infinite conducting scatterers. Indeed, having regard to the results
obtained by D. Felbacq and G. Bouchitté, in [6], in the two-dimensional
case, we can see that, even if 6 equals zero, (the scatterers therefore
vanish at the limit), their influence is still sensible on the effective
medium.

In daily experiments, scatterers are made of one isotropic material
characterized by a permittivity €scqr (Fig. 7). Then, for every point
x € IR?, the permittivity is defined by:

En(X) = €scat, if x€NQg, &p(x) =1 if x € NQg
where €44t is a bounded function, supposed to be Y -periodic with:

Re (escat(y)) >0, Im (gscat(y)) >0

Dielectric case

As n tends to zero, the collection of scatterers may be replaced
by an anisotropic homogeneous obstacle of shape €1y. The relative
permittivity is then given by the following lemma:

Lemma 1 The resolution of the three annex problems IC; introduced in
the fundamental theorem 1 amounts to look for functions V; solutions
of the following system (Fig. 8), where derivatives are taken in the
usual sense:
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AV,=0 inQq
Y

Figure 8. Description of the annex problem in the dielectric case. The
scatterer can possibly touch the boundary of the elementary cell, which
allows us studying dielectric structures made for example of parallel
rods (Fig. 2).

AV =0, in Y\ Qs
aV;
€ o | g = —[E]aszs n;
[Vi]ms =0

with )
c— Escat 5 1M QS B
1 LinY\Qg

[floas denotes the jump of f across the boundary Qs , and n;,
i € {1,2,3}, denotes the projection on the axis e; of a normal of
0Qg .

Proof:

Let us denote by e;, i € {1,2,3} the three vectors of the orthonor-
mal base of IR®. As already seen, the problem verified by V; can be
written:

i divy (g(y) (Vy‘fz + 61)) =0,1¢ {17273}

This expression must be taken in the sense of distributions. Applying
the formula of derivatives in the sense of distributions and keeping in
mind that all functions of Hﬁl(Y) /IR are continuous leads to:

ev Vi=e{vVi}

Where the derivatives in the left member must be taken in distribution
sense and the ones in the right member in usual sense (brackets).



106 Guenneau and Zolla
Taking the divergence of this expression we get:
div(e 7 Vi +ce;) = e{ AV} + [elpq - €idons + [€ V Viln doas
N——
ov;
€

on
Equaling on the one hand the regular part and on the other hand the
singular part of the above distribution we obtain the expected result.

These results call for further comments detailed in the two following
remarks.

Remark about the physical sense of the annex problem

Coming back for a while to the general case, the annex problem
can be rewritten as divy(e(y) vy Vi) = —divy(e 7y ¥;) which can be
seen as an electrostatic problem with a volumic distribution of charges
pi = divy(e Vy ¥i) -

In a similar way, in the case were ¢ is a two valued piecewise con-
stant function (the case encountered in most manufactured optical de-
vices), we can write that:

divy(e(y) vy Vi) = —0idans

where o; is a surfacic distribution of charges defined by o; =[¢]n;dsqy -

Solving the annex problem for a two valued piecewise constant per-
mittivity, reduces then to look for potential induced by surfacic density
of charges on the edge of the scatterer. This result is not surprising, un-
like the following remark which plays a fundamental role in numerical
implementations.

Remark about the numerical calculus of the permittivity

In the fundamental theorem we have seen that the relative permit-
tivity matrix of the homogenized problem is deduced from 6 numbers

@i; defined as follows:
Vi
Pij = / ey dy ,
i= ] <Wg,

€ being a two-valued piecewise permittivity, we then deduce that:

ov; %
(pzzl/ dy_gsca/ { }d
! y—0s 0Yj ' as L0y
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It then follows that:
Pij = 1/ div(Vie;) dy — Escat/ div(Vie;) dy
Y—-Qsg Qs

= / div(Vie;) dy + (scat — 1)/ div(Vie;) dy
Y Qs
Applying the Green formula, due to the antiperiodicity of the outer
normal n to JY the integral over Y vanishes, and we obtain that:

©0ij = (Escat — 1) Vingds = [e]/ Vin; ds
s 0Ns

Let us remark that V; is well defined on 0f2g because it doesn’t suffer
a jump across the boundary of the scatterer. This last formula is
very important for numerical implementations: it is not necessary to
compute the gradient of V' (which gives rise to numerical inaccuracy)
to perform the calculus of the homogenized permittivity, which is far
beyond our first thoughts on the matter. We can then hope a faster
convergence as that was first expected.

The reader may be surprised of the last expression which seems to
give a permittivity depending upon the choice of the potential V' (V
is defined up to an additive constant). In fact thanks to the nullity of
J. 90, M ds, the permittivity is well defined.

As concerning the numerical implementations, a method of fictitious
sources is being adapted to the resolution of the annex problem on the
torus Ty [19]. Roughly speaking, Ty = Y/IR? is a unit cell whose
opposite sides are stuck together. This geometrical vision enables us
to take once more into account the boundedness of the whole obstacle.
Indeed, when speaking of a unit cell periodically arranged in space,
we come back to the paradox of Fourier expansion when applied to a
diffraction problem.

Infinite conducting case

Let us first notice that in this section, we do not pretend to achieve
the study of homogenization of photonic crystals with metallic inclu-
sions. Here, we just study a case consisting in letting the conductivity
tends to infinity in the homogenized problem. Therefore, we are not
face to problems of cohomology type when deriving the expression of
E¢ from curl, (Eg(x,y)) =0 (see next section).

That is to say that we cannot deal with problems involving surface
currents. Works are in progress in this much more complicated case
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1 ‘4— D,V -- n, onoQq

Y

Figure 9. Description of the annex problem in the metallic case. One
has to be carefull if the scatterer touch the boundary of the unit cell:
when some scatterers are stuck together to form a set of parallel rodes,
there are numerical inaccuracies.

by D. Felbacq and G. Bouchitté. Following the results obtained by
these authors in the two dimensional case, it can be seen that the limit
problem rely on the manner in which the scatterers vanish face to the
volume of the basic cells.

Lemma 2 If we assume that © # 0, we get the following expression
for the effective permittivity (note that the average is taken on the
complementary of the metallic scatterer):

Ehom =< (I - VCUVY >Y\QS

with

ov;
on

{Aw:o,mY\QS

=-—n; , on g

aV;
oy

Denoting by V;; the average < > s as for the dielectric case,
S

<8

we prove that:
vi,j € {1,2,3},
8Vj> <6V;>
! Ay Y\Qs dy; Y\Qs Y\

A heuristic method to get this system (Fig. 9) is to let the conductivity
tend to infinity in the annex problem of the dielectric case.
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One has to be careful in the sense given to this result: the natural
homogenization process would be to study the behavior of a sequence
of diffraction problems P, modelizing diffraction of obstacles with
metallic inclusions. Whereas in our method, we artificially let the
conductivity tend to infinity in the homogenized diffraction problem.
Hence, it is very likely that letting the conductivity tend to infinity and
then passing to the limit over 1 will lead to another problem at the
limit. Nevertheless, although different, our limit problem is interesting
by itself (it gives an idea on the behavior of metallic photonic crystals
at large wavelengths when the basic cell and its scatterer vanish in the
same way).

The case of spherical scatterers

In that case, for both dielectric and metallic scatterers, the homog-
enized medium is isotropic, and the tensor of the effective permittivity
reduces to a scalar which appears to be epom = <e(y) >y — @11,
in the dielectric case and ep4p, = (1 — ©) — ¥y; in the metallic case,
since @i = @;; (resp. ¥y = U,;) and ¢;; = 0 (resp. ¥;; = 0) for
i#74, 1,7 €{1,2,3}.

5. CONCLUSION

In this paper, we present an alternative to the use of the plane-wave-
expansion method as applied to the homogenization of three-
dimensional finite photonic crystals. The so called multiple scale ex-
pansion allows us to consider, unlike the Fourier expansion method,
taking into account the effects of the crystal’s boundary on the
diffracted field. Furthermore, we give explicitly the expression of the
effective permittivity which characterizes an anisotropic medium and
thus that may exhibit sizable birefringence. We then propose a nu-
merical approach to give the terms of the tensor of permittivity: it
consists in deriving its terms from the resolution of three annex prob-
lems of electrostatic type by using a method of fictitious sources [18] on
a torus (the annex problem obtained by D. Felbacq and G. Bouchitté
in the H | case [6] has been recently resolved by this way). It is to
be noticed that our asymptotic analysis still holds when applied to the
study of crystals bounded solely in one direction (bi-gratings) or two
directions (rods). It is then straightforward to study the homogeniza-
tion of bigratings: (the reader may refer to [21] or [22] to find adapted
radiation conditions), which is a natural extension of the works led in
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[3] and [5]. Work is also proceeding on the homogenization of finite
photonic crystals, whose basic cell is not paralellepipedical, by the use
of differential forms.

APPENDIX
A.1 The Multiple-Scale Expansion of H,

X
Taking into account that e,(x) = &(x, —) in the formulation of the
n

problem Pf , we get the following problem: find H, a sequence of
locally square integrable functions on IR® solutions of

curl 271 (x, %) curlH,, — k2H,, =0 ,in D'(R®)
1 _
Pl HE=0 <m) ,in C®(IR? — Q)
1 _
’% A curng + z'k:Hg =0 <\T|> ,in C®°(IR? — Q)

For n fixed, H, is the unique solution of the above problem (the
reader may refer to [25] for existence and uniqueness theorems). Let
us now assume that H, satisfies the following two-scale expansion:

H, =H, <x, E) + nH; (x, §> +772H2 (x, §> +...
n n n

oy (x2) o) 1)

where H; : xIR? — €2 are smooth complex valued functions of the
variables (x,y), independent of 7, periodic in y of period 1. The
introduction of the variable y = * takes into account the periodic
dependance on x of the permittivity &, in the “bounded periodic”
structure.

Assuming that the above expansion is relevant, we can state the
following lemma:
Lemma 1 The Mazwell operator A, = curl é;lcurl associated to the
problem P, satisfies the following operator expansion A, = n2A,, +
N1 Ay +n° Axx+o(1) , where A, denotes the operator curl ,Z~1(x,y)
curl, , the couple (p, v) being in {x,y} x {x,y}.
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Besides, the asymptotic terms of A, are solutions of:

AyyH() =0 (2&)
Sp = AyyH1 + AxyHO + Any() =0 (2b)
AyyH2 + AxyHl + Anyl + AxxHO - k[%HO =0 (26)

Proof:

For convenience in the following calculations, we denote by R, the
operator of restriction onto the overplane {y = %} :

R, f(x,y) — f (x, %)

X

where f(x,y) and f(x, 5) are respectively locally square integrable

functions of Q x IR? - €3 and Q —C? of finite energy.

It is worth noting that R, obeys the following rules of calculation:
properties of R, : the operator R, is a “distributive operator”,
that is to say that

Ry (f) By(g) = Ry(f9)

Furthermore, we can define the action of the differential operator on
the restriction R, by:

0 0 1 0
o (Rt (xo9)) = R (3 ) 1 ()
. 0 1 0
that is to say that |:8—Xz’ Rn] = ERna—yi .

With the help of the operator R, , (1) can be rewritten in the form:

H,(x) = R,Ho(x,y) + nR,H1(x,y) + ... + nV B,Hn(x,y) + o(n")

N
=Ry q > 7 Hi(x,y) p +0(n™) (3)
=0

Thus, the partial differential operator acting on H, (x) satisfies
i

the following equality:
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9 9 Ny N
8X'Hn(x) = 8—R77 277 H;(x,y) p +o(n")
) =0

— Ri_}_lRi g:njH,(X Y) +0(TIN_1)
Tox; "9y, = T

We now want to deduce the action of the second order differential
operator curl (577 Leurl) involved in the problem Pf , on the field H,, .

1

Taking into account that [curly, R,] = —R,curl, , we obtain that:
n
curly ((Rné_l(x, y))(curl, R, H;))

1
= curly <(Rn€1(x, y))(RycurllH; + ;Rncurlij)>
We then use the distributivity of R, to get:

curly ((RyE~ " (x,y))(curkR, Hj))
1
= curl, R, (¢ tewr, H;j) + ~curl, R, (¢~ 'eurl, Hj)
n

We iterate the process, by taking into account once more that curly
and R, do not commute:

curl, (Ryg ' (y)) (curl R, Hy))
1
=R, [curlx(élcurlej) + —Curly(élcurlej}
n

1 1
+-R, [curlx(é_lcurlij) + —curly(é_lcurlij)]
n n

We then apply this two-scale second order operator in the expansion of

the magnetic field H, . Assuming that the terms of the development
of the powers higher than 2 are bounded, we can write:

1
curly (é_lcurlx(Ho + 77H1)) + —curly (é_lcurly (Ho + 77H1))
n
+

1
- (curlyéflcurlx(Ho + 77H1))
n
1
+ —
n

curly (2~ curly (Ho + nH; + n°Hy))
— K§(Ho + 7/Hy) + O(n) = 0



Homogenization of three-dimensional finite photonic crystals 113

In a neighborhood of n = 0, we express the vanishing of the coefficients
of successive powers of % Thus, we have to consider the following
system:

77_2 : AyyHo =0 (4a)
So = 77_1 : AyyHl + AxyHO + AnyO =0 (4b)
770 : AyyHQ + AxyH1 + Any1 + AHp — kgH() =0 (4C)

where A, denotes the operator curl,~1(x,y)curl,, the couple (u,
v) being in {x,y} x {x,y}.
Let us consider the first equality of the previous system Sy :

curly (271 (x, y)curlyHg) = 0 (5)

The next step in the asymptotic expansion is to show that Hg only
depend on the macroscopic variable x. This property follows from
two lemmae.

Lemma 2 Let Hy be a Y periodic function in'y, solution of the equa-
tion (5). Then

For almost every y in'Y, curl,Ho(x,y) =0 (6)

Proof:

Multiplying equation (5) by the conjugate of Hy and integrating
over Y leads to:

/Ycurly [E‘*l(x, y) (curlyHg(x, y))] -Hj(y)dy =0

By applying the Poynting Identity ( div(AAB) = —A-curlB+B-curlA)
and summing on Y , we have:

/Y [E‘*l(x,y) (curlyHO(x,y))] -curl, Hi(x, y) dy

- /Ydivy (27 (x,y) (curlyHy(x,y)) AHj(y)] dy =0

The Green-Ostrogradsky formula then gives us:
/Y [é_l(x,y) (curlyHo(x,y))] - curl, Hi(x, y) dy

— / [ (x,y) (curl,Hy(x,y)) AHj(x,y)] -nds =0
Y
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From the anti-periodicity of the unit outgoing normal n to JY and
the periodicity in the y variable of Hy, we deduce that:

/Yél(x, y) [curly Ho(x, y)]2 dy =0

Let us assume that the real or imaginary parts of e~! keep a constant
sign. We deduce that:

aey €Y, curl,Hy(x,y) =0

This auxiliary lemma is applied to perform the proof of the following
fundamental lemma.

Lemma 3 Hy solution of the system Sg is independent of the mi-
croscopic variable y. That is to say there exists a function, namely
Hy.. , such as:

For almost every y in'Y, Hpom(x) = Ho(x,y) (7)

Proof:

From the lemma 2, we deduce the following equation:
aey €Y curl,Ho(x,y) =0 (8)
Furthermore, from equations (4b) and (8) we have that:
curly (B71(x,y)ewrlHo(x,y)) + curly (27" (x, y)curl,H; (x,y)) =0
9)

By applying divy to (4c) we derive that:

div, (curlx (é_lcurleo)) + divy, (curlx (é_lcurlyHl))
+ divy (curly (é_lcurlel)) + divy (curly (é_lcurlyHg))
— k3divy,Hg = 0

This expression confines itself to:

—divy (curly (5_1curle0) + curl,, (é_lcurlyH1)> — k%diVyHO =0

=0 from (9)
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Finally, we get the following formulation:
kadiv,Ho = 0

From the positivity of k%, and the relation curlycurl, = —A,+
Vydivy , we derive that:

AyHO(X7 Y) =0

We develop Hy in Fourier series in the y variable which is Y -periodic.

Ho(x.y) = D cm(x)e20m)
mEZ3

Taking the vectorial Laplacien of Hg in the y variable we get:

S —ar?(|m Pem(x)e 2 =0
meﬂg

By positivity of | m |* we deduce that:
em(x) =0 ,¥Ym € Z>\ {0,0,0}
This leads us to the following result:
a.e.y €Y ;3 Hpom , Hpom(x) = Ho(x,y)
From expression (9) of the lemma 3, we get:
curly, (é_l(x, y) (curlyHy (x,y) + curlyHpom(x,y))) = 0 (10)
For reasons of coherence in the physical units, we can state that:
i

Eo(x,y) = w—soé_l(x’ y)(curly Hy (x,y) + curlyHpom (x)) (11)

This is just a definition, since it has not been proved that E; were con-
verging towards Eg. Consequently, the equation (10) can be written
as:

curly, (—iweg Eo(x,y)) =0 (12)
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€ goes in the left side of the expression (11), and we take its divergence
in the y variable:
divy (EEg(x,y)) =0 (13)

The results derived from the equations (7) and (9) are thus summed
up in the following system:

{ curly (Eo(x,y)) =0
divy (EEp(x,y)) =0

Making the obvious remark that the average of Eg on Y gives us a
field independant of the microscopic variable, we denote by Ep,,, the
following quantity:

Bron () = (Boly = o [ Boleyyay (1)

Where meas(Y) denotes the volume area of the unit cell Y .

Hence, curly (Eg — Epom) = 0. In general, it merely implies that
Eo = Epom(x) = Vy V(X,¥) + Ecohom (%) , where Egopom belongs to the
so called cohomology space whose dimension depends upon the number
of cuts made in the complex plane to obtain a simply connected open
set Y. Asforus, < Eg >y = < Epom >y and < 7,V >, = 0 which
implies that E.opom = 0. Then, Eg — Ej,,, derives from a scalar
potential denoted by V. That is to say that there exists a Y-periodic
function V(x,y) such as:

ED = Ehom — vyV (15)

It is worth noting that this deduction would not hold anymore if there

were currents in the Scattering-Box. This would be the case for a

domain )y filled up by diffracting objects of infinite conductivity.
Injecting (15) in (13), leads us to:

divy (€ (Epom — VyV)) =0 (16)
By linearity of the divergence, we can write that:

—divy ¢ (7yV)) = —divy (ZEhom)

3
Z—diVy gg Ehom,jej

= —Zdlvy X,¥)€ej)Epom,j(X)
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We are thus led to solve an annex problem of electrostatic type K;:

Kj: —divy Gxy) (VyVi—¢)) =0, G {1,2.3)  (17)

The variational form associated to this problem having the good prop-
erties (sesquilinear, continue and coercive) in the Hilbert space
Hﬁ1 (Y)/IR, Lax-Milgram lemma assures the existence and uniqueness
of the solution of this problem in Hﬁl(Y) /IR, that is, up to an additive
constant.

Let us remark that &(x,y) being a data of the problem P,
divy (E(x,y)e;) is a known function. Therefore, we have to solve an
annex problem where the unknowns are the three components of the
potential Vj. The solutions of (16) are given by the functions:

3

V(X, Y) = Z Vj(Y)Ehom,j (X) - VY : Ehom (18)
j=1

where Vy = (V1,V5,V3) and V; denote respectively the vectorial
potential of the basic cell and one of the scalar potentials associated
with the density of charges divy (¢(y)e;). Before going further, it is
worth noting that the problem K; is of interest by itself. Works are
in progress to solve it by a method of fictitious sources [18-20], but it
is not the object of the present paper.

We still have to precise the link between Ep,,, and Hpop, -

From (15) and (18) we get that:

EO = (I - VyVY)Ehom (19)

where I denotes the identity matrix and 57, Vy denotes the jacobian
of Vy .
That is to say that:

Eo=|I- |2 =2 ZZ2| | Ewm
0 Jyz  Oy2  Oy2 h
L Jys  Oyz Oys J

Furthermore, from (11) we know that:

Eo = e (curly Hy + curl,Hp o)
weQ
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We then deduce from (19) that:

(A
(I - VyVy) Enom = w—aog ! (curlyHy + curlkHpopm,)

Making the sum over Y of this expression leads us to:
curly ((Hy) (x)) 4 curlcHpom (%) = —iweg(€ (I — Vy Vy))y Erom (20)

The first term of the left member is obviously null. Then, we are led
to the following system:

Curlehom(X) = —1weoEhomBEnom (21)
€hom = <§(I - VyVY»Y

It remains to give the equation verified by Hpgp,(x). Summing the
equation (4c) in the system Sy over Y, we derive that:

/Y (curly (5_1 (curlyHg))) dy
= k2 /Y Hy,o, dy — /Y (curle (27" (curlyHpom))) dy
— /Y (curlx (5_1 (CurlyHl))) dy

- /Y (curly (5_1 (curlel))) dy (22)

Due to periodicity of H;, Hy and &, and due to the antiperiodic-
ity of the outer normal n to 9dY , by virtue of the Green formula
( [y curlA dy = faY nAAds), we get that:

/ curly, (é_l (curl,Hy(x,y))) = / curly, (5_1 (curl,Hy(x,y))) =0
Y Y

Therefore, the equation (22) reduces to:

— k‘%/ Hyon dy +/ (culrlX (é_l (Curlehom))) dy
Y Y

+ /Y (curly (E71 (curlyHy))) dy =0
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Taking into account the equation (11), we get:

—/ k%Hhom dy — iwso/ curlyEg =0
Y Y

The two integrands being independent of the y variable, and by defi-
nition of Fpyy, , we obtain:

k:thom(x) + twegeurlEpom = 0
The homogenized equation then clearly follows from the system (21):
curl (61;01m (curlHpom(x))) — k2 Hpom(x) = 0
with the effective permittivity defined by:
Ehom = < E(I =y Vy) >y

Comments:

The multiple-scale method which relies on the boundedness of the
asymptotic terms of the expansion (1), risks to be mathematically un-
sound, and hence to lead to untrue equations. Nevertheless, in our
case, the multiple-scale method gives the good form of the homoge-
nized equation: we get the same results using the so called two-scale
convergence method relying on the following theorem:

Let u(x,y) be a function Q; x IR® —— €* periodic and regular
in y with period Y =]0; 1[> and square integrable on ;. Then, the
sequence (u,) defined by u,(x) = u(x, %)7 which of course fails to
converge everywhere, tends weakly in L?({ ¢) to the “average func-
tion” <u> (x) = [yu(x,y) dy that is to say that we can extract a
subsequence of u, still denoted by w,, , such that:

V(p S L2(Qf) R /

Qp

()l dx — ( |

Q

([ utxy) dy)ete) ix)

Roughly speaking, this method is based on a variational approach of
the problem and uses suitable test functions of the form:

X X
QOU(X) = QDO(X’ ;) + 77901(X, E) )
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which can be seen as an ansatz of the first order. This is the object of
an article in preparation with G. Bouchitté devoted to mathematicians.

Coming back to the multiple scale method, the first order term H;y
provides the likely form of a corrector C; chosen in such a way that
|H, — (Hpom +7701)”H1(Qf) — 0. In other words, this expression

converges to 0 for the Hilbert norm L? and for the L? norm of its
gradient. Roughly speaking, the corrector C; is given for correcting
strong oscillations near the obstacle. It is very important in numerical
computation since it gives a convergence criterion. At this time, we
have not been able to prove this choice to be in agreement with the
requirement ||H,, — (Hpom + 77H1)]|H1(Qf) — 0, since H,, belongs to
another Hilbert space (which is very close to H!).

In conclusion, the multiple-scale method leads here to the right for-
mula, which is probably the essential point for most physicists. In
fact, it remains to relate the limit of the inner field in the finite obsta-
cle (given by the multiple-expansion) to the one of the diffracted field.
For the interested reader, we hence give a sketch of this proof: our aim
is to enlighten the reader on a few technical points with underlying
physical phenomena.

A.2 On the Convergence of the Diffracted Field

Our purpose is to study the behavior of the electromagnetic field
F, = (E,,H,) in order to answer the following question: does this
function converge, in some sense which remains to be cleared up, to
some function Fg ? If so, is it possible to characterize F( as solution
of the problem of diffraction of incident wave F? by a certain structure
which we are able to give “clearly”? This can be done using some pow-
erful mathematical tools which have been successfully applied, among
others, by G. Bouchitté and R. Petit in the electromagnetic theory of
gratings [2, 4] and by G. Bouchitté and D. Felbacq in the case of a
two-dimensional finite photonic crystal [6].

Forgetting physics for a while, let us consider the Hilbert space
H(curl, Q) = {v € L%(Q) , curlv € L2(%)} and its Hilbert sub-
space H'(Qy) = {v € L*(Qy) , wv € L*(Qy)}. It is well-known,
in functional analysis [25], that the Hilbert space H'(€f) has got a
behavior close to H!(curl, ;) ’s provided one gets some control on the
divergence in L?(Q;) norm. In fact, if we want to control the gradi-
ent of a function in L?*(Qy), we just have to keep controlling its curl
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and divergence in L?(2;). That is to say that the vectorial aspect
of the diffraction by three dimensional photonic structures appears in
the decomposition of the gradient on its tangential (curl) and normal
(divergence) components. Our battle plan is then to get enough infor-
mation on the curl and on the divergence of the field to realize a study
similar to the one of the two-dimensional case [6].

It is for this reason that we will give preference to the study of the
magnetic field H,,, whose divergence is null in €, contrary to the
one of E, .

Let us repeat once more that the mutiple-scale method which rests
upon the existence of the expansion (1) risks to be mathematically
unsound in homogenization process dealing with metallic inclusions.
Hence, it remains to show that the heuristic calculus of the preceding
section leads to the good homogenized problem, and in what sense. In
other words, the diffraction problem 7P, being well posed for a given
7, in what sense does it converges to an homogenized problem, and is
it still a diffraction problem at the limit?

Let us first assume that, for physical reasons, the electromagnetic
field of each problem P, , namely F, = (E,, H,) is locally of finite
energy. In mathematical terms, it means that for all n, F, is locally
square integrable, that is to say that:

vn>o,3Mn>o,/ \En\zdaﬁ—/ | H,, | dz < M,
Q Q

The following proof, based upon this hypothesis, is rather subtle and
proceeds in two steps: in step 1, we assume (H,) to be uniformly
bounded in L?(fs), we deduce some important results allowing us
notably to determine completely the limit function Hy. In step 2,
assuming H,, ’s boundedness in L?(Q ¢) for a given 7, using a reductio
ad absurdum method and theoretical results obtained in step 1, we
prove that (H,,) is actually uniformly bounded in L?(§2). This paper
being intended to physicists, we just report here the essential points of
the step 1 of the proof. If necessary, the reader may get further details
on the step 2 in the reference [2].

Let us make the hypothesis that (H,) is uniformly bounded in
L*(Qy).

At this point, let us note that we have more information on the
magnetic field H,, than on the electric one. Indeed, in our case the
permeability is a constant function, which implies that divH, = 0.
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Thanks to the compactness properties of H(curl, ) analogous to
the ones of H'(2y) [25], and due to the unicity of the solution of
the homogenized problem [25], it turns out that rigorous, but te-
dious mathematical computations not reported here (article in prepa-

ration with G. Bouchitté) show that |H, — HhomHL2(Qf) =90 and

n—0
Mo, = Haomloas 12 (p0,) — 0

Hence, we “control” the kind of convergence of the normal and tan-
gential components of the magnetic field H, on 9€Q; and we find
these two fundamental results:

n—0

[H, A njaq; — Hhom A njaq; HLg(mf) — 0.

n—0
HHU “ToQy — Hpom - Lapier: HLz(aglf) — 0.

Nevertheless, one cannot hope to get such a convergence for the se-
quence (E,) (the divergence of H, is null, unlike the one of E,,
which implies strong oscillations for the gradient of the electric field
E,).

Hence, if we want to keep control on the convergence of the electro-
magnetic diffracted field, (the trace of E, appears in the Stratton-Chu
formula), we have to place the rest of our study outside the obstacle,
where the divergence of E; is null.

Proof of the convergence in IR?\ () :

Let us remark that the fields E, and H, play a symmetric role
outside the obstacle €y. Thus, let us take a ball B, of radius r > 0
strictly including €2¢ (Fig. 10). Thanks to the nullity of its divergence,
F, = (E,, H,) is solution of the Helmholtz vectorial equation AF, +
k3F, = 0 for | z |> r, which assures us of the analycity of F, in
R3\ B, .

The link between the homogenization problem in the open bounded
set 2y with the diffraction problem lies in the following remarkable
properties of the vectorial Helmholtz equation AFn—i—kan = 0, which
can be derived as a particular case of a Schwartz’s theorem [23] (it is
a hypo-elliptical operator):

If F, converges to Fo in D'(B,\Qy), then F( obviously satisfies
the same equation and is thereby infinitely differentiable. Moreover,
F,, converges uniformly to Fy on compact (closed and bounded) sub-
sets of B, \ 2y and all derivatives of F,, converge uniformly to the
associated derivatives of Fy .
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Bf-ﬁf

e el PvH, =0
ololelellleleleld DivE, =0
SESSCERECE
| oo T 1
AF,+ke2F, =0 o
DivH,=0
Div (e, E,)=0

Figure 10. Link between the convergence of the field in the bounded
obstacle and the one of the diffracted field in the overall space.

By the knowledge of the tangential trace of F, , for | x |=r, we
can explain the diffracted field Fg by using the Stratton-Chu formula:

. Yy
Eg(x) =W Y Gx-—y) (; A Hg(y)> ds
yl=r
y d
+ VGx—-y)(=AEiy)) ds
lyl=r (T n >
. y
Hg(x) = —iweg . Gx-y) (; A Eg(y)) ds
yl=r
y d
+ VGx—y) (- AH(Y)) ds
lyl=r <’I“ K )
1 eik‘o‘x|
with the Green’s function G(x) = ———.
A | x |

We can take the limit over 7 in this expression, thanks to the
uniform convergence of F,, (and thus of its traces) on every compact
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subset of IR?\ B, , to get:

[ B,,,() = wpo Gy (T AHL()) ds
+) G =) (TABL) ds

HY,  (x) = — iweg e Gx-Yy) ( ANEL  (y )) ds
\ + ) vGe=y) (T AHn () ds

Applying the Cauchy-Schwarz inequality leads us to:

‘ Hhom Hd |< HHhom HZHLZ((')BT) |G”L2(GB,.)
+ 1B — Bl 208G £2(08,)

Hd and Ed playing a symetric role, we denote by ||F‘f7\| 12(0B,) the

1208, T HHdH 12(0B,) induced by the cartesian product
of the Hilbert trace spaces LQ((‘)B ). Taking the max of the regular
function G over every compact subset K of IR®\ B, assures us of

the existence of a positive constant (depending on the measure of K')
such that:

norm ||EdH

d d
Sgp | Fhom F |< C’KHFhom - FnHLQ(aBr)
Thereby, we can deduce the uniforI_H convergence of F, towards Fjp,
on every compact subset of IR®\ Q.

Remark on the convergence of the permittivity

It is worth noting that we cannot expect a nice convergence for the
sequence of permittivities ¢, . Indeed, ¢, is proportional to the iden-
tity matrix, hence characterizes an isotropic medium, unlike its limit
which characterizes an anisotropic medium. It is a typical difficulty
encountered in many homogenization problems (&, is just bounded
which implies bad convergence properties for e,curlH,, ). Hence, there
is no hope to get control on the convergence of the diffracted field, by
means of volume integral equations [26].

In fact, it is to be understood that in both mathematical and phys-
ical aspects in homogenization of diffraction, the good parameter is
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the diffracted field. Hence, our goal is to show in what sense does the
electromagnetic field F,, = (E,, H,) converge towards the first term
of its asymptotic expansion, and to be more precise to verify that the
limit field Fp,,, is still solution of a diffraction problem. This can
be done, thanks to the Stratton-Chu formula, which assures that we
only have to control the restriction of the electromagnetic field on the
boundary of the lit body to keep control on the field in the overall
space. Here is the main difficulty of the homogenization of diffraction
of three-dimensional finite structures: the divergence of the sequence of
electric-fields goes to infinity, hence we cannot easily keep controlling
F,joq, - Therefore, we consider a ball strictly including the obsta-
cle. By the knowledge of the convergence of the diffracted field on
the boundary of the ball, we deduce the convergence of the diffracted
field outside the obstacle, thanks to the Stratton-Chu formula. Let us
recall that there is no alternative way to achieve the proof by means
of volume integral equations [26].

To conclude this paragraph, we want to point out that the main
problem of homogenization of diffraction comes from the strong os-
cillations of the electromagnetic field near the interior boundary of
the obstacle. Mathematically speaking, unlike physicists of solid state
physics which consider an obstacle whose boundary is going to infinity,
we deal with global problems: the boundary of the obstacle remaining
fixed, its influence is still sensible at the limit.
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