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Abstract. The scope of this paper is to show how a two-scale asymptotic analysis,
based on a superposition principle, allows us to derive high order approximate bound-
ary conditions for a scattering problem of a time-harmonic wave by a thin and tangen-
tially periodic multi-layered domain. The periods are assumed of the same order of the
thickness. New terms like memory effect and variance-covariance ones are observed
contrarily to the laminar case. As a result, optimal error estimates are obtained.
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1 Introduction

In industrial word, a wide variety of materials are coated or connected by a thin structure.
For example, electronic devices, patch antennas, radar absorbing paints, self-focusing
lens are some illustrations of this situation. Many authors have been devoted to solve
the problem of the coating effect by developing robust methods for approximating the
solution inside the thin layer, see [3,8,9,16,17,25-27] and the references therein. Their
main approach consists of constructing an equivalent boundary (or transmission) condi-
tion which is able to memorize the effect of the thin shell in an approximate way. Our
motivation in this paper is to show how this memory effect can be captured in the case
of the scattering of a time-harmonic wave by an obstacle coated by a multi layered thin
periodic domain, the periods are small of same order of the thickness. More precisely,
besides the non commutativity of a two-step procedure, i.e., homogenization for a fixed
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thickness ¢ followed by an asymptotic analysis for small §, or vice-versa, it is shown that
neither the one neither the other is able to give an answer in our case. So, inspired from
the two-scale convergence technique [7,20,21] which takes full advantage of the period-
icity information, a suitable superposition of test functions oscillating at same order of &
is used to derive correctly some variance-covariance terms. The idea is similar to the one
used in [24] for rough surfaces when small details are not visible within a standard ho-
mogenization technique. Nevertheless, such an approach leads to a loss of a half power
of J in the rate of convergence when compared with the case of an homogeneous thin
layer. This loss is due essentially to a compensation rule that keeps traces of some lower
order terms in the proof of the convergence theorem (cf., e.g., [3]). Finally, it is shown
how to optimize it by the use of the simple but clever trick (cf., e.g., [28]) making it possi-
ble to obtain optimal estimates from non-optimal ones and the existence of the ansatz up
to next order only.

In Section 2, a brief description of the model is presented for a 2D situation. In Section
3, a two-scale asymptotic analysis (cf., e.g., [3,10,13,21,24]) with respect to the thickness
and the period permits to justify the terms in the periodic ansatz proposed and a first
convergence theorem is obtained for the Neumann case. In Section 4, apparently new
to our knowledge, some approximate boundary conditions are derived until the second
order which makes the difference significative with respect to the homogeneous or even
the laminar cases (cf., e.g., [9,29]). Mainly, a convergence result is proved and it is shown
how to optimize it providing more regularity on the data.

2 The model setting

In all what follows, standards tools from the functional analysis of PDE(s) and differential
geometry background are used without comments (cf., e.g., [11, 12,15]). Let ()5 be
an exterior domain in IR?> with boundary T's (compact C* manifold) such that Qs =
Of UI'UQe. T is an interface parallel to I's and 6 is a non-negative small parameter.
Of ={x€0y:d(x,I') <6} represents the thin layer of thickness § and (), is the exterior
domain to the coated scatterer. Let f € L?>(IR?) compactly supported in Q. From now
on, vt (respectively v™) will denote the restriction of a distribution v defined on Qs « to
the subset Q) (respectively ()s). The problem is to find a complex valued distribution
u; solution of the scattering problem:

Auy +Kuy =—f, @.1)
div (asVul ) +k2Bsuy =0, (2.2)
uy | p=us|p (2.3)
a50ntty | = Ot} |1, (2.4)

lim || <Vug.ﬁ—ikug) —0, (2.5)

|x|—00
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with either a Neumann boundary condition
N: anu;|r6:o (2.6)

or a Dirichlet condition

D:uf|, =0 (2.7)

on the scatterer’s boundary. n will designate different unitary outwardly normal vectors
to the corresponding boundaries (oriented all towards the scatterer () = R? —s,00) 25
and B; are two regular functions related to the contrast and refractive index properties of
the periodic coating. They are expected to be periodic in the tangential direction with a
small period € =dJ, of the same order of the thickness parameter. Without loss of gener-
ality, one can take d =1. In addition, one assumes the following uniform estimations:

c1< ||065||Loo<05+) <ca, (2.8)

0< ||:3<5||L°°(Q;) <oy, (2.9)

where 0 <c; <c are two constants independents of § (sufficiently small). k>0 denotes the
wave number. The relations (2.3) and (2.4) are transmission conditions at the interface
between the thin layer )f and the exterior domain Q. Finally, (2.5) is the far field
Sommerfield outgoing radiation condition which will be denoted in all what follows by
S.R.C(-). The system (2.2)-(2.7) describes the scattering of a time-harmonic wave problem
for a TM (or TE) polarization in electromagnetic or a soft (or hard) obstacle in acoustics,
according to the boundary conditions considered in (2.6) or (2.7). Standard techniques
using Rellich lemma and the Fredholm alternative show the existence and uniqueness of
a strong solution in the space H? (Qs ) (see [9,23,30]).

loc

3 Two-scale asymptotic analysis

Let us focus our analysis on the Neumann boundary condition, the Dirichlet’s one is
being more straightforward to handle. Using tangential and normal coordinates (s,t) €
I'x(0,1) in the tubular manifold ()f, and the Dirichlet-Neumann operator S, associ-
ated to the exterior Helmholtz equation for large radius p, one obtains the variational
formulation of the system (2.2)-(2.6) in a fixed and bounded domain as follows:

use Xyn; VoeXy, (3.1a)
da™ (6,uf, o) +6b™ (8,uf,v") +a, (uy,07) :/ fo~dx, (3.1b)
Q
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where the bilinear forms

at (8,u,0) :/ ag

-1
(1+ i) asuasv—l-l (1+ i) afuatv] dsdt, (3.2)

I'x(0,1) R(s) 92 R(s)
to
b* (6,,0) =~ | (1 —> dsit, 33
(6,u,0) FX(O,I)’BJ +R(s) uvds (3.3)
- _ 2
a (u,v)—/QVqudx k /()uvdx—l—(Sk,pu,vL%’%’Z (3.4)

are defined on the Hilbert space
Xy = { (v",07) e H' (T x (0,1)) x H' (Q) 07 (,0) =0~ r}.

% is the truncation circle of radius p and () the bounded annular domain delimited by X
and I'. R(s) is the curvature radius of T at s. Finally, a;(s,t) =«(s,t,s/9) and Bs(s,t) =
B(s,t,s/9) are some d-periodic coefficients, i.e. « and p are two functions 1-periodic with
respect to the third variable y=s/J. Following the authors in [2,9,10], one writes formally
the expansion:

ug(x):uo_(x)—i—éul_(x)—l—n-+(5juj_(x)+~-~, (3.5)
uf (s,t)=ug (s,t,%) +ou; (s,t,%) -l—---—i—éju]-+ (s,t,g) +--, (3.6)

where the terms 1] are expected to be in the space H 1(I'x(0,1),H}(0,1)), such that the
following mean transmission condition holds:

1
/0 ul (L0y)dy=u; (). (3.7)

Let Hy (0,1) , be the space of functions ¢ in H'(0,1) 1-periodic with respect to y =5/
such that fol ¢dy =0. From now on, one will denote by (),7 the arithmetic mean in the

variable 7 € (0,1) of a function, i.e. (-), = fol -dn. The main idea in the construction of the
periodic ansatz (3.6) consists in the superposition principle through the splitting

ut (s,t,%) =7 (s,0)+il} (s%) (3.8)

in such a way that the cross derivative atayu]f =0. Thus, test functions on I' x (0,1) must
behave like

vf (s,t) =v" (s,t)+00v] (s,%), (3.9a)

vt € X;of € H! (F,H; (0,1) /]R>. (3.9b)
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The inverse of (14t6/R) can be expanded by the exact relation
o\ [ (Vg R

and plugging formally (3.5), (3.6) and (3.9) in Eq. (3.1), one obtains by taking the mean
on the variable y in (0,1) and matching increasing powers of ¢ a hierarchy of variational
equations. In so doing, it will be shown that u;" is the unique solution of the following
scattering problem at order j

u; € Hjy (o),

Auj +ku; =~ fj: D'(Qw),
anu; :N] (ua/u;/'.'lu;—]) :D/ (r)’

S.R.C (u-_),

where fo=f and f; =0 for j > 1. The operators N; involves tangential derivatives and
will be determined (see [9] for the non periodic case) with the help of the following two
lemmas.

Lemma 3.1. Let, p,g € L*(T' x (0,1)) such that ;g € L*>(T' x (0,1)). Then the solution | of the
following variational equation:

{ Lot = [r, 0110 dsdt+ [ o) (809" +pgpt)dsdt =0,

(3.11)

gt € HYp(Tx (0,1)) 2 {¢* € HY(Tx (0,1)):¢*(,,0)=0, T}
is given explicitly by
1o)== [ (p(5.0)2ug(s,0)) . 61
In addition, if ¢ (.,0) #0, then
Lot =— /r 1(5,0)¢* (5,0) ds. (3.13)

Lemma 3.2. Let p1,¢1 € L2 (F,Lﬁ(O,l)/IR) such that 9sg1 € L* (T, L3(0,1) /r)- Then the solution
11 of the following variational equation:

+ + + + —_0-\Ypt 1 1
Lgy _/rx(o,l)llaycpl dey+/rx(o,1)(glas¢l +p1y )dsdy=0:Vp; € H (FIH#<0/1)/]R>
is given explicitly by
¥
hisy)=h (510)+/0 (P1(s,6) =0581(5,6))dE—y (p1(s,-) =9sg1(s,)),  (3.14)

and Iy € L? (T,H}(0,1)).
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3.1 The hierarchy of variational equations

3.1.1 Determination of ug

Matching terms in 5!, one gets for any v* € H! (I'x (0,1))

o;uto,v " dsdt=0. 3.15
/I’><(0,1)<a>y to Or0- 43 (315

As for the homogeneous case [9], Lemma 3.1 shows with the choice I =(«) yatug , p=8=0
that
opug =0. (3.16)

Next, matching the terms in &° gives for any (v",v~) € Xy, v € H' (I, H} (0,1) /g):
1
/ ( )/ w[0pui 00T +0yug (90 +0,07 ) | dydsdt+a; (uy,v7)
I'x(0,1)J0

- /Q Fo-dx. (3.17)

Choosing test functions v =v~ =0, one obtains:

1
[ | @0yu50,0f dyds=o. (3.18)
rJo
Now, Lemma 3.2 gives with the choice /1 = (zx}tayuoﬂ p1=g1=0:
and using the y-periodicity of I; one obtains the second expected result:
dyug =0. (3.20)
Consequently, (3.20) and (3.18) lead to:
ug (s,-,-)=ug (s):Vser. (3.21)

As a result, u; is the unique solution to the scattering problem (3.11) for j =0 with the
Neumann boundary condition on I':

ity =0. (3.22)

Remark 3.1. As expected, at order 0 the effect of the thin layer is completely neglected.
From now on, one will use frequently the elliptic regularity (cf., e.g. [6]) for the Helmholtz

equation Av+k*v=g, i.e. for any s >0, if g€ H*(Q) then v e Hst3 (T).

As a consequence, if f € L2(Q)) then u; € H 2(T) and by virtue of(3.21) one obtains
ug € H'(I'x (0,1),H}(0,1)).



764 M. Tlemcani / Commun. Comput. Phys., 6 (2009), pp. 758-776

3.1.2 Determination of 1

Applying Lemma 3.1 to (3.17) one obtains under (3.20) the identity («) yatuf =0,1ie,
i =0. (3.23)

As a result, matching terms in §' gives for any (v",0™) € Xy and v e H' (T,H;(0,1) /)

1
/ ( )/ w[0puy 00" 4 (9suy +0yuy ) (90" +0yv; )| dydsdt
I'x(0,1)J0

1
[ [ pugv* dydsdt+ay (uy o) =0. 3.24
o Jo Bug v"dydsdt+a; (uy,07) (3.24)

Thus, if v~ =91 =0 then

1

// (a), (9suy +0yu;") dyvi dyds=0. (3.25)
r/o

Similarly, Lemma 3.2 shows with the choice Iy = (&), (9suy +0yu;"), pi=g1=0that;(s,.)=
I1(s,0). Next, using the y periodicity of u;” and taking the mean in y one obtains directly

the first harmonic-moment in y of the arithmetic one in t of the contrast a, designated by
ag=(1/ (rx>t>;1, such that

(o), (951 +0yui") =wo(s)dsuy - (3.26)
Consequently, if v; =0 in Eq. (3.24), then
&) oput oot dsdt+ <L> KOsy 0sv T dsdt
/FX(0,1)< )y Otz O rx(01) \ (&), /, oo
—kz/rx(m)(,B>yu0_v+dsdt—|—ak_ (uy,07)=0. (3.27)

Thus, if v+ € Hj - (I'x (0,1)) and v~ =0, then

o o,ut dsdt <i> e 9.0 dsdt
/1“><(O,l)<a>y tli 00" asdt+ r=(01) \ (&), yﬂéo stho 95U 45

e /r o Bl dsdt=0. (3.28)

Hence, Lemma 3.1 with the choice | = (zx>y8tu2+, p=—k? (B)yuy and g = <<ai>t> Qo0stly
Y

gives:

I(s t)—/1 9 <i> wodsity K2 (B us | de (3.29)
R ’ (), y 7o yro ' .
1(s,0) = 05005ty +K oty , (3.30)
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where a is recuperated, thanks to the identity («/(a);), =1. The coefficient By = (B) "
is the first arithmetic moment of B with respect to the two scales y and t. As a result, if
v*(.,0)#0, then Eq. (3.24) shows that 1] is the unique solution to the scattering problem
(3.11) for j=1 with the Neumann boundary condition on I’:

Dty = ds00dstty +k*Botly - (3.31)
From Remark 3.1, if f € HZ(Q) then uy € H*(T), i.e., d,u; € L*(T') and consequently
u; € H(Q). The regularity of u] is completed by Eq. (3.26) which gives
S -
dyuy = (<"‘>t 1> st (3.32)

and with the help of (3.23) uf € H' (T x (0,1),H} (0,1)).

Remark 3.2. As in homogenization technique [10], one can evaluates u; in terms of 951,
(according to (3.7) and (3.8)) through the decoupling relation u] = u; +w; (s,y) sy
where w; € H' (T,H}(0,1) /r) is an auxiliary variable, unique solution of the following
so called basic cell equation at first order in the asymptotic analysis:

9y [(w); (140yw1)] =0. (3.33)

Nevertheless, this cell equation is not necessary in our analysis since (3.32) gives the
desired decoupling.

3.1.3 Determination of u»

Matching terms in 62 and using previous properties of 1y and u; (essentially the relation
(3.26)) gives for any (vt,0™) € Xy and v} e H' (T, Hy (0,1) )

/l">< 01) < > ( < )atuz +atu3 )Ehv*dsdt
/F 01) / < 8 sty (aS”T‘Fay”;)) 950" dydsdt
—t - — —_ —
_kz/rx(o 1) <<lgui>y+ R(S) <,B>yu0 ) U+det—|—[lk (1,[2 |0 )
// ( (s tas ty + (), (aS”T“‘ay”;))ayUTdde

R /r /0 (,B)tuo_v;“dyds:O. (3.34)

Similarly, if v~ =v" =0, then

1 t .
1
_kz/r/o (B),uy v dyds=0. (3.35)
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Now, Lemma 3.2 shows with the choice

__ Mo {tw), + + _ _ 2 -
= R(s) <a>tasuo +<“>t(85”1 "‘ay”z)r §1=0, p1=—k"(B),u,

that [; € L? (T, H; (0,1)) and
h(s,0) =1 (s,9) [ / y<m<s,c>—asg1<s,¢>>dc—y<m<s,.>—asg1<s,.>>y}

— &0 <t“>t — 112 /y I -
= (), (st +0yuy ) — R(s) (a), dstky +k 0 (B) iy’ —yPo | uq - (3.36)
Moreover, <asu1+>y = 0su; by virtue of (3.7) and (3.23). Then taking the mean in y of

11(.,0)/ (), gives easily (with the help of the y periodicity of u, )
1(.,0) _ Qg <t“>t - 12 foy <,B>tdy' —Ypo _
=0sU; ——— osuty +k u (3.37)
o ' R(s) < Wi/, " (@), ,

and with the help of (3.36) and (3.37) one obtains directly

% _, , 5
(Osuy +0yuy ) = <“—(;t (asul +@asuo —kzﬁuo >, (3.38)
where the coefficients & and j are given by

t £
LY —1x0<< "‘>2f> , (3.39)

(@), (o)} y
Fe Jo (BGsy))edy' —yBo [ J5 (B(s,¥')) iy’ —yBo (3.40)

&0 <“>t y. .

In other hand, (Bu >y is determined as follow: Integrating (3.32) one obtains u;” =u; +
y dy/ < y dy’ >
wlzao/ Y- lXo/ — Y .
0 (&) 0 () y

(Buy ), =(B),u1 +(Bw1),dsu - (3.41)
Now, if v; =0in Eq. (3.34), then for any v= (v",0") € Xy

/FX(01 (a), (R( e+ > 3ot dsdt

/1“>< 0,1) / W ( st G R(s )a sty kzﬁ'“o>asv+dydsdt

_kz/rx(o,l) (<,5>y“1+<,5w1>y3su0+#S)(,B>yuo>v+dsdt+ak (uy,07)=0. (3.42)

w1 (s,y)dsuy , where

Consequently,



M. Tlemcani / Commun. Comput. Phys., 6 (2009), pp. 758-776 767

This last equation is solved for v~ =0 by Lemma 3.1 with the choice

t
= <Dé>y <matu;+afu;_> ,
t

p= k2 |18), (11 + 5 ) + (B2 |,

o ) s () ()

and gives I(s,0) = —fol (p(s,&)—0s¢(s,8))dg, ie.,

“&mz%mﬁw1+ﬁﬂml+%(‘%ﬂawo+”<%>uo

+I% (B#0sug — s (Cap iy ), (3.43)
where the coefficients a1, 1, B4 and C,z are given by
a(t—a) >
n1x(s) =« ,
l#( ) 0< <lx>t y.t
Br(s)=(B)yer  Bu(s)=(Bw1)y

Qﬂﬂ=%<%%%/

where & and 3 are defined in (3.39) and (3.40). As a result, if v~ #0, then Eq. (3.42) shows
that u, is the unique solution to the scattering problem (3.11) for j=2 with the Neumann
boundary condition on I':

Oty = ds00sty +k*Bouy +0s (—“—;) sty

+12 [(%—asc@ + (ﬁ#—cw)as} ug - (3.44)

Consequently, if feHz (Q)) then uy €H*(T),i.e., u; €H?(T), which leads to 9,u;, €L?(T).
Thus, u; € H!'(Q)) and by (3.38) and the regularity of the coefficients a and 8, one obtains
ud in H (T'x (0,1),H}(0,1)).

Remark 3.3. It is easy to check that in the case of homogeneous layers [9], both C,5 and
B# are vanishing while a4 and Biare reduced respectively to the first order moments in ¢
of « and 8 as obtained in [29]. They seem to outline a major difference, if one compares
(3.44) with the laminar case [16,29], i.e.,, e =0(J). More precisely, one can see them as
memory terms (see magnetization effect in the case of electromagnetism). For example,
if one considers a thin multi-layered domain tangentially periodic, then B4 captures the
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memory effect inside each layer while x4 deals with the variance in the periodicity be-
tween the different layers. The coefficient C,4 represents a covariance term which exists
only when both « and B are periodic.

Remark 3.4. Following Remark 3.2, one can introduce a second order auxiliary vari-
able (according to the superposition principle and the mean transmission condition)
wy € H*(T,Hy (0,1) ;i) such that uy = w20sui +(1—t)u, and w; will be the solution of
a second order non-homogeneous differential equation so called basic cell equation at
second order in the asymptotic analysis. In fact, these equations are solved implicitly by
Lemma 3.2.

3.2 Convergence analysis for the Neumann case

Due to the unboundedness of the tangential derivatives, the convergence result for the
truncated ansatz ‘ ‘
cpfszuo—l—&ul—i—-o-—l—é]uj (345)

will be stated in the larger Hilbert space
v ={(v",07) €H' (0,1, 12()) x H' (Q):07 (,0) =0~ T}
and is based essentially on the stability argument of Bendali-Lemrabet [9].

Theorem 3.1. For any j=0,1,2, there exists a constant c¢ independent of 6 and the source term
f, such that:

[us—3]l <ol f g (3.46)

Hu5—4>guygc51||f|\].7%10, j=12. (3.47)

Proof. The letter ¢ will denote a generic constant for different estimations. Clearly, the
estimate (3.46) is simpler to establish. Indeed, it will be sufficient to estimate the linear
form defined on Xy by

L((so)v =éat (6,uf —ug,0")+6b" (6,uy —uf, o) +ag (uy —uy,v7).
Equations verified by us and ug lead directly to

0 5\t t5\ _
L((s )v:—é/moc(g (1-1—@) dsit, st+dsdt+5k2/m,85 (14—@) uy vt dsdt. (3.48)

Note that if f€L?(Q) then up€ Xy. Hence, under the uniform estimations (2.8) and (2.9),
there exists a constant ¢ independent of § (small enough) and f € L?(Q) such that:

‘L((so)v‘ <c|fllon <5H850+ Ho,rx(o,l) +ol[v" Ho,rx(o,1)> : (3.49)



M. Tlemcani / Commun. Comput. Phys., 6 (2009), pp. 758-776 769

Afterward, by the following standard argument

HU+HO,I"><(O,1) sc (Hatv+||o,rx(o,1)+ [0~ HlQ) / (3.50)

one obtains the desired estimation for j=0, i.e.,

170 <cllfload? (82100 o raion +6 200 lore oy + o lln) B5D

Finally, the proof of (3.46) is achieved by the stability theorem in [9].
Similarly, the inequality (3.47) for j =1 holds if one estimates the following linear
form defined on Xy by

L((Sl)v:&ﬁ (5,u§“ _”(J)r —(5u1+,v+) +obt ((5,1/1; —u0+ —5u{r,v+)
tag (1 —uy —ouy o)
:Lz(so)v—52ﬂ+ (6,ui ,0") =82 (6,u) o) —da (uy,v7).

Thus, based on the derivation rule ds — 9ds + %ay and the equations satisfied by us, ug and
u (essentially the decoupling relation (3.32)), one obtains

L(l)U:(S _fQ+lX<5 (1—%4—-..) (asua +ayu1+ (S/t/%))asv+dsdt
5 +k2f0+ Bs (1+%) ugvtdsdt—a; (uy,0”)

o o (1= g5+ )ou (s,t,5) ds0* dsdt 652
2 foy Bs (14 255 ) (s.8,3) o ddl |

1)

In the homogeneous case [9], the terms weighted by in L ’v are reduced to zero because
dsu, is not coupled with ayuf . Nevertheless, although one can control them by the weak
convergence property of oscillating functions to their mean values (cf., e.g., [2]), they
must decrease the rate of convergence of the solution with a loss of a half power in J as

follow: Let us denote these bad terms of order ¢ remaining in Lgl)v by

1 _ S _ _
st Jo=6 (—/(ﬁleg (E)Suo +0yuy (s,t,5>)asv+dsdt+k2 /(2+’35M0 ot dsdt—a (uy v )>
(3.53)
Then, the y-derivative of u{“ can be handled by writing;:

&5

Qs (asuo_ +0yu; (s,t,%)) = T, [<"‘5>t (asuo_ +0yuf (s,t,%))}
which with the help of relation (3.32) becomes

as (asua +0yu (s,t,%)) = %aoasuo.
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Hence

1 %) — _ o
B((s )025(_/()+maoasuo asv+dsdt—|—k2/ﬂ+ﬁ5u0 v dsdt—a; (uy v )> (3.54)

and Eq. (3.27) leads to the compensation rule

., _ +9 .+ ‘&N & — o+
B; v—é/m (@), 011y 00" dsdt+6 o [<<“>t>y <“5>t]t¥oasu0 950" dsdt
2 S\, =t
K[ [(ﬁ)y—ﬁ<s,t,5)}uov dsdt. (3.55)

Now, thanks to the weak convergence of 5= f(s,,5/0) to its mean (f), and of a5/ (as),
to (a/(a),) yin L2(Q") and the regularity assumption f € H2 (Q)) which leads to Uy in
HY(T) and <0c>y8tu; in L2(Q") (see relation (3.29)), one obtains

« ) _

— ) —— | wodsuy dsvTdsdt —0, as §—0, (3.56)
/m [<<w>t>y w»] e
/m [(B),—Bs| ugo*dsdt—0, as 5—0. (3.57)

Consequently, there exists ¢ >0 such that for any v+ € H! ("), for any £>0, the following
estimation holds for any ¢ (sufficiently small):

(Bg%\ <cllflly adl[0w* [lo . +ed. (3.58)

Then, taking e =c|| f|| 10 [0 []g o+ strictly positive, one obtains:
‘B((sl)v‘ < |If]l 1o (Hatv+ Ho,m + HU+ Ho,m) : (3.59)
The remaining step is straightforward and leads with the help of (3.50) to the estimation:
L%0] <l 0 (00 fogn 8100 oy 48l ). G0)

At this stage, one can see why the rate of convergence is only in ¢. Indeed, (3.60) can not
give more than the first order estimation

‘L((sl)v‘ <cllfll1ad (5% H350+H0,m+57% Hafz’+Ho,n++HfH1,Q> (3.61)

which, in fact, achieves the proof of (3.47) for j=1 by the stability theorem in [9]. Finally,
let us sketch the proof of (3.47) for j=2. As formerly, one must estimate the following
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linear form defined on Xy by
L((sz)v:&z+ (6,uf —ug —oéuy —52u§r,v+) +0b™ (8,uf —ug —5u1+—52u§r,v+)
+a; (ug—ua—éul’—ézuz’,v’)
:L((sl)v—53a+ (6,uy,v") =00 (6,uy,0") —a; (uy,07).
In addition to the results obtained in the previous case, one adds the properties and

equations related to the term u5, uses the derivation rule d; — ds+ %ay for the terms in
(s,t,5/9) and obtains

L§2)02L§1)0—53/ a5 <1— %4_) (asu;—i—%ayu;) 00" dsdt

to +o ot
_5/(2+1X‘) <1+m) atuz atv dsdt

to
+0°K? /Q+ Bs (1—1— m) uy ot dsdt—o6%a; (uy ,07).
Now, the terms in &* for k<3 (essentially those containing tangential derivatives) become
the bad ones in the case of periodic layers. Fortunately, they are compensated as in (3.55)
in the hierarchy of equations by the weak convergence property but once more at the cost
of a half power of J in the rate of convergence. At least, it is not worse to take advantage
of this weak convergence together with the properties of u; and u; (essentially (3.42) and

(3.43)) and the regularity assumption f € H2 (Q)) in order to check that ||o™ [, still be

weighted by only the lower power 62 and not more. Doing so and with the help of (3.50)
one obtains the estimation

‘LESZ)U‘ <cllfllzan (53 950" (g, +07 (|05 [0 +6% |07 HlQ) (3.62)

which in turn gives the expected one:
L70| <cllflly 00 (2 00 oo 07200 oo H 107 [10)- (B63)
Consequently, the proof is terminated by the stability theorem in [9]. O

4 Neumann approximate boundary conditions

In the truncated ansatz at order j given by (3.45) one replaces each term u; by &/~ u]EN
and obtains for the Neumann condition case the following scattering problem for the
unknown qu (referred to Engquist-Nédélec [17])

uEN e H! (),
AufN+RPufN =—f:D'(Q),
0,ufN+ZJuFN =0:D'(I),

OnufN+SufN=0:D'(Z),

(4.1)
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where . o
Z((S]) =70 4 57zM ... L s5iz0) 4.2)

is the approximate Dirichlet-Neumann (or impedance boundary) operator at order j re-
lated to the thin periodic layer such that

z0 =, (4.3)
ZW = — (350095.+K*Bo.), (4.4)
7@ =y, (%) ds. — K2 Kﬁl ) caﬁ> (ﬁ#—c“ﬁ)as.] (4.5)

and ag, Bo, w14, P1 and By are the effective-homogenized coefficients of the layer. The

rationale of this model is that the truncated ansatz cpf; satisfies the same problem (4.1)
excepted for the boundary condition on I' which is not homogeneous and reads as follows

Inds +2] 9} =" gD (), *6)
where the right hand side is given by:

=0, pt=-2zWuy,

4.7
0=~ ZWuy 2 (uy +ou3). 4

The variational formulation of (4.1) reads as follows (cf., e.g., [19])
qu evim.yyeyim),
(N ) sl (o (4.8)
a, (u]- ,v)—i—g& (ur< )—i—br No /fvdx
where V(") is the Hilbert space defined by
V(’"):{veHl(Q); v\reHm(F)}:m:O,l (4.9)
() )

such that m=0,1,1 according to j=0,1,2 and a’, by’ are some continuous bilinear forms
defined on V(") as follows

o =p% =, (4.10)
a%l)(u,v):/raoasuasvds, 4.11)
bﬁl) (u,v):—kz/rﬁouvds, (4.12)
aﬁz)(u,v):—/r%asuasvds—kz/r(ﬁ#—caﬁ) (0su)vds, (4.13)

bﬁz)(u,v): /r(’Bl —d Cwﬁ) uvds. (4.14)
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Remark 4.1. Standard techniques using Rellich Lemma and Fredholm alternative (cf., e.g.
[23,30]) lead (for 6 small enough) to the existence and uniqueness of a solution to problem
(4.8). Indeed, the only new term with respect to [9] (in the case of an homogeneous layer)

(2)

is the non symmetric one contained in the bilinear form 4. Fortunately, a dominating
power of § weights this bilinear form and consequently does not affect the dominant
coercive part in the Fredholm alternative for J sufficiently small. As a result, the stability

argument in [9] for the problem (4.8) remains true. Consequently, the following theorem
holds.

Theorem 4.1. There exists a constant ¢ independent of 6 and the source term f such that the
solution us of the variational problem (3.1) and the solution qu of (4.8) satisfies

H”a —ug H < ||flo0 (4.15)
i ] <5151y yri=12 @16)
Proof. Since ¢ =ufN=u;,ie, wd=0, (4.15) is a direct consequence of (3.46) obtained

in Theorem 3.1. Next with the help of (3.47)it will be sufficient to estimate the difference
wi=¢} —u]EN for j=1 or 2. Thus, (4.8) and (4.6) give:

(wé, ) + 251 ( ( é,v) —I—b(rl) (wé,v)) = §R<(5j)v, (4.17)
where %((5]' Jp =it Jr p{svdx and from the definition of P{s in (4.7)

%fsl)v: —52/FZ(1)ul_vdx,

%‘(52)02_53/r [Z(l)uz_ +27@ (uy —|—(Su2_)] vdx.
Note that if f € H/~2 (Q)) then uj €H 1(T). Thus, integrating by part on I one obtains

Ry =42 [aﬁl) (u5 ,0) +b (ul_,v)} ,

8%((52)0:53 [aﬁl) (uy,0) +b§1) (uy,0)+af (uy +6uy 0)+bf (uy +5u2’,v)] .

Then, since the bilinear forms a%j )and bgj ) are continuous on V(m), there exists a constant
c independent of § (small enough) such that:

‘?Rfsf)v‘ <cdHIflli_yallollr-
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Now, following Remark 4.1 one concludes with the help of the stability theorem in [9]
that w{s satisfies the estimation:

‘ i1
[k, << 21l g.0 @18)
Consequently, by the convergence result Theorem 3.1 and the following decomposition:

uy — qu =uy —4){; +w{5, (4.19)

the proof is achieved. O

Remark 4.2. Surprisingly, the error estimate (4.18) between the approximate solution
uFN and the truncated ansatz ¢} is optimal then the one obtained in Theorem 3.1 where
a loss of half power in § was observed in the rate of convergence. This is actually an
advantage for optimizing the error estimate stated in the previous Theorem 4.1 providing
only the existence of the asymptotic expansion at order j+1 (cf., e.g., [28]). For example,
at order j =1 one writes

[y = (ug +6uy) || o= |luy — (ug +0uy +8%uy ) +8%uy ||,
<uy = (ug +6uy +8%u7 ) ||, o +8%|43 ||, 0

and consequently, the existence of u, in H! (Q) (providing, of course, more regularity on

f.ie. feH% (Q)) leads with the help of (3.47) (for j=2) and the independence of ||u; ||, 4
on J to the following optimal estimation at order j=1:

5 = (ug +6up) |, o <cO[If]13,0-

As aresult, (4.16) and (4.19) leads to the optimal error estimate

_ 3
H”5 —”1ENH10§C52 /113,000

where the half power of ¢ lost in the rate of convergence in Theorem 3.1 estimation (3.47)
is recuperated.

Remark 4.3. The construction of approximate boundary conditions in the Dirichlet’s case
is more straightforward because of the shifting in the determination of the terms u; (in
fact, matching terms in /! determines completely u j while the next power &/ was neces-
sary to achieve this term in the Neumann case). Thus, the new terms involving memory
and variance-covariance effect are not observed until order j=3.
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5 Conclusion

This work is a 2D illustration of the efficiency of the two-scale asymptotic analysis to
deal with a double singular perturbation problem. As a result, this affects the rate of
convergence by a loss of a half power of ¢ in the case of thin periodic layers. Further-
more, new terms like memory effects and variance-covariance ones are taken into ac-
count within such an approach. The case of an infinite number of thin periodic layers is
self-contained in our analysis. However, the treatment of a thin periodic layer with high
contrast (for example a =0(671)) requires more investigations, as it is known, even in
the homogeneous case. Nevertheless, the techniques discussed here are useful to derive
effective-homogenized boundary conditions in the case of composite materials, grating,
chirality, etc-- -, (cf., [4,5]). Finally, the 3D systems (like full Maxwell’s equations) seems to
be nontrivial and consequently needs to be handled rigorously using such a multi-scale
analysis.
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