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A NON ELLIPTIC SPECTRAL PROBLEM RELATED TO THE ANALYSIS
OF SUPERCONDUCTING MICRO-STRIP LINES

ANNE-SOPHIE BONNET-BENDHIA! AND KARIM RAMDANT?

Abstract. This paper is devoted to the spectral analysis of a non elliptic operator A, deriving from
the study of superconducting micro-strip lines. Once a sufficient condition for the self-adjointness of
operator A has been derived, we determine its continuous spectrum. Then, we show that A is un-
bounded from below and that it has a sequence of negative eigenvalues tending to —oo. Using the
Min-Max principle, a characterization of its positive eigenvalues is given. Thanks to this characteri-
zation, some conditions on the geometrical (large width) and physical (large dielectric permittivity in
modulus) properties of the strip that ensure the existence of positive eigenvalues are derived. Finally,
we analyze the asymptotic behavior of the eigenvalues of A as the dielectric permittivity of the strip
goes to —oo.
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INTRODUCTION

The micro-strip transmission line is one of the most commonly used lines in micro-wave integrated circuits,
in order to connect to each other the different micro-electronic components (c¢f. [7,12]). It is constituted of
a thin conducting strip located on a dielectric substrate, which is placed on a conducting ground plane. The
line behaves then as an electromagnetic wave-guide, since the energy of the guided modes is confined in the
dielectric area located between the conducting strip and the ground plane. Since the discovery of high-T,
superconducting materials fifteen years ago, new lines involving superconducting strips have been realized in
order to reduce thermic losses.

As usual in the open wave-guide theory [1,2,4,8], the determination of the guided modes of the superconduct-
ing micro-strip line amounts to solve an eigenvalue problem associated to a non compact operator. Because of
this non-compactness property, the existence of eigenvalues (i.e. the existence of a discrete spectrum), and thus
the existence of guided modes, is not ensured. To answer this question, the procedure classically followed in the
literature is first to show the self-adjointness of the operator involved in the spectral problem, then to determine
its continuous spectrum, and finally to use the Min-Max principle to study the existence of eigenvalues. In
the problem studied in this paper, these steps present several specific difficulties, all of them induced by the
superconducting properties of the strip. Indeed, in the framework of London’s model, superconducting materials
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behave as negative dielectric permittivity materials (c¢f. [9,11]). The change of sign of the permittivity in the
line (negative inside the strip and positive outside) destroys the ellipticity properties of the operator A involved
in our spectral problem. The originality of the present work lies in the treatment of this lack of ellipticity
and its consequences on the spectral analysis of A (self-adjointness, continuous spectrum, characterization of
positive eigenvalues). In [5], an elliptic vector model corresponding to a zero thickness strip (i.e. a crack) has
been studied. The superconducting properties of the strip were there taken into account through an impedance
condition written on its boundary. In this paper, we investigate the difficulties induced by the negative value of
the dielectric permittivity of the strip, in the framework of a non elliptic scalar model. Let us emphasize here
that this problem cannot be considered as an approximation of the physical vector one. However, it gives rise
to similar mathematical difficulties and that’s why its study is a necessary preliminary step.

The paper is organized as follows: Section 1 is devoted to the description of the studied scalar model. In
Section 2, we give a sufficient condition on the dielectric permittivity of the strip eg for self-adjointness. This
result is obtained thanks to a perturbation method, using the Dirichlet to Neumann operator. Let us emphasize
here that in [3], more precise results about self-adjointness in non elliptic transmission problems have been
obtained in the paticular case (and simpler compared to the one studied here) where the exterior of the strip
is supposed to be homogeneous (see Rem. 2.5). Section 3 is devoted to the determination of the essential
spectrum. We prove that this continuous spectrum is the same as the one of the operator corresponding to
the perfectly stratified medium obtained after removing the strip. In Section 4, we prove that the operator A
involved in our model has a sequence of negative eigenvalues tending to —oo. Thus, it is not bounded from
below, and the Min-Max principle cannot be applied to it. In Section 5, a method to overcome this difficulty is
proposed. This method is based on the application of the Min-Max principle not to A, but to its inverse A=!.
One of the advantages of this method is that it allows one to characterize the positive eigenvalues, which are the
only interesting ones from the physical viewpoint. Using the characterization derived, we give then sufficient
conditions on the width and the dielectric permittivity of the strip ensuring the existence of a given number of
positive eigenvalues. This is achieved using the properties of the one-dimensional problem corresponding to the
case of an infinitely wide strip. Finally, in Section 6, it is shown that the more standard case (since it is elliptic)
of a perfectly conducting strip can be seen as the asymptotic limit of our problem when the permittivity of the
strip goes to —oo. This asymptotic analysis requires the study of a singular perturbation problem, involving a
skin effect. The results obtained are then used to derive an asymptotic existence result for positive eigenvalues.

1. MATHEMATICAL SETTING OF THE PROBLEM

Let us start by introducing the notations used throughout the paper.

Given an orthonormal system of coordinates (O, x1,x2,x3), let the micro-strip line occupy the half-space
xo > 0, and suppose that the direction of propagation is x3. We denote by x = (21, z2) the current point of the
cross section of the line Q = {x; 2 > 0}.

The superconducting strip, the dielectric substrate and the air are supposed to occupy respectively the
domains having the following sections (see Fig. 1):

o Qg = {Jc = (1,22), |21] < g, h <z < h—l—d}, with boundary 9Qg =T.

o Op ={z = (x1,22), 0 < xo < h}, with boundary 0Q0p = 'p N Y where I'p = {z2 = 0} denotes the cross
section of the perfectly conducting ground plane, and 3 = {x2 = h} the one of the interface between the
dielectric and the air.

. QAZQ\(QDUﬁs).

As it has been already said, superconducting materials behave in the framework of London’s model for super-
conductivity (cf. [9,11]) as materials having negative dielectric permittivity. We shall thus assume in the sequel
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FIGURE 1. The cross section of the micro-strip line.

that the relative dielectric permittivity at any point = (x1,x2) of the cross section {2 is defined as follows:

ep>1, z€Qp
ex)=qes <0, z€g
ea=1 x€Qyu.

In the model studied in this paper, the guided modes we are looking for are functions of the form:
u (z, x3,t) = u(z)e’@=rra),
uweL*(Q) and w,fER

satisfying:

where 9,, denotes the normal derivative.

Remark 1.1.

(i) The function u defined by (1) describes a wave propagating in the x3-direction without attenuation nor
deformation, with the velocity w/j.

(ii) The operator involved in problem (2) is the one that appears in the description of the transverse magnetic
modes of the micro-strip line, in the case of a strip of infinite width.

(iii) The boundary condition on I'p x R is imposed to take into account the fact that the ground plane is
perfectly conducting.

(iv) In fact, in the complete London’s model for superconductivity, the dielectric permittivity of a supercon-
ducting material is not only negative but also frequency-dependent. More precisely, we have:

es=¢eg(w)=-1/ (wz)\%) ,

where Ay, is called the London’s length and represents the penetration depth of the electromagnetic field inside
the superconducting material. For the sake of simplicity, this dependence of eg upon frequency has been omitted
in the model studied here. Nevertheless, the analysis of the complete model (which is non linear with respect
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to the frequency w) can be carried out by coupling the arguments developped in this paper to a fixed point
method (cf. [13]).

Substituting (1) into (2) leads immediately to the following eigenvalue problem for the function u describing
the transverse behavior of the guided mode u:

(1 B
—div [ =Vu | + —u = w?u Q)
<5 ) € (3)
Opu =0 (Tp).

In other words, if 5 # 0 is considered as a parameter, a guided mode can be defined as a solution (wQ, u) of (3)
satisfying w? # 0 and u # 0.

Let us now define a convenient functional framework to study problem (3).

Introduce the unbounded operator A of L?(Q2), with domain:

D(A) = {u € H'(Q), div Gvu) € L*(Q), dwur, = o},

and such that for u € D(A):

2
Au = —div <1Vu) + ﬁ—u
€ €

The guided modes we are looking for are then solutions of the spectral problem:

2 (4)

For 8 > 0, find (w,u) € R* x D(A), u # 0, such that:
Au = wu

Throughout all this paper, L?(£2) will be equipped with the scalar product:

and the associated norm will be noted:

1/2
fulle = [ 1)
Q

With this hilbertian structure, A is the unbounded operator of L?(Q) associated to the bilinear form af(-,-)
defined by:

D(a) = H'(Q)
5
a(u,v) = /Q é (Vu - Vo + 5%up) . )

To carry out the spectral analysis of A, we shall start by studying its self-adjointness.

2. ABOUT THE SELF-ADJOINTNESS OF A

Operator A is clearly symmetric since it is associated to the symmetric bilinear form a(-, -) defined by (5). We
know from classical characterizations of self-adjoint operators that a sufficient condition for self-adjointness of
symmetric operators is their surjectivity. Here, because of the change of sign of the permittivity €, the bilinear
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form a(-, ) is not coercive, and the surjectivity of A is far from being obvious. The method we propose to answer
this question is based on a perturbation result. More precisely, we shall prove that for “small” or “large” values
of the dielectric permittivity g inside the strip, operator A is self-adjoint.

Before stating this result, let us introduce some further notations needed here. We will denote by Qr = Q\Qg
the cross section of the exterior domain, i.e. the domain located outside the strip. The outgoing unitary normal
vector to Qg is noted n. Throughout this section, vs (respectively vg) will denote for a given function v defined
on € its restriction to Qg (respectively Q). In particular, the function defining the dielectric permittivity in
the cross section of the line satisfies thus:

_Jes <0 for x € Qg
E(x){gE(x) >0 for x € Qg

where eg(x) =ea=1in Q4 and eg(z) =ep > 1 in Qp.
To study the self-adjointness of A, we are going to study the existence of solutions for the equation:

Au=f (6)

where f is a given function in L2().

To achieve this, the idea is to transform problem (6) into an equivalent one whose unknown will be the
trace ¢ = up € H'/2(I'). As a first step, one should notice that problem (6) can be written equivalently as a
transmission problem through the interface T', with unknowns u = (ug,ug) € H* (Qs) x H' (Qp):

(- A +8%) us =esf (Qs)
(1 32
—div (—VuE) +—ugp = f (QE)
€E €E
(Q) us —uUgp = 0 (F)
L s — L oum = 0 )
€S EE
Opup = 0 (Tp).

1 1
Remark 2.1. Since ug € H' (Qp) satisfies div <—VuE) eL? (Qg), its normal derivative —Opupr can be
EE €E

defined in H~'/2(T") thanks to the following Green formula that holds for any vg € H' (Qg):

1 1 1
<—8nuE|p,vE|p> = 7/ div (—VuE) vg dx f/ —Vug.Vugdx,
€E r Qp €E Qp €E

the brackets (-, -)r denoting here the duality between H~'/2(T') and H'/2(T).

As a second step, we transform the transmission problem (Q) into an equivalent one, noted (P), in which
the only (non-zero) data appears in the normal derivative transmission condition. To achieve this, we use the
well-posedness of the following elliptic (since 3 # 0) Dirichlet problems respectively in H' (Q2g) and H' (Qg):

. 1 32 B
{(— A+ ws = esf (L) —div (ngE) +we = f (Qp)
ws =0 (I) wg = 0 (T)
Opwg = 0 (Fp)
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Consequently, the couple (us, ug) solves (Q) if and only if (vg,vg) = (us — ws,ugp — wg) satisfies:

(f A JrﬁQ) vg =0 (Qs)

1
—div <—VUE) + ﬁ—UE =0 Q)
€E €E

(P) vg —vg =0 ()
1 1
—Opvs — —OpVE = g (F)
€S €E

Opvg = 0 (Tp)
where we have set:

1 1
g=— <—8nw5 — —8nwE> € H_l/Q(F).
€S €E T

Now, to study the well-posedness of (P), we introduce the Dirichlet to Neumann operators T's and Tx, defined
for any trace ¢ in H'/2(T') by the relations:

Tsp = an'US(SD)\F

1
Tee = —0wvE(P)r
€s

where vg(p) and vg(p) solve respectively the interior and exterior Dirichlet problems with data ¢:
. 1 32
—div ngE(g?) +—ve(p) =0 (QE)

(=2 +8%) vs(p) =0 (Qy) 2

vs(p) = ¢ (I) vl = R )
Onvp(p) =0 (T'p).

Note that these problems being well-posed, operators Ts et T define isomorphisms from H'/2(T') onto H~/?(T).
Solving (P) is then equivalent to solve the following equation:

<iTSTE) =g (7)

We are now able to derive a sufficient condition on £g ensuring the well-posedness of (P):

Lemma 2.2. There exists ¢ > 0 such that for every eg €] — 0o, —c[U] — 1/¢,0[, problem (P), and thus prob-
lem (Q), admits a unique solution.

1
Proof. Since Tg is an isomorphism, the invertibility of (—Ts — TE) is equivalent to the invertibility of
€S

1
<€—TE Ty — Id), which is clearly satisfied if:
s

1
— |75 'Ts]| < 1.

Ll jrgizy)

Consequently, if |eg| > ||Tb? 1TSH, problems (P) and (Q) are well-posed. Applying the same kind of arguments
to the operator Id — esTy ' T, we can prove the well-posedness of (P) and (Q) for |es| < ||T§1TE||_1. The
lemma is thus proved, with: ¢ = max (||T]§1T5|| , HTngEH) . [l
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Remark 2.3. Notice that the constant ¢ = max (HTElTSH , ||TS_1TE||) satisfies ¢ > 1, since:
|75 Ts|| || 75 Tel| > |75 TsTg ' Te || = 1.

We immediately deduce from this lemma the main result of this section:

Theorem 2.4. There exists a constant ¢ > 0 such that for:
es €] — o0, —c[U] — 1/¢, 0], (8)

the symmetric operator A is invertible and thus self-adjoint.

From now on, we will assume that the dielectric permittivity of the strip g satisfies condition (8), and thus
that A is self-adjoint.

Remark 2.5.

(i) In fact, the result of Theorem 2.4 can be precised in the special case where the exterior of the strip is
supposed to be homogeneous (i.e.: €p = £4). This particular case, and more generally the question of self-
adjointness of non elliptic transmission operators through a regular or polygonal interface between two media
has been investigated in [3]. For regular interfaces, it is proved in [3] that the problem is self-adjoint if and
only if eg/e4 # —1. For polygonal interfaces, it is proved that for some negative values of the contrast eg/e 4
constituting an interval containing —1, the operator A is not self-adjoint. More precisely, if the interface has
only one corner of angle 0 < § < 7, the operator is self-adjoint if and only if

€g 0 — 27 0
2 g, = A
ca Pl { 0 ’9—277}

This result is directly related to the fact that for these values of the contrast, the domain of the adjoint A* of
A contains some corner singularities which are too strong (L? but not H') to belong to the domain D(A) of A.

(ii) In our problem, we can distinguish two kinds of corners: the upper corners of the strip corresponding to
a two-media interface, and the lower ones, corresponding to a three-media interface. For the upper ones, the
results of [3] can be applied, while for the lower ones, one needs to generalize the method proposed in [3] to the
case of a three-media interface. Nevertheless, note that [3] already shows that our operator A is not self-adjoint
(at least) for eg € Irr/5 = [~3,—1/3], because of the singularities generated by the upper corners. Consequently,
the constant ¢ in Theorem 2.4 satisfies ¢ > 3.

(iii) In the framework of London’s model, the superconducting material becomes better as g decreases, and
thus, as the penetration depth of the electromagnetic field inside the strip gets smaller. In particular, the limit
case eg = —oo corresponds to a zero penetration depth, and can thus be interpreted as the case of a perfectly
conducting strip (¢f. Sect. 6).

3. THE ESSENTIAL SPECTRUM

Since operator A is self-adjoint, its spectrum is real. Moreover, because (2 is unbounded, the embedding
of D(A) in L?(Q) is not compact, and thus the spectrum of A has a continuous part, the so-called essential
spectrum. Our aim here is to determine this continuous part. Using the fact that the strip has a bounded
section, we are going to prove that the essential spectrum of A is identical to the one of the operator A,
associated to the unperturbed medium. Here, we mean by unperturbed medium the medium constituted by the
air and the dielectric subtrate, obtained after the strip has been removed. In other words, the result established
here is a stability result for the essential spectrum, under a compact geometric perturbation. The main difficulty
of the proof is once again due to the loss of coercivity induced by the change of sign of €.
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Before stating more precisely the main result of this section, let us introduce some notations in order to
define the operator A, corresponding to the unperturbed medium. Set:
ep>1 inQp

Eo(T) = €oo (mZ)_{g 1 mQ\0p
A= m D-

Note that £ is nothing but the function describing the (relative) dielectric permittivity of the unperturbed
medium. Then, define operator A, as follows:

D(Ay) = {u € HY(Q), div (iw> € L*(Q), Ohyr, = 0}

€0

(9)
Ajou = —div (iVu) + ﬁ—Qu

€0 €0

The essential spectrum of A is then given by

Theorem 3.1.

Jess(A) =0 (Aoo) = [PYTMa +OO[

“+00 1 2
/ d_u =+ 62|u|2 dzs
0 o (1’2) d:L'g
Y™ = inf : (10)

uwEH (RT),uz0 e
|u|*das
0

where vy 1s defined by the formula:

Remark 3.2. The equation w? = yry (relating the frequency w and the wave-number £3) is the dispersion rela-
tion of the fundamental transverse magnetic guided mode of the slab waveguide (c¢f. [10]). From a mathematical
point of view, vy repesents the first eigenvalue of the self-adjoint operator Ay defined on L? (RT) by:

D (Arm) = {u € H' (R); 4 (id—“) € L* (R"), ;TZ(O) = 0}

dzo \ e5 dao
d 1 du 32
A = | =—— Z .
™Y dIQ <5c>o dIQ) + Eoou

One can easily check (cf. [10]) that yry is the first positive solution of the the dispersion relation:

tan(kh) = epn/k, (11)

where we have set kK = \/yrmep — 82 and 1 = /32 — yrMm. Using this property, one can in particular prove
that vy satisfies:

52 2
— <7ymMm < B
€D

To prove Theorem 3.1, we shall successively prove (in Lems. 3.3, 3.4 and 3.5) the following inclusions:

g (Aoo) C [’YTM; +OO[ ) [PYTM; +OO[ C Oess (A) ) Oess (A) C Oess (Aoo) . (12)

In fact, the difficulties due to the non ellipticity of A appear only in the proof of the last inclusion, making it
slightly more complicated than the two first ones.
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Lemma 3.3.
0 (As) C [yTMm, +00[.

Proof. From the definition of 4y, we have for almost every x; € R and every u € D (Ao ):

[

Integrating this inequality with respect to x1, one obtains that:

du

dl‘g

2
+ 52|U|2> dzo > ’YTM/ lu?das.
R+

1 (| dul?
(Asou,u) = / = (2] & B lul? | doydws > vy l|ul)?, Vu € D (Ax).
0 €oo dl’g
Since A is self-adjoint, we have thus:
. . (Ao, u)
fo(Ax) = f —_— > ,
info(Aee) = b a2 ™
and the lemma is proved. |

Let us now prove the second inclusion of (12).

Lemma 3.4.
['YTMa +OO[ - Uess(A)-

Proof. We are going to show that we can associate to every A > ~pjs a singular sequence of A. To achieve this,
du

we introduce the function:

[ =

0 Eo0 (.1‘2) dZCQ
uEngR}‘*') u#0 oo ’
7 / |u|?da,
0
such that: Ty (8) = yrm. Then, we notice that the function:
¢ — o (VE+E)

is continuous and strictly increasing on RT, and is thus bijective from R* onto [T'rm(8), +o0o[ = [yTMm, +00[.
Consequently, for every A > ~ry, there exists a unique £ > 0 such that:

A=TDru(k), k=+B2+¢

To build up a singular sequence associated to A, we use the planar wave-guide fundamental mode u associated
to I'rv (k). More precisely, uy satisfies:

+o0 5
/ g (22)|? daa = 1,
0

2
+ kz2|u|2> dxzo

k— FTM(k) =

d 1 dug k2
_ Tk 2w =T (b 13
dxs (goo dx2) * €OOUk TM( )Uk’ ( )
d
% 0) = 0.

dzy
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+oo

Let § € C*(R) such that 6_s/2,¢/2) = 0 (recall that ¢ is the width of the strip) and / 10 (1) dzy = 1.
—o0

Consider the sequence u,, of H!(€) defined by:

Un(z) = 0, (21) ey (z2),

where:

in = o (%)

One can easily check that:

[unll2 =1,
up, — 0 dans L*(Q),

u, € D(A).

In addition, the second equation of (13) shows that we have in Qp and Q4:

. 1 d? 2 . déb, . 1 d%0, ;
Auy, = 0,6 — ( kg k2uk> — ey — — ey
€0

Eoo da? day Eoo da?
2 . db, . 1 d%0, ;
= Auy, — —ié——eM 1y, — — —2el Ty,
€oo dzq oo dxl
. d n d29n . 2
Since Tor and g2 converge strongly to zero in L*(R), we have thus: ||Au, — Aunl/;,» — 0. Consequently,
1 1

A=Trm (\/ﬁQ + 52) belongs to oess(A) for every € > 0, and thus [I'ram(8), +00[ = [yrMm, +00] C dess(4). O

To conclude the proof of Theorem 3.1, let us prove the last and most difficult inclusion:

Lemma 3.5.
Oess (A) C Oess (Aoo) .

Proof. Let A € 0¢ss(A) and u,, € D(A) be a singular sequence associated to A:
[unl[g2 =1,
u, — 0 in L*(Q),
| Auy — Aupl| - — 0.

In order to build up a singular sequence of A associated to A, set: v, = Ou,, where 0 € C3°(Q2) satifies:

o Vr e Ny 0<6(zx) <1
e There exist two open sets O and O’ of  such that:

QsCOCO/,
=0 in O,
=1 inQ\0O.

o 0(x1,x2) = 60 (x1) in the vicinity of the interface ¥ = {x2 = h} between the dielectric and the air.
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We shall prove that v, is a singular sequence of A, associated to A.
First, it is clear that v,, belongs to the domain D (As) of Ao, and that it converges weakly to zero in L?(€2).
To conclude, it remains to prove that:

(i) v, does not converge (strongly) to zero in L?(12).
(i) Asovn — Avy, converges to zero in L2().
These results will follow from the properties of operator A stated below.
Theorem 2.4 shows that operator A defines an isomorphism from D(A) onto L?(€)). As a consequence, there
exists C' > 0 such that:

lull g ) < CllAul| Lz, Yu € D(A). (14)

Furthermore, classical regularity results for elliptic transmission problems show that v has an H?-regularity on
both sides of the interface X\ (X NT') between the air and the dielectric substrate. Consequently, if &/ is an
open set such that U NT' = (), the following estimate holds:

lull r2@wnap) + llull 2 wnea) < CllAull 2, Vu € D(A).
(i) Applying these results to the sequence wu,, one obtains that:

[tnll 10y < C llAunl Lz - (15)

On the other hand, since: (Aup,u,) = (Aup — Ay, uy) + A ||U7LHi2 , the sequence Au, is bounded in L?().
Inequality (15) shows that u, converges (up to a subsequence) to zero in L2 (£2). Consequently, the function
1 — @ having a compact support, we have:

[onll L2 = [10unll 2 = llun = (1 = O)unll 2 — 1,
and point (i) is thus proved.

(ii) A straightforward computation shows that:

Aoy, — Ay, = 0 (Auy, — Auy,) — EL (up A O+2V0 - Vu,).

oo

Since Af has a compact support and since the sequence u,, converges to zero in LIZOC(Q), we have:

lim |lu, A6, =0.

n—--4
If U denotes the support of V0, the regularity results recalled above show that:
||un||H2(LmQD) + Hun||H2(quA) < CllAun g2 -
Thus, the sequence u,, converges to zero in H'(U) and consequently:

lirr+1 IVO - Vu,|| . =0.

As a consequence:

lim [[Asxvn — Aoyl 2 =0,
o0

n—-+

and vy, is a singular sequence of A, associated to A. [l
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4. NEGATIVE EIGENVALUES

In this section, we are going to see that A has a sequence of negative eigenvalues that converges to —oo. This
property is directly related to the negative value of the dielectric permittivity in the superconducting strip.
Let us start by proving the following preliminary result:

Proposition 4.1. Operator A is not bounded from below.

Proof. To prove this proposition, we construct a sequence u,, € D(A) satisfying:

[unllL> =1, ¥n 20

(16)
lim  (Aup,u,) = —0c0.

n—-4oo

Let 29 € Qg and 6 > 0 be such that the ball B = {x,|x —x¢| < 0} is contained in Qg. We define then the
sequence:

un(x) =nb(n|z— x0l),
where 6 is a regular radial function with support in B, such that ||6]| . = 1.
Since Supp u, C {|x — 20| < §/n} C Qg, we have u,, € D(A). Furthermore:
lnle =1 and [Vl = V8o

As a consequence:

1 1
(Awp, up) = _/ (|Vun|2 + 3 |un|2) = — (n2||V9||2L2 + 52) - —00. O
€s Jas €S
We immediately deduce from this proposition the:

Corollary 4.2. Operator A admits a sequence of negative eigenvalues tending to —oo.

Proof. Since A is self-adjoint, we have:

A
info(A) = in ( u,u)’
weD(A),uz0 ||ul| L2
where o(A) denotes the spectrum of A. Thus, it follows from Proposition 4.1 that: info(A) = —co. On

the other hand, if 0,(A) denotes the point spectrum of A, which is composed of isolated eigenvalues of finite
multiplicity, we have:

0(A) = 0ess(A) Uap(A) = [yrm, +00[ U p(A).

Consequently: info,(A) = —oo. This shows the existence of a sequence A, of negative eigenvalues of A
satisfying: lin_~1_ Ap = —00. O
n—--—1+0o0

We shall now make use of these results concerning the spectrum of A to prove the existence of positive
eigenvalues of A.
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5. POSITIVE EIGENVALUES

Applying the Min-Max principle to operator A~!, we derive in the first part of this section a necessary and
sufficient condition for the existence of positive eigenvalues. In the second part, we use the condition previously
derived to prove existence results for positive eigenvalues of A.

5.1. Characterization of the positive eigenvalues of A

The Min-Max principle (¢f. [14]) provides a criterion to prove existence of eigenvalues located below the
essential spectrum for self-adjoint bounded from below operators. More precisely, let B be such an operator
with domain D(B) C L?(Q), b(-,-) the bilinear form with domain D(b) associated to it, and 7ess = inf oess(B).

For m > 1, we introduce the real numbers \,, equivalently defined by the two formulas:

(Bu,u) b(u, u)

Am = inf sup = inf sup 17
" V’HLGV"L(D(B))uEVm,u;ﬁO HUH%Q Vin€Vm (D(b)) UEV, ,u#0 ||’LL||%2 ( )

where V,,, (V') denotes the set of all m-dimensional subspaces of V.
The Min-Max principle states that operator B has at least m eigenvalues A satisfying A < g5 if and only if
Am < 7Yess- In other words, if N denotes the number of such eigenvalues, the following assertion holds:

A < Yess = N >m (18)

Furthermore, if N' > m, the m first eigenvalues of B are exactly the numbers \,, 1 <p < m.

In the case studied here, operator A is neither bounded from below (because of its infinite sequence of
negative eigenvalues, c¢f. Prop. 4.1), and of course, nor from above. Consequently, the Min-Max principle
cannot be applied to it. We have thus to find a new criterion for existence of eigenvalues. Moreover, we have an
extra constraint concerning the construction of this criterion: it must be sharp enough to prove the existence
of positive eigenvalues for A, since these eigenvalues are the only ones of interest from the physical point of
view. To achieve this, the solution we propose is to apply the Min-Max principle to the operator A=! (recall
that condition (8) is supposed to be satisfied and that A is thus invertible).

Since A € o(A) if and only if A™! € o (A™!), Theorem 3.1 and Corollary 4.2 lead to:

Proposition 5.1. Operator A™! is self-adjoint, bounded from below and from above. Moreover, A~' has a
sequence of negative eigenvalues tending to zero, and its continuous spectrum is ] 0, ('yTM)_l].

Figures 2 and 3 below show the structure of the spectra of A and A~!. As it can be seen from these figures,
we have:

A€ oy(A)NRT & p=1/A€o,(A7") and p>1/yrum.

Consequently, the determination of the positive eigenvalues of A amounts to the determination of the eigenvalues
of A" located above its essential spectrum. Applying the Min-Max principle to the self-adjoint and bounded
from below operator B = —A~!, we obtain the following result:

Theorem 5.2. Let N be the number of positive eigenvalues X\ of A satisfying X <y tm (counted with their
multiplicity), and define:

. (Au,u)
Hm = sup inf — 2 7. 19
Vi €V (D(A)) ¥EVim,u0 || Aul|3 (19)
Then, for allm > 1:
1

YT™M
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- + o+
o, O
\ / // Essential spectrum
Point spectrum

FIGURE 2. Spectrum of A.

1/ -—0 1 1/ + 1/+
kn ; ;/é ; ’YZ FTM )LZ }Ll
Essential spectrum

FIGURE 3. Spectrum of A1,

In addition, if N> m, the first m eigenvalues \p, p=1,..,m, of A are given by the relation:

Proof. Denote by \,,(B) the min-max of order m of B = —A~!, and by N (B) the number of its eigenvalues
which are smaller than the lower bound — ﬁ of its essentiel spectrum. Applying the Min-Max principle to the
self-adjoint bounded from below operator B, we obtain that:
1
NB)Y>m & I\p(B)<——- (21)
Y™
and that, if N'(B) > m, the numbers \,(B), p = 1, ..., m are exactly the m first eigenvalues of B.
On the other hand, using the min-max formula, we have:

—_A-?
Am(B) = inf sup M
Vi €V (L2(D)) fev,,,f20 |1 fI72
(A1 1 f)

= — sup inf ~—F—~
VmEVW(L2(Q)) fe‘/'mvf#o Hf”%z

o (Au)
= — sup inf ——05"
Vin €V (D(4)) #E€Vmu0 || Aul|7 5

= —um.

Furthermore, A/(B) is nothing but N. The equivalence (21) shows thus that:

1
N>m & pup>—-
YT M

Finally, since the numbers \,(B) = —p,, for p=1,...,m are the m first eigenvalues of B = —A~1, the positive

real numbers (u;l)pzl . are the m first positive ones of A. O
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Remark 5.3.
(i) The existence criterion (20) for positive eigenvalues can also be written:

AV € Vi (D(A)), such that Yu € Vy,

22
Yram (Au, u) > || Aul|2,. (22)

N>m & {

(ii) One may notice that the criterion obtained imposes that the test functions of V;,, belong to the domain
D(A) of the operator, and satisfy in particular the suitable transmission conditions at the interfaces. This
constraint makes the construction of such test functions much more complicated than in the usual case of an
operator bounded from below. Indeed, in this last case, the m-dimensional subspaces V,,, are not included in
the domain of the operator, but in the one of the bilinear form associated to it.

We shall now use the characterization obtained to prove existence results for positive eigenvalues A of A
satisfying A < yrm-

5.2. Existence results for positive eigenvalues

In this section, we are going to show how the criterion derived in Section 5.1 can be used to prove the
existence of positive eigenvalues of the operator A. As stated in the point (i) of Remark 5.3, operator A admits
at least m positives eigenvalues smaller than ~ry if and only if there exists an m-dimensional subspace V,,, of
D(A) such that:

yrm(Au, u) > ||Au||%2, Yu € V.

We will see that the existence of such a subspace can be proved if the strip is wide enough, and its permittivity
large enough (in modulus). This result is based on the fact that for large strips, the problem is “close” to
the one-dimensional problem corresponding to the case of an infinitely wide strip. On the other hand, and as
we shall see in the next section, this problem can be studied almost explicitely (see [6]), and has at least one
positive eigenvalue for |eg| large enough.

5.2.1. The one-dimensional model (strip of infinite width)
This model is associated to the unbounded operator A! of L? (RT), defined by:

d /1 du du
1\ _ 1 + Rl e 2 + = —
D(A)_{ueH (RY), i <de2)eL (RY), dm(o) 0} -
Ay 4 (Ldu) g2
" das \edas e

where, for the sake of simplicity, we still denote by ¢ the function of x5 defined by:

ep>1 O0<xo<h
e(xe) =<es <0 h<zo<h+d
ea=1 To > h+d.

One can then easily check (see [6]) that A® is self-adjoint for all the values of 5, has a sequence of negative
eigenvalues tending to —oo, and that its essential spectrum is [52, 400 [ Furthermore, we have the following
existence result for the first positive eigenvalue:

Proposition 5.4. There exists ¢ < 0 such that for eg < 55, A has (at least) one positive eigenvalue \; < [3°.
Furthermore, this eigenvalue satisfies: Ay < ~yrm.
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Proof. The characterization of positive eigenvalues given in Theorem 5.2 can be applied to the operator A'
studied here. Consequenlty, \; exists if and only if there exists a test fuction v € D (Al) such that:

B (A, u) > [[ A%,

Let then u! be a given function of x5 satisfying (recall that h and d denote respectively the thickness of the
dielectric and the thickness of the strip):

ut € ([0, +o0]),
. . (24)
U‘[O’h] =1 and u‘[h+d,+oo[ =0.

1 1du!
Since u! and = (ul)/ = _di are clearly continuous in zo = h and x5 = h + d, we have u! € D (Al).
9 € aAx2

Furthermore, one can easily check that:

(Alut,ut)  (B*/ep) h+a/es

AWl (8%/ep)® h+b/ed’

where we have set:

. /thrd ’(ul)’

2 2 htd " 2
+ 3% |u'] and b:/ ’f (u') +52u1’
h

Thus:
. (B%/ep) h+a/es )
1 = .
ESLIEOO (ﬁ2/€D)2h+b/EQS gD/ﬁ

But as it has been said in Remark 3.2, we have:

ED/ﬁ2 > 1/’YTM > 1/ﬁ2.
Thus, there exists e5 < 0 such that:

(Alut,ut) 1 1

—, V. L 25
TR 29)

This proves the existence of a positive eigenvalue \; of Al satisfying: A\ < ypm < 32. O

Remark 5.5.

(i) Obviously, some sharper estimates of A\; can be obtained using more accurate test functions than u!. This
can be achieved thanks to the fact that the computations, although being heavy, are quiet explicit. In fact, our
aim here was only to give an idea of the kind of methods one can use to prove existence of positive eigenvalues
for the one-dimensional problem.

(ii) The fact that A satisfies Ay < yry will be useful in the next section, to prove existence results for the
eigenvalues of the two-dimensional problem associated to A.
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5.2.2. Back to the two-dimensional model

The main result of this section is given by the following theorem (recall that ¢ is the width of the strip):

Theorem 5.6. For every m > 1, there exist 5}9 < 0 and £, > 0 such that the number N of positive eigenvalues
A of A such that A < yrm satisfies:

Veg <ey , YU>Llp, : N>m.

Proof. Theorem 5.2 shows that the result will be proved if there exist e < 0 and £, > 0 such that for every
es < 5 and every £ > {,,, we can find an m-dimensional subspace V,,, of D(A) such that:

yrm(Au, u) > ||Aul|2z,  Yu € V. (26)

To construct such a subspace, we shall use the test function u! (satisfying (24)) we have used in the study of
the one-dimensional problem (corresponding to ¢ = +00).
Let us set:

1
Upn = —=0p (%) u (r2)  and V" = Vect {upn,p=1,..,m},

NG

where: 01,6s,..,0, € C°(] — 1,1]) are supposed to be linearly independant.
1 dut

Since u' satisfies the transmission conditions [ul] = [_d—] = 0 at the interfaces and since Supp (up,n) C
£ dxao

[—n,n], we have:
Upn € D(A), VL>n.
Thus:
Vi CVn(D(A)),  VL>n.

m
Let then u,, = Z“Pupv" e Vo, with (u1, .., tm) # 0. A straightforward computation shows that for £ > n, we
p=1

11 1 o 1 oo q 112
) () + S ([ 2P

2 +oo / +oo " +o0 ’
1 1 1 1
(| Ay, || / ‘Alulf e i </ 1. A1u1> Lo : (/ i ‘u1‘2>
0 an 0 € an o el

where we have set:

“+o00 —+o00 +oo m
a= [ e @ = [ P ar= [ 0= b,

— 00 — 00 — 00

have:

We shall prove that for n and |eg| large enough, we have:

(Aup, uy) 1

|Aunll7. ~ Y™

First, notice that the functionals o/« and o’ /« are bounded on the linear subspace Vp spanned by the functions
(9p)p:1wm, since o and o’ are continuous on the compact subset of Vy defined by fj:co |62 = 1. Consequently,
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we have:

51 < (A, un)

< < (27)
n 2 no
| Aun|| 72

where £} et €2 are two sequences (which do not depend on /) satisfying:

g o (Al
ninioog" - nlr(«ll»oofn - HA1“1H2L2 ’

It follows then from (25) and (27) that there exist N > 0 and e} < 0 such that for £ > N, we have:

(AUN,UN) 1

| AunlZa ~ o

uy € D(A)  and , Veg < ek

Thus inequality (26) holds, with V,,, = V.IV. O

m

6. THE ASYMPTOTIC LIMIT £g — —00

Making use of the Min-Max principle, we have shown in the previous section that for |eg| large enough and
for large superconducting strips, operator A admits positive eigenvalues. In this section, we investigate the
asymptotic behavior of the discrete spectrum of A as g goes to —oo. We will see that as expected from the
physical context of the problem (c¢f. Rem. 2.5), the limit case eg = —oo corresponds to the case of a perfectly
conducting strip. If Ag denotes the operator associated to this problem, we will show here that we can find
in the neighborhood of every positive eigenvalue of Ap at least one eigenvalue of A for |eg| large enough. The
main advantage of this asymptotic result lies in the fact that contrary to A, operator Ag is elliptic and thus its
spectral analysis is much more standard than the one of A.

This section is organised as follows. In Section 6.1, the case of a perfectly conducting strip is studied. In
Section 6.2, we will see precisely in what sense the operator A is close to Ag for large values of |eg|. Finally, in
Section 6.3, we shall use the results obtained in the previous section to prove existence of positive eigenvalues
for A, once again for |eg| large enough.

6.1. The perfectly conducting micro-strip line

Here, the Neumann boundary condition is imposed on both the strip’s and the ground’s plane boundaries.
The associated operator Ag is thus defined as follows:

1

D (Ag) = {u € H' (Qp), div <€—vu> € L*(Qg), Oau=0o0nTU rp} ,
E

(28)

2

Agu = —div <iVu> + ﬁ—u

€E €E

Since this operator is symmetric and elliptic, it is positive and self-adjoint. Furthermore, following the proof
of Theorem 3.1, one can easily check that its continuous spectrum is the interval |y, +oo[. Finally, using
the Min-Max principle, some sufficient conditions (on the characteristics of the line) ensuring the existence of
m positive eigenvalues in ]0,yrnm[ can be derived very easily. Indeed, using for instance the m-dimensional



A NON ELLIPTIC SPECTRAL PROBLEM 479

subspace spanned by the m functions (up) ., defined by:

p=1,..,

sin (ZE (221 —|—€)) for |z1] < £/2 and 0 < 22 < d
20
Up (391,352) =

0 elsewhere,

we obtain that the min-max of order m satisfies:

(Apt, ) _ (Aptim,um) _ 1 (m2”2+52).

Am < sup = -
m UE Vi ,u#0 ||'U/||%2(QE) HumH%Q(QE) €D {2

Consequently, the Min-Max principle shows that Ag has at least m eigenvalues in |0, yrm| as soon as the
following condition is satisfied:

1 2.2
- (mpﬂ' —I—ﬁQ) <9T™-
D

Note that for fixed values of ep and g, this condition is satistfied for strips that are large enough.

To conclude this section, let us give a characterization of these positive eigenvalues of A using the exterior
Dirichlet to Neumann operator. This characterization will be very useful to compare the discrete spectra of A
and Agp when eg — —o0.

For \ € )0, ypm[ consider the operator T ()\) : HY/2(I') — H~'/2(T") defined for any trace ¢ € HY/?(T) by:

T(N)e = Ohvpr, (29)

where vg € H! () is the solution of the boundary value problem:

_div (év@) + (g - A) Zz z Z E;ff) (30)
ovg =0 (Tp)

Before going further, let us emphasize that Tg()\) is well defined for every A € [0, yrm[. To check this, it suffices
to prove that problem (30) is well-posed for such values of . Introducing the solution wg € H! (Qg) of the
well-posed boundary value problem:

one sees that the well-posedness of (30) is equivalent to the well-posedness of the boundary value problem:

2
—div (in) - (ﬂ— - A) e =[ (Qp)
€E €E
pp=0 (I)
anQOE' =0 (PP)a

(31)

where we have set: f = —\wg € L? (Qg).
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Now, problem (31) has a unique solution if and only if the operator (Ag — )\Id) is invertible, where AL is
the operator defined by:

1
D (Ag) = {’LL S 13'1 (QE‘), div <E—VU) € L2 (QE‘), ’LLlF =0 s 8nu‘pp = 0} ,
E

2
APy = —div (iVU) + 5—u
€E €E

The invertibility of AL for A € [0, yram| follows now immediately from:

Lemma 6.1.
g (Ag) = Oess (Ag) = [yr™m, +00].

Proof.
(i) For every u € D (AR), we have:

1 1
(Agu,u):/ — (IVuf + 5*ul?) :/Qg(wm?m?mﬁ) — (Aii, ),

E

where 7 is the extension of u to Q by 0 (notice that @ € H(Q) since u € H} (Qg)) and Ay, defined by (9),
is the operator corresponding to the unperturbed medium. It follows then from the study of Ao, (see Th. 3.1)
that:

(ARu,u) = (A, @) 2 yrmllallZa o) = yrullullizay).

and thus (since A% is self-adjoint):

D
nfo(AD) = e AEw)

2 9T™
uED(Ag),uyéo ||U||%2(QE) ’

showing that:
o (AD) C [yrm, +oo[ .

(1) The converse inclusion can be proved by constructing for every A > 1y a singular sequence of A2
associated to A. O

Summing up, we have shown that for A € [0, yrm[, problem (30) has a unique solution vy € H* (Qg) for
every ¢ € H'/?(T), and thus that the operator Tg()\) such that Tr(\)p = Onvpr is well defined for such values
of \.

Remark 6.2. In fact, we have proved that Tg()) is well defined on C\ [y, +00].

Using this operator, one can see that A = Ag is an eigenvalue of Ag if and only if:
Jp € HY2(T) such that: Tm(\g)e = 0.

In other words, we have the following characterization for the eigenvalues of Ag in terms of Tg()\):

Proposition 6.3. Ag € ]0,ymm| is eigenvalue of Ag if and only if £ = Ag is a pole of the operator-valued
fonction Tp(£)~t of the complex variable €.
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6.2. Asymptotic spectral analysis of A: a boundary formulation

Let us first introduce some notations needed in the sequel. We define the positive real parameter:
6= —1/5‘5.

Furthermore, operator A will be noted As throughout this section. Our aim here is to prove that for small values
of §, the eigenvalue problems associated to A; and Ag are “close”. The main difficulty in defining rigourously
this property comes from the fact that the operators As; and Ag do not have the same domains. To overcome
this difficulty, we use the boundary formulation (on I') of the two eigenvalue problems, obtained thanks to the
Dirichlet to Neumann operators.

Let us start by writing the eigenvalue problem Asu = Au as an equivalent problem satisfied by the new
unknown: ¢ = up. First, note that:

-6 AN ug + (5ﬂ2 + )\) ug =0 (Qs)
1 2
—div <—VUE) + (ﬁ— — )\) up =0 (QE)
€E €E
Asu= I < us —ug =0 I)

1
00pus + —O0,ug =0 (F)
€E

Owup =0  (Tp).

As a consequence, A € ]0,yrm[ is an eigenvalue of As if and only if there exists ¢ = ugr = ugr € HY2(I)
such that:

T, )¢ = (0Ts(6,A) + T(A) ¢ =0,
where T ()) is defined by (29) and (30), and Ts(5,\) : HY/?(T') — H~'/2(T") is defined by:
Ts (5, \)p = Onvlr, (32)
where v} € H' (Qg) is the unique solution of the Dirichlet boundary value problem:

{5Av§ + (687 + A) v% =0 (Qg)

B=p (D) (33)

Using the boundary operators Ts(d, A) and Tgr(\), we have the following characterization of the eigenvalues
of A5:

Proposition 6.4. The real number X\ € |0,yrm[ is an eigenvalue of As if and only if € = X is a pole of the
operator-valued fonction:

£ —T(5,6)7 = (3Ts(6,€) + Tr(€) .

The next step is to prove that operator T'(§,\) = 0Ts(0, ) + Te(\) converges to Tr(A) (in the space of
continuous operators from H'/?(T") onto H~/2(T)) as ¢ tends to 0, or equivalently, that § Ts(d, ) converges to
0 as § tends to 0. To prove this result, we have to estimate the normal derivative of the function v} € H' ()
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defined by (33). The main difficulty here is that problem (33) is a singular perturbation problem when § tends
to 0. Indeed, a detailed study of this problem (which is achieved in the appendix) shows that the normal
derivative of v} on T is not bounded as § goes to 0 (this is due to the so called skin effect). More precisely, we
have the following result:

Lemma 6.5. Letv} € H' (Qs) be the solution of the boundary value problem (33) for a given trace o € H'/?(T')
and a constant A > 0.

Then, for every v €]0,1/2], there exists a constant C > 0 (independent of ¢ and §) such that the following
estimates hold:

[08)l 0 < Clielarey§72 o 180§ . < Cllellana) 6.
As a consequence, we have:

HanUgHH*IM(F) < CH@HHIN(F) 5_1+V-

For the proof of this lemma (which is rather technical), see the appendix.

The key point now is that although the normal derivative 8,{0% becomes infinite, 58nvg remains bounded.
This allows us to prove the following theorem, showing that the eigenvalue problems associated to As and Ag
are close:

Theorem 6.6. Operator T'(3,\) := 0 Ts(d, \) +Tr(N), where Te(X) and Ts(d, ) are respectively defined by (29,
30) and (32, 33), satisfies:
Vv €]0,1/2[, 3C > 0, such that: ||T(0,\) — Tg(X)|| = [|6Ts(d, N)|| < Cd”, (34)

where the norm is taken in the space of bounded operators from H'/*(T') to H—'/*(T).

Proof. The result is a direct consequence of Lemma 6.5, since for every ¢ € H'/ 2(I), we have:
[(T(0,7) = Te(N) ¢llg-1/2 = [ Ts(8, gl g-1/2
)
=9 Ha"”SHHflm(r)

< C”SDHHW(F)(SV

where 0 < v < 1/2. O

Remark 6.7. The constant C in Theorem 6.6 depends only on v and A. But as it can be seen from the proof
of Lemma 6.5 detailed in the appendix, C' depends continuously on A, and is thus bounded if A is contained in
a bounded region of the complex plane.

6.3. An asymptotic existence result for positive eigenvalues of A

Using the result of Theorem 6.6, we are going to prove that we can find in the vicinity of every positive
eigenvalue of Ag, a positive eigenvalue of Ag, for § small enough. This result can be stated more precisely as
follows:

Theorem 6.8. Let Ag € ]0,vyrm[ be an eigenvalue of the operator Ag defined by (28), and Dg C C a disk of
center A\g. We assume that the only eigenvalue of Ag contained in Dg is Ag.
Then, for 6 = —1/eg small enough, the disk Dg contains at least one eigenvalue A of As = A.

Before showing this theorem, note that this eigenvalue A is necessarily real (and positive if Dg is small
enough), and consequently, Theorem 6.8 gives in particular the existence result obtained in Theorem 5.6.
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Proof. We are going to use here the characterization of the eigenvalue problems associated to Ag and Ags,
respectively given by Propositions 6.3 and 6.4.
So assume that Tr(£)~! has a pole at ¢ = A\g, and let us prove that there exists §y > 0 such that for
0 <8< 8o, (T(6,€)"" = (6T5(6,€) + Tr(€))”" has at least one pole in the disk Dp.
-1

If not, there would exist a sequence d,, tending to 0, such that the family of operators (T (0n, &) ) is
neN
holomorphic on Dg. Thus, if C is a closed curve included in Dg and containing Ag, then:

/T(an,g)*l d¢=0, VneN. (35)
C

The idea now is to take the limit n — 400 in this relation.
The key point of the proof is that operator T (5,“5)_1 converges to Tr (€)™ as n tends to +oo uniformly
on C. To prove this assertion, one should first notice that:

T(8,,6) " = TE(€) ™ =T (6,,6) " (Tr(€) — T (6n,€)) Te(€) L. (36)

Now, taking for instance v = 1/4 in Theorem 6.6, one obtains the existence of a positive constant C' (independent
of £, see Rem. 6.7) such that:

ITe(€) = T (6. 6)l < CO/Y,  VEeC. (37)
On the other hand, we have:

[Te(©) 7| <C,  veec.

Thus, to conclude, it remains to check that the family (T (Ons 5)71> N is uniformly bounded on C. But:
ne

T (60,€) ™" = (T() + 62T (6n,€)) ™" = Te(€) ™" (Id + 6, Ts (6, ) T(€) ™) ",

and by Theorem 6.6, there exists C' > 0 such that:
H(SnTS (5n7€) TE(&)_lu < 05711/4

Thus, using the Neumann series of Id + 6, Ts (6,,,&) Te(£) ™! one obtains the existence of N > 0 (independent
of &) such that for n > N the following estimate holds:

1 1
< < ,
‘ —1- H(SnTS (6na§) TE’(g)_lH N 1— 671/4

[ (1d+ 6075 80, ) To() ) 7| Ve ec.

Thus, for n > N, we have:
HT((Sn,g)_lH <C,  veec. (38)
Using (37) and (38) in (36), we get:
|7 Gu o™ = Te©) || < 0ot veec

One can thus take the limit in (35) and obtain:

/C T(€)~1dé = 0. (39)
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The contradiction comes now from the fact that since operator T(£)~! has a pole at £ = A\g, we have:
/ Tp(¢) 'd¢ = 2inRes (Tp(€) ™", & = A\g) #0,
c
where Res (TE(§)71,£ = )\E) denotes the residue of Tr(£)™! at £ = A\g.
Thus, T'(0, f)_l has necessarily a pole in Dg for § small enough, and Theorem 6.8 is proved. |
Remark 6.9. In fact, the proof of Theorem 6.8 also shows that if the disk Dg does not contain any eigenvalue
of Ag, then it contains no eigenvalues of As. Indeed, if T (£)~! is bounded for some & by a constant Cg, then

for § small enough, we have:

- C
76,87 =|| 75 ™ (14 + 6756, 0T ™) | <7—crs < O,

and T'(6,£)~! is thus bounded.

APPENDIX

This appendix is devoted to the proof of Lemma 6.5, which gives an estimate of the normal derivative 8nvg|r

of the solution ’ug of the boundary value problem:

{6Avg+(652+)\)v§—0 (Qs)
vy = (D)

More precisely, we have to prove that for every v €]0,1/2], there exists a constant C' > 0 (independent of ¢
and §) such that:

0& ]l < Cllelley 62, |AvE]],» < Cllell ey 67,

HanngHflﬂ(r) < CH@HHU?(F) s

Throughout this appendix, we will denote by || - ||z2 and || - || 51 the usual norms in L? (Qg) and H' (Qg), and
by (-,-) the canonical scalar product of L? (Qg). Furthermore, for the sake of simplicity, C' will always denote
a constant which is independent of ¢ and 4.

First, note that the last estimate follows immediately from the two first ones, since by Green’s formula, we
have:

Hanvf‘?HHfIM(r) <C (HA”gHm + vaHHl) :

To obtain the two first estimates, we introduce the solution wg € H' (Qg) of the following elliptic boundary
value problem:

— N wg + 52105 =0 (Qs)
wg = ¢ (T).
Note that wg satisfies

[wsll g + [[Aws| 2 < Cllol /). (40)
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Then v% solves problem (33) if and only if wg = v} — wg satisfies:

S Awy+ (0 + N wd =1 (Qs)

wl =0 (),

where:

f:—5Aws+(5ﬁ2+/\)ws=/\ws€H1(Q),

and thus:

Ifllz2 < Cliel ey

It follows then from (40) that Lemma 6.5 will be proved if we can show that:
() ||wés||H1 < Cllel gz 512,
(i) [|Awg| = < Cllel gz s
To prove (i), we use the variational formulation of problem (41), which reads:

a’ (wng):(faw)v V’LUEH& (Qs).

where:

al(u,v) =0 (Vu - Vo + B%uv) + A
Qs

Choosing w = w% in (43), one gets:

5||\Vwd|fre < IFlee [wd]
AMlwslls < I1F 122
Plugging the second inequality into the first one shows that:
8| Vulle < ATUIAIR,
Mg e < 1llze.
Using (42), we obtain that:
612 Vgl 2 < Cligllie

|w§]| 2 < Cllll s

and the estimate (7) is thus proved .
To prove (ii), we proceed as follows.

Step 1: We first notice that from (41):

Awd =07 (ol — f) + Bl

485

(41)

(45)
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Since ||w‘5SHL2 < C|l¢|l /2, we only have to obtain an estimate on:
e = g — f.
Step 2: Let us show that e satisfies:
677 =0 weakly in L? (Qg), for 0 <v <1/2. (46)
Tha variational formulation (43) shows that:
(Mws — f,w) = —5/2 (61/2ng, Vw) — 032 (whw),  Yw e HE(Qs),
or equivalently:
(677’ w) = —51/2 (51/2wug, Vw) SRR (wl,w),  Yw € HE (Qs).

Property (46) is then a direct consequence of the estimates (44).

Step 3: The previous step shows in particular that §~”¢® is bounded in L2 (Qs). Thus, the family EY of linear
continuous operators defined by:

B’ pe H2T) — E%(p) =67’ =677 (/\wfsg — f) € L*(Qs)
satisfies:
Yo € HY2(T), 3C(¢) > 0 such that: HE‘g(cp)HL2 <C(p), Vo<1,

The Banach-Steinhaus theorem shows then that in fact the family is uniformly bounded (with respect to ¢).
In other words:

3C > 0 such that: HE‘g(go)HL2 < Cllgll gz, V6 <1, Vo € HY2(ID).
We have thus proved that for 0 < v < 1/2:
3C > 0 such that: ||Awg — f||,, < Cllgllg1/26", V5 <1, Vo e H/*(T).
Summing up these results and using (45) and (44), we have proved that for every 0 < v < 1/2:
| Awg| 2 < Cligll sy,
which is nothing but (i7).
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