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GENERAL INTRODUCTION

In this introduction, I wish to describe the evolution of my research themes as well as the
connections existing between the different topics.

I started my PhD supervised by Anne-Sophie Bonnet-Ben Dhia and Patrick Ciarlet at the Unité
de Mathématiques Appliquées of Ensta in Paris in 2009. The initial objective was to investigate
unusual transmission problems between two materials modeled by physical constants with different
signs which appear in electromagnetism in the field of plasmonics and negative metamaterials.
These problems do not satisfy classical positivity properties that are the basis of many techniques
and therefore new methods must be developed for their study.

I was first interested in a scalar version of the problem and worked on a variational approach,
the T-coercivity, to analyze it. Thanks to geometric arguments, I obtained new criteria ensuring
its well-posedness in the Fredholm sense. I also considered the question of the justification of the
convergence of finite element methods to approximate its solution when the latter exists. Then I
investigated the full Maxwell’s problem, which led me to discover and handle associated tools.

On the other hand, in certain configurations where the interface between the two materials is
not smooth (presence of corners in 2D, conical tips, edges,... in 3D), curious black hole singularities
can appear. The latter lie just outside of the classical spaces of functions with finite energy and
make the problem ill-posed in the Hadamard sense (a continuous inverse operator cannot exist).
For corners in 2D or conical tips in 3D, we have shown that it is necessary to take these black
hole singularities into account in the functional framework and to impose a radiation condition at
the singular point of the interface to restore well-posedness. There are strong connections between
this problem and waveguide theory that I have better understood on this occasion. The rigorous
justification of the well-posedness in the new setting, due to the change of sign of the coefficients,
raises several difficulties. To overcome them, following what was proposed in particular by Monique
Dauge during the PhD of Karim Ramdani, I have used the Kondratiev theory. This very powerful
tool has been developed at the end of the sixties to describe the singularities of the solutions to
elliptic problems in non smooth geometries.

During my PhD, we were contacted one day by Sergei A. Nazarov who proposed to visit our
laboratory. At the time we had never met him and only knew him from his books and articles.
It was a great opportunity for us because we were precisely reading some of his works explaining
how to deal with black hole singularities similar to ours in elasticity and in water waves. Thanks
to him, with Xavier Claeys we continued to learn about the Kondratiev theory and the subtleties
of weighted Sobolev spaces. Sergei is also an experienced specialist in techniques of asymptotic
analysis. He was for me the gateway to this world.

Some of the results of the PhD concerning plasmonics and negative metamaterials led to sev-
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eral questions of the ANR project Metamath conducted by Sonia Fliss and which was accepted in
2011. In particular one of the aims was to reconsider the homogenization process at the interface
between metamaterials and usual positive media to derive new refined models which are well-posed.

At the same period, Anne-Sophie realized that the problem we were studying shares similari-
ties with the so-called Interior Transmission Problem (ITP) that appears in the justification of
the Linear Sampling Method (LSM) in inverse problems. The goal of the LSM is to retrieve the
support of defects in a reference medium from the measurement of scattered waves. Roughly
speaking, it fails at frequencies such that there is a generalized incident wave which does not
scatter. The ITP precisely characterizes those frequencies where one cannot use the LSM. We
went to discuss this with Houssem Haddar at the Centre de Mathématiques Appliquées (CMAP)
of Ecole Polytechnique. It was through this ITP that I discovered some part of the community of
inverse problems. At the end of my PhD, Houssem offered me the opportunity to visit Fioralba
Cakoni at the University of Delaware. There, besides finishing writing my manuscript, I continued
to learn about the recent developments concerning the ITP which was a very dynamic topic at the
time.

I defended my PhD in October 2012 and then moved to Finland for a post-doctoral position
at Aalto University in Helsinki to work with Nuutti Hyvonen. Nuutti is a specialist in the math-
ematics of the Electrical Impedance Tomography (EIT), an imaging technique used in particular
in medicine. The goal of EIT is to reconstruct the electrical conductivity of an object from the
measurement of potentials resulting from the injection of currents between electrodes placed on
its surface. This led me to discover new aspects of inverse problems. During this post-doc, I also
continued to collaborate actively with Sergei who was on a long-term stay at the University of
Helsinki. I became more and more familiar with techniques of asymptotic analysis. We also started
working on waveguide problems with classical materials. It was at this point that I became involved
in the questions of invisibility. Finally, at Aalto University, I was able to discuss with Ari Sihvola
and his group of physicists/engineers. It was very instructive to have a more concrete perspective
on metamaterials.

I returned to France to CMAP as a Hadamard lecturer in October 2014. There I worked on
my ongoing projects and continued my collaboration with Houssem Haddar. I obtained a perma-
nent position of researcher at Inria in October 2015. Since that time, I have mainly investigated
three lines of research:

1) Problems with sign-changing coefficients;
2) Propagation of waves in waveguides;

3) Inverse problems related topics.

For each of these themes, I have considered different directions. For example in theme 1), as part
of Camille Carvalho’s PhD, we showed how to use Perfectly Matched Layers at the corner points
of non smooth interfaces to approximate the solution involving black hole singularities. Then we
studied how to incorporate black hole singularities in the Maxwell framework during the PhD of
Mahran Rihani. With Mahran, as well as Renata Bunoiu and Karim Ramdani, we also considered
homogenization problems in presence of periodically distributed inclusions of negative material
embedded into a dielectric. Besides, with Patrick Ciarlet, we supervised the Ensta 2A internship
of Qingqing Hu (four months) concerning the convergence of finite element methods for the scalar
problem.

In theme 2), with Sergei, we mainly studied how to use asymptotic analysis tools to explain
physical phenomena like the Fano resonance or to produce devices that might be interesting for
applications. Thus, during the post-doc of Jérémy Heleine as well as the Polytechnique 3A intern-
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ship of Lorenzo Scaglione (four months), we showed for example how with thin resonant ligaments,
one can hide defects in acoustic guides in the single-mode regime. Related to this theme 2), I
had the chance to meet Vincent Pagneux, who is a researcher at the Laboratoire d’Acoustique de
I"Université du Mans. Vincent excels in making connections between the applications that interest
physicists and what might be relevant to study mathematically. With him and Anne-Sophie, we
proposed a fairly simple method for determining in waveguides frequencies for which there is an
incident field which is non reflecting. To proceed, we worked with conjugated Perfectly Matched
Layers which leads to consider a non-selfadjoint eigenvalue problem. The latter, which can be
PT-symmetric in certain situations, raises very interesting questions of spectral theory. Besides,
with Anne-Sophie, we supervised the M2 internship (four months) and the PhD of Antoine Bera.
The goal was to develop continuation methods to build large invisible defects in waveguides starting
from the unperturbed situation. Recently, during the M2 internship (four months) and the PhD of
Aurélien Parigaux, with Anne-Sophie and Sonia Fliss, we investigated the propagation of electro-
magnetic waves, governed by Maxwell’s equations, in waveguides, in particular in heterogeneous
cases where the permittivity and/or the permeability vary in the section. The next step will
be to exploit this work to consider questions of invisibility in this context. Finally, with a new
colleague in the Idefix team, Zois Moitier, we studied the possibility of achieving perfect trans-
mission in 1D periodic waveguides during the Ensta 2A internship (four months) of Thomas Creuset.

Concerning theme 3), our Idefix team benefits from the experience of Lorenzo Audibert who
is an engineer at EDF. Lorenzo brings us problems for applications that require to develop new
interesting mathematics. In particular with him and Houssem, we studied a method to identify
the interior transmission eigenvalues from the features of the eigenvalues of the scattering matrix.
Besides, during the PhD of Kevish Napal, we developed a promising method for determining the
properties of an unknown medium by working with the eigenvalues on an artificial ITP obtained
by modifying the scattered field measurements with ad hoc computed quantities. In this topic
related to inverse problems, I have worked on various aspects and formulations of the ITP. It was an
opportunity to supervise the work of several students, namely the post-doc (five months) of Camille
Carvalho, the M2 internship (four months) of Marwa Mansouri and the Ensta 2A internship (four
months) of Jérémy Firozaly.

During all that time, I have continued to work regularly with the Kondratiev theory as well
as with tools of spectral theory. In particular with Laurent Bourgeois and Sonia Fliss, with
whom I have been collaborating more actively since our Idefix team moved from CMAP to UMA
at Ensta, we have exploited these approaches to deal with problems appearing in plate theory
as well as in the quasi-reversibility method, a technique to solve certain (ill-posed) Cauchy problems.

As 1 write these lines and take a step back, I realize that if rigorous justification constitutes
my daily life and my main interest, applications are quite essential for me. I really like to couple
mathematical formalization to the study of physical phenomena, in particular when they are
counter-intuitive or surprising.

This work has led to the following publications:

¢ Preprint:

[152] L. Chesnel. A few techniques to achieve invisibility in waveguides. arXiv preprint
arXiv:2508.08408, 2026.
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¢ Post-PhD articles:

[24] L. Audibert, L. Chesnel, and H. Haddar. Transmission eigenvalues with artificial background
for explicit material index identification. C. R. Acad. Sci. Paris, Ser. I, 356(6):626—-631, 2018.
[25] L. Audibert, L. Chesnel, and H. Haddar. Inside-outside duality with artificial backgrounds.
Inverse problems, 35(10):104008, 2019.

[26] L. Audibert, L. Chesnel, H. Haddar, and K. Napal. Detecting sound hard cracks in isotropic
inhomogeneities. In Advances in Acoustics and Vibration II: Proceedings of the Second International
Conference on Acoustics and Vibration (ICAV2018), March 19-21, 2018, Hammamet, Tunisia,
pages 61-73. Springer, 2019.

[27] L. Audibert, L. Chesnel, H. Haddar, and K. Napal. Qualitative indicator functions for imaging
crack networks using acoustic waves. SIAM J. Sci. Comput., 43(2):B271-B297, 2021.

[49] A. Bera, A.-S. Bonnet-Ben Dhia, and L. Chesnel. A continuation method for building invisible
obstacles in waveguides. (. J. Mech. Appl. Math., 74(1):83-116, 2021.

[62] A.-S. Bonnet-Ben Dhia, C. Carvalho, L. Chesnel, and P. Ciarlet Jr. On the use of Perfectly
Matched Layers at corners for scattering problems with sign-changing coefficients. J. Comput.
Phys., 322:224-247, 2016.

[65] A.-S. Bonnet-Ben Dhia and L. Chesnel. Strongly oscillating singularities for the interior
transmission eigenvalue problem. Inverse Problems, 29(10):104004, 2013.

[70] A.-S. Bonnet-Ben Dhia, L. Chesnel, and S. Fliss. Trapped modes in electromagnetic waveguides.
Integr. Equ. Oper. Theory, 98(27):1-48, 2026.

[72] A.-S. Bonnet-Ben Dhia, L. Chesnel, and S.A. Nazarov. Non-scattering wavenumbers and far
field invisibility for a finite set of incident/scattering directions. Inverse Problems, 31(4):045006,
2015.

[73] A.-S. Bonnet-Ben Dhia, L. Chesnel, and S.A. Nazarov. Perfect transmission invisibility for
waveguides with sound hard walls. J. Math. Pures Appl., 111:79-105, 2018.
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as eigenfunctions of the same spectral problem. Proc. R. Soc. A, 474(2213):20180050, 2018.
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CHAPTER ONE

PROBLEMS WITH SIGN-CHANGING
COEFFICIENTS

1.1 Context

Originally, my research was devoted to the study of transmission problems between positive
and negative materials in electromagnetism. A material is characterized by its frequency response
to periodic excitations. The dielectric permittivity € and magnetic permeability p determine this
response. Neglecting dissipation, which is reasonable in certain situations, we say that a material
is positive at frequency w if ¢(w) and p(w) are positive. On the other hand, a material is said
negative at w if at least one of the coefficients £(w), pu(w) is negative. In nature, the vast majority
of materials have physical parameters that remain positive at all frequencies. Let us describe the
negative materials we have in mind.

First, it has long been known that metals exhibit negative permittivities, neglecting losses, at
optical frequencies. Due to the change of sign of the permittivity at the interface metal-dielectric,
resonances called surface plasmons can appear [350, 428]. Over the past decades, surface plasmons
attracted a great interest in guiding or confining light in nano-photonic devices [34, 240, 477].
However metals always have positive permeabilities. To obtain negative permeabilities, physicists
and engineers, benefiting from advances in miniaturization, have started in the last twenty years
to design negative metamaterials. These are artificial composite structures, made of periodic
arrangements of resonators which are small compared to the wavelength (see Figure 1.1). In this
activity, the main challenge is to choose cleverly the structure so that after a homogenization
process, the resulting macroscopic material behaves as desired, for example as a material with both
negative £(w) and u(w) (see e.g. [94, 92, 91] for the mathematical justification).

Figure 1.1: Left and center: examples of metamaterials. Pictures: D. Schurig, Duke University
(left) and C. Soukoulis, Ames Laboratory (center). Right: illustration of the negative refraction
phenomenon. The glass on the left is filled with conventional water, while the one on the right
contains some imaginary liquid whose refractive index would be negative.

Structures that behave as if their permittivity and permeability were both negative possess the
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original property of having a negative refraction index. At the interface between a conventional
material and such a doubly-negative metamaterial, as imagined by Veselago in his pioneering
article [467], an unusual phenomenon of negative refraction occurs: for a planar interface, a plane
wave impinging from one side is refracted to the other side in a direction which is opposite to the
standard one. The latter can be easily understood by writing the Snell-Descartes law that governs
the path of light rays and by exploiting the change of sign of the index of refraction. This is the
so-called negative refraction which may be useful to create perfect lenses [416] and which has given
the name “negative index materials” (see an illustration with Figure 1.1 right).

Potential applications for negative materials abound. However they appear in complicated
contexts where one often works at nanometric scales, at least when one wants to handle light.
For the latter reason, the experimental development of these devices is very costly and there is a
crucial need for numerical methods. Of course, it is extremely expensive to perform calculations
on the real material considered in all its complexity. As a first approximation, one can replace the
metamaterial by its homogenized version.

In practice, in order to create useful devices, it is important to combine negative materials
and classical ones. Indeed, all interesting phenomena appear at interfaces. Mathematically, this
leads to study unusual transmission problems with sign changing coefficients that constituted the
core of my PhD. Let us mention that the Poems team has been a precursor in this field. My work
came after the PhD of Karim Ramdani [432] defended in 1999 and the one of Carlo Maria Zwolf
[480] defended in 2008. Apart from that, the corresponding references [80, 84, 77, 78] and the
articles [198, 407, 206, 429, 408], the mathematical literature concerning these problems was not
very developed at the time.

1.2 Variational tools for scalar problems

0N
Q4

Figure 1.2: Domain €.

When Maxwell’s equations are invariant with respect to one variable, their study reduces to
that of a 2D scalar problem of the form

Find u € H}(2) such that (1.1)

—div (u1Vu) — w?eu = f. '
The connected bounded domain  is partitioned into two sub-domains Q,, €_ such that Q =
Q. UQ_ and Q. NQ_ =0 (see Figure 1.2). We assume that 2, Q4 have Lipschitz boundaries and
we denote by 3 the interface such that ¥ = 9Q; N 9NQ_. Moreover in (1.1) f is a given source
term, say in L?(Q2), and H}(Q) stands for the Sobolev space of functions of H*(2) that vanish on
0. Since the embedding of H}(£2) in L2(£2) is compact, to study the well-posedness of (1.1) in the
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Fredholm sense, it suffices to investigate the properties of the problem

Find u € H}(£2) such that (12)

—div (cVu) = f.

In (1.2), the function o is such that o|q, = o4, where o4 are constants satisfying o+ > 0. Note
that we assume that o is piecewise constant to simplify the presentation. This can be weakened,
which is an advantage of the variational tools presented in this section, compared for example to
the methods based on surface integral equations [198, 267, 132, 81, 268], and we can work with
functions o € L>®(Q2) such that o=! € L>(Q). The variational formulation associated with (1.2)
writes

Find u € H}(£2) such that

a(u,v) =£(v), Vv e H}(Q), (1.3)

where

a(u,v) = /QaVu'Vvdx, l(v) = /vadw.

With the Riesz representation theorem, introduce the bounded operator A : H§(Q2) — H{(Q) such
that
(Au,v)Hé(Q) = a(u,v), Vu,v € H)(Q). (1.4)

Here and below, we use the notation
(u, U)Hé(ﬂ) = /QVu -Vude, Yu,v € HY(Q).

It is easy to find functions u € H{(Q) such that a(u,u) = 0. Therefore a(-,-) is not coercive and
we cannot apply directly the Lax-Milgram theorem to study (1.3). To cope with this difficulty, the
method of the T-coercivity has been introduced during the PhD of C.-M. Zwolf in [79].

1.2.1 The T-coercivity

The idea of the T-coercivity is simple. First, one observes that if T is an isomorphism of H}(Q2),
then (1.3) is equivalent to the problem

Find u € H}(£2) such that

a(u, Tv) = £(Tv), Vo € H(Q). (1.5)

Then all the work consists in trying to construct isomorphisms such that a(-, T-) is coercive. If this
is possible, the Lax-Milgram theorem implies that (1.5) and so (1.3) are well-posed.

During my PhD, we revisited the T-coercivity approach by constructing well-suited T thanks

to geometric considerations. This has allowed us to obtain sharper criteria than the ones in [79]
ensuring that (1.3) is well-posed. Let us explain how we proceeded in [66].

0y

Q_

Figure 1.3: Left: symmetric setting. Right: interface with a corner.
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Consider the symmetric setting of Figure 1.3 left where
Q C R? is such that Q, = {(z,—y) | (z,y) € Q_}. (1.6)
Define the operator T : H}(Q2) — H}(£2) such that for u € H}(Q),

u in Q4
—u+2Ru in Q_

Tu =

7

where Ru(z,y) = u(z, —y). Let us comment on this construction of T. First, we impose some “—u
in _ in order to compensate for the negative o_. But by doing so, we create some jump of trace
at the interface 3, which is not permitted in H'(£2). This is the reason why we add “2Ru”, which
guarantees that T is indeed valued in H{(£2). One can check that ToT = Id which ensures that T is
an involution and so an isomorphism of H}(Q2). Besides, we find, for u € H}(Q),

a(u, Tu) :/ \UHVU!de—i—QU_/ Vu - V(Ru) de. (1.8)
Q Q_

The first term in (1.8) is non-negative while the second one has no specific sign. Using Young’s
inequality and the fact that the modulus of the Jacobian determinant is one, we can write, for all
n >0,

2| Vu-V(Ru)dx| < 17/ \Vu|? dx + 77_1/ |Vu|? de. (1.9)
Q _ o
Inserting (1.9) in (1.8), we get
a(u, Tu) > (o4 —77_1|0|)/ Vul?dz + (1— 1) ya|/ Vul? da. (1.10)
Qy Q.
Define the contrast
Ro = 0-;7
0+

which is a negative constant. From (1.10), by taking n € (|ks|;1), we infer that if k, satisfies
Ko > —1, then a(-,T) is coercive. We deduce that A is an isomorphism of H}(2) when xk, > —1.
Working similarly with the operator T : H{(Q2) — H{(£2) such that for u € H}(Q),

u—2Ru in Q)
Tu = oo (1.11)
—u in Q_,

R being the same as above, we prove that A is also an isomorphism when k, < —1. On the other
hand, one can prove that when k, = —1, A has a kernel of infinite dimension. To proceed, consider
some ¢ € 65°(2), the space of infinitely differentiable functions compactly supported in ¥, and
introduce u; € H'(Q,) the function satisfying

Auy =0 in Q4 Uy = on X, uy =0 on 00, \ .

Then define u such that v = u+ in Q4 with u_ = Ru,. We have u € H}(Q2) and

Au = 0 in Q4
Uy = u_ on X (1.12)
Oyuy = —0Oyu— on X.

This is enough to guarantee that u belongs to ker A when o, = —o_ (notice the third line of (1.12)),
i.e. when k, = —1. Since this is true for all ¢ € €5°(X), this proves that dimker A = 400 when
ko = —1. This allows us to write the following statement.
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Theorem 1.2.1 For the symmetric configuration defined in (1.6), A is an isomorphism of H}(Q2)
if and only if ke # —1.

Let us now consider the configuration of Figure 1.3 right. To describe it, introduce (r, ) the usual
polar coordinates such that @ = (z,y) = (rcos@,rsin @) with r > 0, 6 € [0;27). For v € (0;7), the
aperture of the corner in the interface, set

Q= {x|r <1}, Qp={x|r<1,0<6<~}, Q- ={x|r<l,y<b<2r}. (1.13)

Define the operators T : H{(Q2) — H{(2) such that

in — 2R in
T ou=|" A T,u=| H (1.14)
—u~+2R_u in Q_ —u in Q_
where
-2
R_u(r,0) =u (r, 7 (0 — 27r)> , Riu(r,0) =u (7“, Ty + 27r> . (1.15)
¥ 27 Y

By working as in the proof of Theorem 1.2.1 with the T defined in (1.14), we establish the following
statement.

Theorem 1.2.2 For the configuration (1.13) with a corner of aperture v € (0;m) in the interface,
A is an isomorphism of H5(2) when k, € (—00;0) \ I. where the critical interval I. is given by

2m —y g
I.=|— ;= . 1.1
5 pr— (1.16)

Let us make a few comments concerning this result.
i) First, the case v € (m; 2m) can be deduced from the above result by multiplying A by —1 and by
exchanging the roles of 4 and Q_.

i7) Note that I, always contains the value —1. Moreover, when v = 7 (no corner in the interface),
I. reduces to {—1}, which is coherent with Theorem 1.2.1 because in that case we obtain the
symmetric configuration described in (1.6).

iii) For a right angle, i.e. v = /2, we have I, = [-3; —1/3].

iv) When ~ tends to zero, i.e. when the angle becomes very sharp, I. tends to (—o0;0).

Now we explain how to deal with more general interfaces. Let us first recall the definition of
a Fredholm operator.

Definition 1.2.3 Let X and Y be two Banach spaces, and let L : X — Y be a continuous linear
map. The operator L is said to be a Fredholm operator if and only if the following two conditions

are fulfilled

i) dim(ker L) < 400 and range L is closed;
i) dim(coker L) < +oco where coker L := (Y /range L).
Besides, the index of a Fredholm operator L is defined by ind L = dim(ker L) — dim(coker L).

Assume that the interface ¥ is of class €' except at a finite number of points Si, ..., Sy where it
has corners (see Figure 1.4). For j = 1,..., N, we assume that in a neighborhood of S;, ¥ coincides
with the union of two half-lines. Denote by v; € (0;27) \ {7} the aperture of the corner at S
counted from Q_ and set

= min_{v;,27 —~; 1.17
y = min {727 -}, (1.17)
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as well as
2 —n ¥
v 2w —

I = ~ Ui (1.18)

Note that by convention, we simply have I, = {—1} when ¥ has no corner.

S
Q.

s K

\ I

\\ 6 // Z

Figure 1.4: General configuration with a curvilinear polygonal interface.

To deal with Problem (1.3) in this case, we use techniques of localization. More precisely, by working
with an adapted partition of unity together with the operators introduced in (1.7), (1.11), (1.14),
when k, satisfies k, € (—00;0) \ I., we can construct a bounded linear map T : H{(Q2) — H§(Q)
such that

AoT=Id+ K,

where Id is the identity of H}(Q) and K : H(Q) — H{(Q) is compact. This shows that T is a right
parametrix for A, i.e. an inverse modulo a compact operator. Since A is self-adjoint, because it is
symmetric and bounded, this suffices to show that A is Fredholm of index zero. We summarize this
result in the following statement.

Theorem 1.2.4 For the general configuration described above (1.17), A is Fredholm of index zero
when ke € (—00;0) \ I. where I, is defined in (1.18).

Let us stress that the critical interval I, reduces to {—1} only when the interface ¥ has no corner.
Though the above statement has been obtained with a rather elementary method, it is actually
optimal in the sense that the condition on k, under which A is Fredholm cannot be improved. Let
us explain why in the situation where X has a corner, say at O.

To understand what happens when k, in I, it is necessary to compute the singularities of
the problem. To set ideas, introduce d > 0 small enough so that

Q_NBO,d) ={z|r<0d,0<0<n~}, QL NBO,S) ={x|r<d,v<0<2r} (1.19)

(see Figure 1.4). Here B(O, ) stands for the open ball centered at O of radius ¢. Singularities are
defined as the functions of the form W(r)¢(6), i.e. with separated variables in polar coordinates,
which solve div (cV(¥¢)) = 0 in B(O,d). Since in this region o depends only on 6, one finds that
this is equivalent to have

U(r)y=Ar*+Br=

for some constants A, B, and (), ¢) solution of the spectral problem

Find ¢ € H}(0;2m) \ {0} such that

~0p(009p9) = N0 ¢, (120

where H}(0;27) = {¢ € H'(0;27)[$(0) = ¢(2n)}. Note that the spectral problem (1.20) is
not standard because the sign-changing coefficient ¢ appears on both sides of the equation. In
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particular, complex eigenvalues A\ can exist. However, since this is a 1D problem, we can make
explicit computations. The important point is that when

2m—y g
Ko € (— > ;_27T—’)’> \ {-1}, (1.21)

we find that (1.20) admits exactly two purely imaginary eigenvalues A which are conjugated (see
[206, 80]). This means that in this case, (1.3) has singularities of the form r*™(6) with > 0 and
¢ € H},(O; 27). Let us localize them by setting

s+ (@) = x(r)r="¢(9) (1.22)

where y € €°(R) is a cut-off function such that x = 1 for » < §/2 and x = 0 for r > §. Note in
particular that si are just outside of H!(€2) in the sense that s+ ¢ H'(Q) but = — r®s. € HY(Q)
for all B > 0. To understand the first point, observe that
1 1
/ |0, (r'™)|? rdr = 7]2/ r~ldr = n*|Int| — H4oo. (1.23)
r - T—0t

Now let us recall a classical lemma due to J. Peetre [415] (see also e.g. Theorem 12.12 in [474]).

Lemma 1.2.5 Let X, Y, Z be three reflexive Banach spaces, such that X is compactly embedded
intoZ. Let L : X — Y be a continuous linear map. Then the assertions below are equivalent:

i) dimker L < +o00 and range L is closed in Y;
it) there exists C' > 0 such that |lul|x < C (||Lu|ly + ||ullz), Yu € X.

From the sy in (1.22), we can construct a Weyl sequence and establish that there is no constant
C > 0 such that
lull @) < C (lAullgy o) + lullizg),  Vu € Hy(Q). (1.24)

Combining this with Lemma 1.2.5, we deduce that A is not of Fredholm type when k., satisfies
(1.21). More precisely, by working with Sobolev spaces with weights at the origin, we can prove
that A has a kernel of finite dimension (see after (1.31)). Therefore, for k. as in (1.21), the operator
A is not of Fredholm type because its range is not closed.

When k, = —(27 — v)/v or kK, = —7v/(2m — ), the reasoning and the result are similar but
the singularities in (1.22) have a different form with some logarithmic/constant term in r. Finally,
the case kK, = —1 is quite different. In this degenerated situation that we will not study more in the

following, the loss of Fredholmness is not due to the existence of corner singularities but to what
happens on the whole interface ¥. As we will see in (1.79), the well-posedness of (1.2) is directly
related to the features of the difference of the Dirichlet-to-Neumann (DtN) maps associated with
the operators o+ A in Q1. When o = —o_ and when ¥ is flat (what we get by zooming at a
curved interface), it is easy to see that these DtNs have the same symbol so that their difference is
a regularizing operator which cannot be invertible. For references concerning this topic, we refer
the reader to [407, 468, 40, 413, 116, 391, 394].

We summarize this discussion in the following statement.

Theorem 1.2.6 For the general configuration described above (1.17), A is not of Fredholm type
when Ky € I, where I, is defined in (1.18).

In [66], simple 3D geometries like wedges and circular conical tips are also studied. In 3D however,
there is a larger number of configurations and simple geometric arguments as above cannot always
be used. For example, for a given conical tip which is not circular, it is not obvious with the above
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approach how to obtain a criterion on the contrast ensuring that the problem is well-posed. On
the other hand, for the so-called Fichera corner configuration represented in Figure 1.5, by working
with symmetries, we have been able to prove that A is of Fredholm type when x, does not belong to
[—7;—1/7] (note that 7 is the ratio blue volume/red volume). But other approaches, in particular
one based on surface integral equations (see [269, 208]), suggest that this interval is not optimal.
In other words, it seems that there are values of k, inside [—7; —1/7] such that A is of Fredholm

type.

04

Figure 1.5: Fichera corner configuration.

Let us emphasize that when A is Fredholm of index zero, it may have a non zero kernel. This is a
specificity of these problems with sign-changing coefficients which is used for certain applications.
Indeed it allows one to construct small devices with small resonance frequencies, something which
is impossible with standard (positive) materials. Let us mention that situations where A has a non
zero kernel can be mathematically fully characterized. We will come back to this point in §1.6.2.

1.2.2 Numerical approximation

In [154], we show that the T-coercivity is equivalent to the inf-sup condition. In particular,
we prove that A is an isomorphism if and only if there is some isomorphism T of H}(f2), not
necessarily constructed via the geometric arguments above, such that a(-,T-) is coercive. This is
easy to establish. Indeed, we have already seen that if there is an isomorphism T of H}(2) such
that a(-, T-) is coercive, then A is an isomorphism. Conversely, if A is an isomorphism, by observing
that

a(u, Au) = (V(Au), V(Au))a = [[AulZy ) > 1472 ullfy gy Yu € HY(O),

we infer that a(-,T-) is coercive for T = A. Note that this is true for any continuous sesquilinear
form a(-,-) defined in some Hilbert space. For this reason, T-coercivity can be used to study a wide
variety of problems, see e.g. [35, 181, 260].

In [154] however, our main goal is to study the classical discretization of (1.3) by finite element
methods. This leads one to consider the problem

Find uj € Vj, such that

a(up,vp) = €(vy), Vo € Vi, (1.25)
where V}, is a classical Lagrange finite element space, of finite dimension, which approximates H}(€2).
Here, as usual, h refers to the characteristic size of the mesh from which V}, is constructed. First,
it is simple to prove that if there is some isomorphism T of H}(£2) such that a(-,T-) is coercive and
if V}, is such that T(V}) C V4, then wy is uniquely defined and (up) converges to u as h tends to
zero (basically, apply Céa’s lemma to a(-,T-)). In [154], we explain how to relax this assumption
on V}, (and so on the mesh). More precisely, we show that if the mesh satisfies certain “symmetry”
properties, locally in a neighborhood of ¥, and related to the choice of the operator T in (1.7),



1.2. Variational tools for scalar problems 15

(1.11), (1.14), then, when A is an isomorphism, (1.25) has a unique solution for ~ small enough and
the sequence (up)p>0 converges to u, the solution of (1.3), as h tends to zero. As usual, the rate
of convergence depends on the regularity of u and can become arbitrarily small for contrasts close
to the critical interval. In [154], we also explain how to approximate u by uj, the solution of the

problem
Find uj, € V}, such that

/ (o +i7)Vuy, - Vo, de = £(vp,), Yop € Vi, (1.26)
Q

where 7 > 0. Adding an imaginary part to o in (1.26) can be seen as working with dissipative
materials. For all 7 > 0, Problem (1.26) is well-posed because the corresponding sesquilinear form
is coercive. We prove that by tuning 7 with respect to h, we can ensure that (uj) converges to u
as h goes to zero. Importantly, this works without constraint on the mesh. However the rate of
convergence we obtain is only half of the optimal one we could hope for.

Let us mention that concerning the discretization of (1.3), several other approaches have been
proposed since then, among them [397, 1, 63, 143, 258, 182, 2, 113, 259].

During the PhD of C. Carvalho [130], we considered spectral problems of the form

Find (A, u) € R x H}(Q2) \ {0} such that

1.27
—div (eVu) = Apu  in Q. (1.27)

When p has a constant sign, for contrasts in ¢ outside of the critical interval I., the spectrum
of (1.27) is discrete. With the inf-sup principle, one shows that it is made of two sequences of
eigenvalues which converge to +o0o. In [131], we prove localization results of the corresponding
eigenfunctions. More precisely, if p is positive, the eigenfunctions localize more and more in
(resp. ©2_) as the index of the positive (resp. negative) eigenvalues tends to +oo. This is illustrated
with Figure 1.6. In [131], under some assumptions on the mesh similar to the ones of [154], we also
explain how one can use classical finite element methods to approximate the spectrum of (1.27) as
well as the eigenfunctions while avoiding spurious modes, including in situations with sign-changing
o and p. To proceed, we reduce the analysis of (1.27) to the one of a compact operator and then
apply the classical approach developed for instance in [30] by Babuska and Osborn.

Figure 1.6: Top: eigenfunctions associated with the first four positive eigenvalues of (1.27). Bottom:

eigenfunctions associated with the first four negative eigenvalues of (1.27). Here k, = —4, p =1 in
Q=(-1;1)2,Q_=(0;1)? and Q4 == Q\ Q_.
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1.3 New framework for the scalar problem

When the interface has a corner and for a contrast x, € I. \ {—1}, we have seen that A is not
of Fredholm type due to the existence of the non standard singularities sy introduced in (1.22). In
this section, we explain how we can modify the functional framework to restore Fredholmness.

1.3.1 Analogy with a waveguide problem

o @

Figure 1.7: Left: real part of the radial behavior of the singularities sy introduced in (1.22) (note
that Re r*™ = cos(nlnr)). Right: schematic correspondence between the corner and the waveguide
problem.

To help understanding, we highlight an analogy with a waveguide problem which appears naturally
when considering the Euler change of variables

(r,0) — (Inr,0) (1.28)

in B(O,¢), where (r,60) denote the polar coordinates centered at the corner and 4 is introduced in
(1.19). The map (1.28) is a smooth diffeomorphism from (0;0) x (0; 27), the domain corresponding
to B(0,0) \ {O} in polar coordinates, to the semi-infinite strip . := (—o0;Ind) x (0;27), the
waveguide, which sends the corner O to infinity (see Figure 1.7 right). Its inverse is the map
(2,0) — (e*,0). If u satisfies the equation —div (cVu) = f in B(O,d) \ {O}, i.e.

—r72(0(0)(r0,.)? + 0p(c(0)0p) ) u(r,0) = f(r,0) in (0;6) x (0;2m)
u(r,0) = u(r,2m) for r < ¢ (1.29)
Opu(r,0) = Ogu(r,2m) for r < 4,

then @ such that i(z,0) = u(e®, ) solves

—(0(0)? + 9p(c(0)Dp) ) i(2,0) = €*f(z,0) in .7
W(z,0) = d(z,2m) for z <Iné (1.30)
Opti(2,0) = 0Opt(z,2m) for z < Ind.

Moreover, singularities of (1.29) of the form r%p(6) become propagating modes of (1.30) in the
strip because we have

Tiingo(e) _ eiinlanD(Q) _ eiinz(p(g).

Thus for contrasts outside of the critical interval, from (1.20) we find that propagating modes do not
exist for the waveguide problem (1.30). In this case H! is an adapted framework. On the contrary,
for contrasts inside the critical interval, propagating modes exist and H' is not well-suited. However
dealing with propagating waves is something which is well-known in waveguide theory. In this case,
one looks for a solution which decomposes as a sum of evanescent modes plus a finite number of
outgoing propagating modes. In particular, it is necessary to impose a radiation condition to select
the outgoing behavior. This gives a natural framework to study (1.2) inside the critical interval:
we have to look for a solution which combines one of the si appearing in (1.22) and a remainder
which decays at the corner. In the following, singularities (1.22) will be referred to as propagating
singularities.
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1.3.2 New framework

If from this formal analysis, the choice of the new functional framework is quite clear, the
rigorous justification is a bit more complex. The main reason is that due to the change of sign of
o in (1.20), we are not able to show that the corresponding eigenfunctions form a Hilbert basis of
H,,(0;27) (see the definition in (1.20)), which prevents us from writing direct modal decompositions
for the solutions of (1.29), something which is crucial in the study. During my PhD, with A.-S.
Bonnet-Ben Dhia and X. Claeys, we established in [69] a similar result of modal decomposition
by another approach, namely thanks to the Kondratiev theory (see [312] for the founding article
or the monographs [382, 314, 352] for more recent presentations). Roughly speaking, instead of
working with a basis in the transverse direction (# variable here), we use the Mellin transform with
respect to r which consists in making the Euler change of variables (1.28) and proceeding to a
complex Fourier transform with respect to z = Inr. Then with the residue theorem applied to the
associated symbol, we are able to derive decompositions for the solutions of (1.22) as a singular
part plus some remainder belonging to some weighted Sobolev space which allows us to control the
decay at the corner.

Let us mention that this technique is more flexible than working with Hilbert bases. Indeed,
it provides decompositions only for the solutions of the equation, which is sufficient for our needs,
and not for all functions of the Hilbert space, which is much harder to get. This difficulty or
impossibility to justify results of modal decompositions via the use of Hilbert bases appears in
many other problems, like in elasticity for example. For this reason, the Kondratiev theory is a
very interesting tool which is too little known, in particular in the physicists community.

In our study [69], we were more precisely inspired by the reviews [374, 371] concerning the
theory of detached asymptotics in Kondratiev spaces as well as the papers [386, 378] where the
authors consider problems of rotational cusps in water-waves and cuspidal geometries in elasticity
for which singularities similar to ours appear. Note that after that, similar techniques have been
used in [384] to study a Laplace operator with a degenerated Robin condition (see also [385]).

Figure 1.8: Half-corner geometry.

Let us describe the main ingredients of the method. To simplify the presentation, consider the
2D geometry of Figure 1.8 with a half-corner located at O. We call it a half-corner because
if we proceed to a symmetry with respect to the line passing through O, we get a real corner.
On the other hand, at O’ no particular singularities appear because the interface ¥ meets 0
perpendicularly: if we make a local symmetry with respect to 9€2, we obtain a flat interface. To
set ideas, we assume that v € (0;7/2). Again, (r,6) denote the polar coordinates associated with O.

First, by using the variational tools of Section 1.2, we establish the following result.

Theorem 1.3.1 The operator A : H}(2) — H(Q) defined in (1.4) is Fredholm of index zero if and
only if g & [—1; —/ (7 — ).

Note that for this half-corner problem, we obtain a critical interval which is shorter than the one
in (1.18) for the true corner. For the latter, ill-posedness for contrasts in [— (7 —)/7; —1] is due to
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the existence of propagating singularities for the problem in the geometry of Figure 1.8 where we
impose a homogeneous Neumann boundary condition on the horizontal part of 92.

Now we consider the case k, € (—1;—y/(m —v)). For 8 € R and m € N, introduce the
weighted Sobolev (Kondratiev) space V'(§2) defined as the closure of €° (2\ {0}) for the norm

1/2
lellvm @) = ( > ||7"a|_m+5<9§¢’i2(9)) -

laj<m

Here €5°(2\ {O}) is the space of infinitely differentiable functions which are supported in Q\ {O}.
We also denote by VE(Q) the closure of 65°(2) for the norm ||- ”Vé (@)- We have the characterization

VE(Q) = {p € V5(R) | ¢ = 0 on 92}

These weighted spaces will be useful to control the decaying part of the solution. In 2D, we can
show the existence of some constant C' > 0 such that

Ir ol < ClIVelizoz, Ve € €50 (Q),
which proves that V}(Q) = H}(Q). Now set 8 > 0. Observe that we have
VL5(Q) c H)(Q) € VE(Q),

which implies that their dual spaces satisfy (Vé(Q))* C (H{(Q)* ¢ (VL 5(£2))". Define the operators
Asp: Vig(Q) = (V14(Q))* such that

(Asrsp,¢') = /QGWD Vglde, Ve Vig(Q), ¢ € VE4(Q), (1.31)

where (-,-) stands for the duality pairing (VE(Q))* X V%(Q) or (Vlﬂ(Q))* X V{B(Q) according to
the case. By working with the Mellin transform with respect to the radial variable, as in (1.20),
one is led to consider the spectral problem

Find ¢ € Hj(0;7) \ {0} such that (1.32)

—0y(08pp) = N2 ¢,

One can show that there is [y > 0, depending only on x, and =, such that for
all B € (0;60), Ag and A_pg are Fredholm operators. Note that we have [y =
min{Re A | A eigenvalue of (1.32) such that e X > 0}. Additionally, since A_g is the adjoint of
Ag, we have

indAg = —indA_3. (1.33)

We remind the reader that for a bounded linear operator between two Banach spaces L : X — Y
whose range is closed, its index is defined as ind L := dim ker L — dim coker L, with dim coker L =
dim (Y /range(L)). On the other hand, by exploiting in particular that s* & Vé(ﬂ) \Viﬁ(Q), one
can prove that

indAg = indA_g + 2. (1.34)

Gathering (1.33) and (1.34), we deduce that
indAg =1 and indA_g = —1. (1.35)

From (1.35), to obtain a Fredholm operator of index zero, we see that we have to construct an
operator between A_g and Ag. To proceed, in accordance with the discussion at the beginning of
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the section concerning the analogy with the waveguide problem, we add to the domain of A_g one
singularity but not the other.

Thus, define the space
VO = span(st) @ VI_E(Q) (1.36)
where at this stage we choose arbitrarily to add s™ instead of s~ (we come back to this point below).

Endowed with the norm

”QDH\/out = (‘0’2 + H()Z)H%H_B(Q)))1/2’ Vo = cst + G € \"[out’

Vout is a Banach space. Introduce the operator A°" such that for all ¢ = cs™ + @ € Vout and
"e 65°(Q)
¥ 0 )

(A ) = /QO'V(,D -V dx = —C/Qdiv (oVsT)y dx —l—/QUng -V dx. (1.37)

Note that due to the features of the cut-off function x appearing in the definition of s*, we have
div (6cVsT) € L3(2). And since div (¢VsT) = 0 in a neighborhood of O, we observe that there is
a constant C' > 0 such that [(A°"p, o) < C||¢||vout ||‘P,||V;(Q)- The density of €5°(2) in VE(Q)

allows us to extend A°" as a continuous operator from VO to (Vé (©))*. And we have
(A, ) = ][ oV -V dz
Q
where, for all ¢ = cs* + @, ¢' € V()

][ oV -V dx = —c/ div (oVsT) ¢/ dx + / oV@ -V dzx. (1.38)
Q Q Q

Let us emphasize that this definition by density is necessary to give a sense to the first of the
three integrals of (1.37) which is a priori not defined when ¢ € Vou' ¢’ € V}g(Q) Now we have
everything to state the final result.

Theorem 1.3.2 Assume that ks € (—1;—v/(x—7)). The operator A°™ : Vour (Vé(Q))* defined
via (1.37) is Fredholm of index zero.

Proof. Let us simply sketch the proof and assume to simplify that A_g is injective.
xLet p=cst+¢,ceC,pe Vl_B(Q), be an element of ker A°". From (1.37), we find div (cVp) =
0 in Q in the distributional sense. Multiplying this equation by @ and integrating by parts in

Q\ B(O, ) for 7 > 0 small, we find

0:/ O’|V<,0|2dm—|—/ Uar90|r:7—§0|r:7—7'd9-
Q\B(O,7) 0

Taking the imaginary part above and the limit when 7 — 0, exploiting also that ¢ € vt 5(9)’ we
obtain

0=l [ o(6)6*(0) b

Besides, we can prove that there holds [ o(6)¢*() df # 0, which requires some work because of
the presence of the sign-changing o. Since n > 0 when k, € (—1;—y/(7m — 7)), we deduce that
c = 0. Thus the above energy argument shows that ¢ belongs to ker A_g and so we have ¢ = 0.

* Now consider some f € (V%(Q))* Since Ag is the adjoint of A_g, which is a Fredholm injective
operator, we deduce that Ag is onto. As a consequence, there is ¢ € Vé(Q) such that Agp = f.
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Application of Kondratiev theory based in particular on the residue theorem (see [69, Thm. 5.2],
[314, Thm. 5.4.2]) guarantees that if ¢ € VE(Q) is such that Agy € (VE(Q))*, the important point

here being that (Vé(Q))* c (VL 5(§2))", then there holds the following representation
p=c s +csT+¢ with ¢* E(CandngVl,B(Q).

On the other hand, since A has index one and is onto, we know that it admits a kernel of dimension
one, generated by some

Ve =cCg 5~ +ch st + @, with ¢ € C and @, € Vl_ﬂ(ﬂ) (1.39)

Working by contradiction and exploiting again the energy argument as above, one shows that ¢, # 0
and ¢l # 0. Set

Psol = p — (€7 /cq) Pe-
This function belongs to VU and satisfies A = f.

x Finally A°" is a continuous operator which is both injective and onto, it is an isomorphism. m

Let us comment this result.

i) To obtain a well-posed problem, we impose a radiation condition, incorporated in the space where
we look for the solution, at the corner. It is important to understand that the corner here plays the
role of infinity for classical scattering problems.

i1) We added in the space the singularity s™. We could have similarly worked with span(s~) @
vt 3 (©) and would also have obtained an isomorphism. And more generally, we have an isomorphism
when we work in span(a~s™ +atsT) @ VEB(Q) if and only if (=, at) € C?, such that |a~ |+ |a™t| #
0, is not proportional to the pair (c;,cd) appearing in (1.39). Note that span(a~ s~ + ats™) (of
dimension one) is different from span(s~, s™) (of dimension two).

ii1) To decide which singularity we should add in the space, we use classically the limiting absorption
principle. More precisely, we consider a slightly dissipative medium, which corresponds to adding
a small uniformly positive imaginary part to the sign-changing coefficient as in (1.26). This allows
us to obtain a well-posed problem in H{(Q2). The physically relevant solution without dissipation is
then defined as the limit of the solution with dissipation when the dissipation tends to zero. Note
that due to the sign-changing coefficient, the selection of the outgoing behavior, 7 or 1, cannot
be deduced from the sign of 7. Instead, one uses energy considerations: the outgoing propagating
singularity is the one which carries energy to the corner. Going back to time-domain, for w # 0, the
corresponding wave propagates to the corner but its velocity tends to zero so that it never reaches
it. For this reason, it is sometimes called black-hole wave.

w) For ko = —7v/(m — ), the integral [ o(0)¢*(#) df vanishes which prevents us from computing
flux of energy at the corner point. In that case, the above approach should be adapted.

After this study, during the PhD of C. Carvalho, we extended the theory described above to a more
realistic scattering problem by a bounded inclusion of negative material in free space at a frequency
w > 0. In 2D, this led us to consider the system

Find u = 4™ + 45 such that
div (6_1Vu) +w?pu=0 inR?

6usca 2
lim / ‘ — iwu?| ds =0,
§—+o0 || =¢ or

(1.40)

where u'™° is the incident field which satisfies Au"® 4 w?u™¢ = 0 in R? and the last line corresponds
to the classical radiation condition at infinity. Adding adapted radiation conditions at the corners
of the interface for contrasts k. # —1 inside the critical interval, we showed in [62] that (1.40)
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admits a unique solution. Note that uniqueness of the solution always holds here and can be proven
thanks to Rellich’s lemma (see e.g. [119, Thm. 3.5]) and Holmgren’s theorem [277, Thm. 8.6.5]
(see also [119, Lem. 5.23]).

1.3.3 An adapted numerical method

But the main goal of [62] was to consider the question of the approximation of the solution in
this new functional framework. This is not trivial because the highly oscillating behavior cannot be
captured by classical finite element methods: when refining the mesh, one observes some reflections
of the propagating singularities and the numerical solution does not converge when the meshsize h
tends to zero (see Figure 1.9).

Remark 1.3.3 Note that this instability phenomenon is not so simple to exhibit in practice. The
reason is that the propagating singularity is 27 /n-periodic in Inr scale. Therefore, roughly speaking,
the mesh must be refined by a factor €2/ to get a similar picture. Note for example that forn =1,
we have 2™/ ~ 535 and so if the mesh is only slightly refined, the corresponding numerical solution
does not change much (though it is incorrect). One way to enhance the instability is to work with
contrasts close to —1 to have large values of 1.

oy 7]’ o
‘s i 'm\

‘l"‘o,:'s, ‘0[{0 ,'Z ‘lu‘o," )
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Figure 1.9: Solution obtained using a standard P2 finite element method for different meshes: from
left to right, 13273 nodes, 56031 nodes and 100501 nodes. Here we consider the scattering of an
incident plane wave coming from the right at non zero frequency by a triangular inclusion of negative
material. Note that the computed field is not stable at the interface when the mesh is refined.

In [62] we presented an original method to approximate the solution of (1.40) when the contrast x.
belongs to the critical interval I.. To proceed, we again exploited the analogy with the waveguide
problem described in (1.28)—(1.30). The main difficulty is that when k. € I., there are propagating
modes for Problem (1.30) in the semi-infinite strips obtained by zooming at the corners and
considering the Euler change of variables (1.28). For this reason, for numerics, it is important to
bound cleverly the domain to avoid spurious reflections on the artificial boundaries. But these are
well-known problems in waveguide theory and different techniques exist. One of them consists in
using a Perfectly Matched Layer (PML) [51, 38]. It consists in making a complex change of variable
with respect to z in the strips. For the new problem one obtains, the solution is exponentially
decaying in the strips, which correspond to small neighborhoods of the corners, while its restriction
to the rest of the domain coincides with the initial solution. Then numerically when truncating
the strips, one only gets exponentially small reflections, which yields a good approximation. In
Figures 1.10, 1.11, we provide a few results of the method. Let us emphasize that it boils down to
implementing PMLs at the corner points, which is something quite unusual. Let us mention also
that we really mesh and solve the problem in the unfolded strip. To proceed, we match the fields
on the dashed lines appearing in Figure 1.10. This way, we obtain a logarithmic mesh in the initial
geometry (see Figure 1.12 right) which allows us to capture well the singularity.
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In practice, this approach yields a robust technique to approximate the plasmonic wave prop-
agating at the interface. Concerning the justification of the method, several questions remain open.
First, one needs to control the error made when truncating the PMLs. This is not straightforward
because of the change of sign of e. However, using again Kondratiev spaces and working for example
like in [291], one can reasonably hope to establish such a result. The problem of the justification
of the convergence of the finite element methods seems more intricate. Without PMLs and outside
of the critical interval, as we have seen above, the existing proofs require assumptions on meshes
(see [154, 63]) and the question of knowing whether or not these assumptions are necessary is not
solved. Here, due to the complex scaling z — z/a of the PMLs (typically a = e™/4), it is not even
clear how to work with the T-coercivity at the discrete level.

L ]
A -

Figure 1.10: Numerical solution with PMLs at the corners. As in Figure 1.9, the incident wave is
coming from the right. The bold dashed lines correspond to the interfaces where matching is made,
the small dotted lines represent the beginning of the PML regions.

Figure 1.11: Same setting as in Figure 1.10 for three different meshes. When h tends to zero, from
left to right, the numerical solution seems to converge. Note that we reconstitute the field inside
the three disks using the transform (z,0) — (e*,6).
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Figure 1.12: Left: mesh of the bounded strip. Right: resulting mesh after the change of variables
(z,0) — (€*,0).

1.4 Maxwell’s equations

1.4.1 Maxwell’s equations in classical spaces

During my PhD, we also investigated Maxwell’s equations with sign-changing coefficients. This
leads one to study variational formulations such as (1.47) below set in some Maxwell’s space Xy ().
In the analysis, we face two obstacles. First, as in the scalar case, the principal part is not coercive
when g is sign-changing. However, for Maxwell’s problem, it is not easy to work with symmetries
around the interface to restore positivity due to the constraints for fields in Xy (¢). Second, we
have to prove some compactness result for the embedding of Xy(¢) in L%() in order to establish
well-posedness in the Fredholm sense. Note that in the scalar case, this is straightforward because
H'(Q) is compactly embedded in L?(Q2) when  is bounded. For Maxwell’s problem, the space
X n(g) depends on e, which may be sign-changing.

To address these difficulties, first we proved a compactness result for the spaces appearing
naturally in 2D in [153]. This analysis was based on a detailed study of the singularities again
thanks to the Kondratiev theory. Then in [69], we used another approach and explained how to
develop an efficient T-coercivity approach to study Maxwell’s equations in 2D. There we showed
their well-posedness when the contrasts for the scalar problems lie outside of the corresponding
critical intervals (see also [195, 196] for another method based on volume integral equations). In
[67], we studied the 3D problem. To state the main result, define the space

HL(Q) = {p e H'(Q) /dea: =0}

and with the Riesz representation theorem, introduce the bounded operators A% : H{(Q2) — H{(9),
A H#(Q) — H%E(Q) such that

(VAT = [ V- VFda, Voo SHY®) (1.41)

(V(A“w),vw’)ﬂz/ﬂuvso-vso’dw, Vi, o' € Hy(Q). (1.42)

In [67] we established that when A%, A* are of Fredholm type, then Maxwell’s operators in the
usual space are also of Fredholm type. In other words, all the analysis boils down to the one of the
properties of A%, A* which can be done with the geometric T-coercivity as seen in Section 1.2. Let
us explain how we showed this result.

Let © be a bounded domain of R? with a Lipschitz-continuous boundary 9. To simplify, we
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assume that €2 is simply connected and that 9€) is connected. For a given frequency w > 0, the
time-harmonic Maxwell’s equations are given by

curl E —iwpH =0 and curl H +iweE = J in Q. (1.43)

Above E and H are respectively the electric and magnetic components of the electromagnetic field
while J stands for the current density. We suppose that ) is surrounded by a perfect conductor
and we impose the boundary conditions

Exv=0 and pwH -v =0 on 0f. (1.44)

Here v denotes the unit outward normal vector to 9€2. The dielectric permittivity € and the magnetic
permeability g in (1.43)—(1.44) are assumed to be real valued functions such that e, u € L*>°(Q2) and
=t =t € L*°(Q). However their signs can change in 2. As it is classical in the study of Maxwell’s
equations, we introduce the spaces

L(Q) = (L*(Q)°
H(curl) = {ucL?Q)|curluc L?(Q)}
Hy(curl) = {u € H(curl)|u x v =0 on dN}.

In (1.43), the current density belongs to L?(2) and is such that div J = 0 in Q. This leads us to
introduce the spaces

Xn(€) = {ueHy(curl)|div(¢u) =0}
Xr(€) = {ue€H(curl)|div(éu) =0, {u-v =0 on 0N},

where ¢ refers to a generic function of L>°(Q) such that ¢! € L*(Q). We endow H(curl),
Hpy(curl), Xn(&), X7 (&) with the inner product

(’v ')H(curl) = (‘7 )Q + (CllI'l -,curl )Q
Classically, one proves that if (E, H) satisfies (1.43)—(1.44), then E solves the second order problem

Find E € Hy(curl) such that

1.45
curl (u lcurl E) — w?¢E = iwJ in Q. (1.45)

Conversely, if E satisfies (1.45), then (E, H = (iwp) 'curl E) solves (1.43)—(1.44). The variational
formulation associated with (1.45) writes

Find E € Hy(curl) such that

1.46
/ pteurl E - curl E' — w*cE - E' dx = iw/ J - E'dz, VE' € Hy(curl). (1.46)

Q Q

The analysis of (1.46) is not simple because the embedding of Hy(curl) in L?() is not compact
(consider a sequence made of the gradients of an orthonormal basis of Hj(£2)). As usual in the
study of Maxwell’s equations, we have to take into account the divergence free condition which is
contained in (1.45). More precisely, one finds that if E satisfies (1.46) then E solves

Find E € Xy(¢) such that
1.47
/ p tcurl E - curl E' — w*E - E'dx :iw/ J - E'dx, VE' € Xy(e). (1.47)
Q Q
Conversely, assume that E satisfies (1.47). If the operator A° : H}(2) — H}(Q) introduced in (1.41)
is an isomorphism, for E' € Hy(curl), we can introduce ¢ € Hj(Q) such that

/ eV -V dx = / eE -V dx, Vo' € HY(Q). (1.48)
0 0
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Then E' — Vi is an element of X () and so according to (1.47), there holds
/Q,u_lcurlE ~curl (E' —V¢) —w*E - (E' —Vy)dx = iw/QJ (E' = V) dx. (1.49)
By exploiting that E € Xx(¢) and that curl Vyp = divJ = 0 in 2, we deduce from (1.49) that
/Q,u_lcurlE ccurl E' — W’eE - E' dx = iw /Q J - E'dx.

Since this holds for all E’ € Hy(curl), this is enough to conclude the equivalence of (1.46) and
(1.47) when A° is an isomorphism.

Again, in (1.47), the principal part is not coercive when p is sign-changing and we have to
prove some compactness result for the embedding of Xy(¢) in L?(Q2). Both points will be treated
thanks to the T-coercivity but with an approach different from the geometric one developed for
the scalar problem (see (1.7)) which is inefficient to deal with Maxwell’s equations. The following
lemma plays a central role in the analysis.

Lemma 1.4.1 Assume that € is simply connected with a connected boundary and that €, p are
such that the operators A%, A" defined in (1.41), (1.42) are isomorphisms. Then there exists a
bounded operator T : X (e) — Xn(e) such that there holds

/ pteurl E - curl (TE') da = / curl E - curl E dx, VE,E € Xy(e). (1.50)
Q Q

Proof. Consider some E’ € Xy(e). To annihilate the 4! in the left-hand side of (1.50), we would
like to have T such that curl (TE’) = ucurl E’. By taking the divergence on both sides, we see
that in general this is not possible. To circumvent this problem, let us work with gradients.

i) Since A* is an isomorphism, we can introduce ¢ € H%é (©) such that

/uvq-vcdm=/ucurlE"VC’dw, V¢’ € Hy(Q).
Q Q

ii) Then one observes that p(curl B/ — V() is a divergence free element of L?(2) such that
p(curl B/ — V() -v = 0 on 99Q. Since € is simply connected with a connected boundary, ac-
cording to Theorem 3.17 in [11] (see also Theorem 3.6 in [238]), there exists a unique potential
u € Xy (1) such that

curlu = u(curl E' — V(). (1.51)

ii1) Besides, since A® is an isomorphism, we can introduce ¢ € Hé(Q) such that
/Qew V¢ dx = /qu -V dax, Yo' € H(Q).
Finally, we define the bounded operator T : X (g) — Xx(¢) such that, for E' € Xy(¢),
TE' =u— V.
For all E, E' € X(¢), using in particular (1.51), we find
/Q,ulcurlE -curl (TE')dx = /Q,ulcurlE -curl (w — Vy)dx

= /,u_lcurlE-curluda:
Q

= / curl E - (curl E' — V() dx = / curl E - curl E/ de.
Q Q

This ends the proof. ]
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Using Lemma 1.4.1 and the fact that the embedding of X1(1) in L?(Q2) is compact, cf. [472, 11, 361]
(note there is no sign-changing coefficient in the definition of X7 (1)), we prove the following result.

Proposition 1.4.2 Assume that ) is simply connected with a connected boundary and that € is
such that the operator A® defined in (1.41) is an isomorphism. Then the embedding of Xn(e) in
L2(Q) is compact.

With the Riesz representation theorem, for w > 0 define the bounded operator Ay (w) : Xy(g) —
Xn(g) such that,

(AN(WE, E')H(cur) = /Qu_lcurlE -curl E' — w*E - FE dx, VE,E' € Xy(e).

Combining Lemma 1.4.1 and Proposition 1.4.2, we establish the following theorem.

Theorem 1.4.3 Assume that 2 is simply connected with a connected boundary and that €, u are
such that the operators A%, A" defined in (1.41), (1.42) are isomorphisms. Then Ay(w) is an
isomorphism for all w > 0 except possibly for a discrete set of values which accumulate only at +oo.

Let us give a concrete example of application. Consider the Fichera corner configuration repre-
sented in Figure 1.5 and assume that e, u are constant in Q4. In [66], we proved that A%, A are
isomorphisms when the contrasts in € and in p do not belong to [-7; —1/7]. From Theorem 1.4.3
we infer that Ay (w) is an isomorphism for all w > 0 except possibly for a discrete set of values
under the same constraints for e, p.

As mentioned above, we can slightly generalize the statement of Theorem 1.4.3 by consider-
ing the case where A%, A* are only Fredholm of index zero. Note however that this still excludes
transmission problems with piecewise constant €, o such that the contrast in € or in p belongs to
the corresponding critical interval. These configurations will be considered in §1.4.2.

Let us conclude this paragraph by showing that in 2D the operators A® and A" are closely related.
To avoid any ambiguity, here we denote by A5 : H§(Q) — H{(Q) (resp. A;é : H#(Q) — H#(Q))
instead of A® (resp. A*) the operator defined in (1.41) (resp. (1.42)). The following statement ([69,
Thm. 4.6]) is useful to study the so-called Transverse Electric and Transverse Magnetic problems
in 2D.

Proposition 1.4.4 Assume that Q C R? is simply connected and that ¢ € L>°(Q) is such that
e~ € L>®(Q). Then A§ is an isomorphism if and only if A;/E is amn isomorphism.

Proof. Suppose that A§ is an isomorphism. For ¢, ¢ € H#(Q), remark that in 2D we have
(e7Vp, V') = (e Teurl g, curl ¢ )q,

where classically for a function ¢ defined in a 2D domain, curly = (dy¢, —9,p)". To show that
A;{E is an isomorphism with the T-coercivity approach, mimicking the proof of Lemma 1.4.1, we

would like to construct T : H#(Q) — H#(Q) such that curl (Ty) = ecurly in . By taking the
divergence on both sides, we see that this is impossible in general. Again let us play with gradients.
More precisely, for ¢ € H#(Q), since A§ is an isomorphism, we can introduce ¢ € Hj(€2) such that

(eV(, V(o = (ecurly, V{)q, V¢ € Hy(Q).

Observing that div (e(curl — V()) = 0 in Q, from [238, Thm. 3.2] we know that there is a unique
element of H#(Q), that we denote by T, such that

curl (Ty) = e(curlp — V() in Q.
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This defines a continuous operator T : H%(Q) — H;&(Q) Then for ¢ € H;ﬁ (), we find

(V(AL%0), V(T¢))a = (e, ¥ (Tg))a = (= curlp, curl (Tg))a
= (curly,curly — V()q = (curlp, curly)q = HVQDH?),

which shows that (V(A;/E-), V(T-))q is coercive. From the Lax-Milgram theorem, this is enough to
conclude that the selfadjoint operator A;/E is an isomorphism.

We establish in a very similar way that Aj is an isomorphism when A;/E is an isomorphism. ]

Remark 1.4.5 With this result, for the transmission problem (1.2) in the case where the interface
has a corner located inside 2, we are not surprised to obtain a critical interval of the form [—(2m —
¥) /v, =/ (27 —)] (see (1.16)). Indeed, by working with cut-off functions supported in Q and equal
to one in a neighborhood of the interface, it is easy to show that Fredholmness for A€ is equivalent
to Fredholmness for A" in that situation. This proposition also explains the discussion following
Theorem 1.3.1 concerning singularities for problems with “half corners” in the interface.

1.4.2 Maxwell’s equations with contrasts inside the critical intervals

During the PhD of M. Rihani [434] that I supervised with A.-S. Bonnet-Ben Dhia, one of our
goals was to study the 3D Maxwell’s equations (1.43)—(1.44) when A® or A* is not of Fredholm
type. Let us detail this.

Assumptions for ¢, pu

Let © C R? be a simply connected domain with connected Lipschitz continuous boundary 0.
Consider a situation where ) contains an inclusion Q_ such that Q_ C €. We assume that 0Q_
is of class €2 except at the origin O where €2_ coincides locally with a conical tip. More precisely,
there are § > 0 and some smooth domain w of the unit sphere S? := {x € R?||z| = 1} such that
B(0,$) C Q2 and

Q_N B0, =KnB(O,9H) with £ :={r@|r >0,0¢c w}.

Here B(O,d) stands for the open ball of R? centered at O and of radius 6. We assume that ¢ takes
the constant value e < 0 (resp. £, > 0) in Q_NB(0, ) (resp. Q. NB(O, ) where Q; == Q\ Q).
And we assume that the contrast k. = e_/e; < 0 and w (which characterizes the geometry of the
conical tip) are such that there exist singularities of the form

s(z) = r~ V2P () |x]) (1.52)

satisfying div (eVs) = 0 in K with n € R\ {0}. Here r := |x| while ® is a function which is smooth
in o and in S?\%. These s are the 3D equivalent of the 2D singularities introduced in (1.22) (note
that the power in r depends on the dimension of the space). Similarly, they are just outside of H!
in the sense that 5 ¢ H'(Q) but r%s € H'(Q2) for all 8 > 0. To show the first point, observe that

1 1
/ |8T(r_1/2+”7)|2r2d7“:|—1/2+z'77|2/ rldr = | —1/2+ip2|Int| — +oo.
T T T—0F

With them, as in (1.24), we can show that the operator A° : H}(2) — H{(Q) defined in (1.41) is
not Fredholm because its range is not closed.
For circular conical tips as in Figure 1.13, i.e. when

w = {(cosBcos¢p,sinfcosp,sing)| —m <0 <mw, —7/2<¢<—n/2+~} for some v € (0;),
(1.53)



28 Chapter 1. Problems with sign-changing coefficients

Figure 1.13: Configuration with a circular conical tip at the interface.

by adapting some results of [297, 270, 336], it can be shown that such s exists for k. € (—1;—1,)
(resp. ke € (—1y;—1)) when v < 7/2 (resp. v > 7/2). Here I, is the constant defined by

_ oFi(1/2,1/2,1,cos?(v/2)) 2F1(3/2,3/2, 2, sin?(v/2))

T 9F1(1/2,1/2,1,sin%(/2)) 2F1(3/2, 3/2, 2, cos?(v/2))

where oF; stands for the Gauss’s hypergeometric function. Note that we have I, = 1/I,_,

and I, € (0;1) for v € (0;7/2). Additionally, there holds for example I/, ~ 0.218 as well as

lim, 70 Iy =1, lim, 5+ Iy = 0r, lim,_,,- I, = +00. Observe that contrary to what we got in 2D
for a corner in an interface inside €2, the interval is not of the form (—¢; —1/c¢) for some ¢ > 1.

> 0,

For a general smooth domain w C S? and a given contrast k., in order to know if such s
exist, one has to solve the spectral problem

Find (A, ®) € C x HY(S?) \ {0} such that

/ eVs® - Vg® ds = AN\ + 1)/ eddds, VO € H(S?),
S2 S2

(1.54)

which is the 3D equivalent of (1.20), and see if among the eigenvalues some of them are of the
form A = —1/2 + in with n € R, # 0. Above, Vg stands for the surface gradient. With a slight
abuse, when ¢ is involved into integrals over S?, we write ¢ instead of £(§-). Again in (1.54), the
difficulty lies in the fact that € appears on both sides of the equation. This time, the problem is
set on the sphere. Note that since ¢ is real-valued, if A = —1/2 + in is an eigenvalue, we have
AA+1) = —n? —1/4, so that A = —1/2 — in is also an eigenvalue for the same eigenfunction. And
since A\(A + 1) € R, we can find a corresponding eigenfunction which is real-valued. From now on,
we assume that A = —1/2+1n is a simple eigenvalue of (1.54) (geometric multiplicity equal to one).
Let us mention that this problem of existence of singularities of the form (1.52) is directly related
to the problem of existence of essential spectrum for the so-called Neumann-Poincaré operator
[299, 420, 89, 270]. A noteworthy difference with the 2D case of a corner in the interface is that
several singularities of the form (1.52) with different values of |n| can exist in 3D (this depends on
e and on w). This is a result that we showed in [297] with some colleagues physicists of the Aalto
University during my post-doc in Finland. To simplify the presentation here, we assume that for the
case of interest, singularities of the form (1.52) exist for only one value of |n|. Moreover we assume
that the quantity n fSQ e|®|?ds does not vanish. In this case, exchanging n by —n if necessary, we
can set 1 so that

77/ e|®|%ds > 0.
S2

Under this assumption, one can check that A = —1/2+in is of algebraic multiplicity equal to one. For
the circular conical tip introduced in (1.53), say for v < /2, we find that the above assumptions are
satisfied for contrasts k. € (—I1; —1I,) with a certain Il € (I,;1). For r. € (—1; —LTY), the number
of propagating singularities is larger than two (counting +). Observe that once the geometry has
been fixed, all the assumptions appearing above correspond to a condition on €.

To fix notations, we set ‘
st (@) = x(r)r~ 0 (2 |2)),
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where again xy € ¥°(R) is a cut-off function such that y =1 for r < §/2 and x =0 for r > §. In
Figure 1.14, we give an illustration of Sm sT|q_ in a case where £2_ coincides in a neighborhood of
O with a circular conical tip.

Figure 1.14: Example of singularity for a circular conical tip. For the sake of clarity, we simply
represent its restriction to Q_.

Similarly to what has been shown in Section 1.3, we can modify the functional framework to recover
a Fredholm operator. As in (1.36), set

Vo .= span(st) @ Viﬁ(ﬂ)

and define the operator As°ut : Vout _, (Vk(Q))* such that for all ¢ = cst + ¢ € vout and
' € VE(Q),

(A o) = ]i eV -V dz (1.55)

where, as in (1.38),

][ eVy -V dx = —c/ div (eVsh) ¢ dx —|—/ eV -V dz.
Q Q Q

Theorem 1.4.6 The operator AS°U : Vout _, (Vé(Q))* defined in (1.55) is Fredholm of index
zero.

To simplify, additionally we assume that A°U" is injective. Note that for a waveguide problem
with propagating modes, this corresponds to assuming that so-called trapped modes do not exist.

On the other hand, we assume that p is such that the scalar operator A* : H#(Q) — H#(Q)
defined in (1.42) is an isomorphism. In other words, € is critical while u is not (situations with
both critical € and p are discussed in the comments) .

With these assumptions, we explain in [75] how one should change the functional framework
to obtain a well-posed Maxwell’s problem. To set ideas, we will work on the electric problem.

An adapted space for the electric field

For contrasts k. outside of the critical interval, when we proved the equivalence between the for-
mulations in Hy(curl) and in Xy (¢), we used a result of isomorphism of A° (see (1.48)). Here,
instead, we will exploit that A%°" is an isomorphism. This invites us to work with the following
definition of the space of divergence free electric fields

X (e) i={u =cVsT +a, c€C, aeL*Q)|curlu € L3(Q), div (su) = 0 in Q\ {0},
u x v =0on N}
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Note that in X3 (¢) the fields are singular but their curl are classically in L?(Q). For u = c¢VsT +,
the condition div (ew) = 0 in ©Q \ {O} means that there holds

/5u-Vg0da::0, Vo € 65°(2\ {0}),
Q
which after integration by parts and by density of €5°(2\ {O}) in H(£2) is equivalent to
—c/ div (eVsT)pdz + / et Vodr =0, Vo € 65°(9). (1.56)
Q Q

Note that we have Xy (¢) C X3 (g) and we can show that dim (X3(¢)/Xy(e)) = 1. For u =
cVst + 4 with ¢ € C and @ € L?(Q), we set
el oy = (Ief? + @220 + leurlul2s )12,

Endowed with this norm, X3 (¢) is a Banach space. Moreover one can prove the following regularity
result.

Lemma 1.4.7 Assume that € is as in §1.4.2. There is 3 > 0 such that for any u = cVst + 1 €
X (e), we have & € VQB(Q) and there is a constant C' > 0 independent of w such that

|e| + H'&HVQE(Q) < Clleurlufgz(q)-
Up to the end of that section, we assume that 3 is fixed once and for all by this lemma.

Definition of the problem for the electric field

Our objective is to define the problem for the electric field as a variational formulation set in X (e).
For some 7 > 0, let J be an element of VY _(Q) such that div J = 0 in Q. Consider the problem

Find u € X% (¢) such that

/ p teurlu - curlw dx — w2][ eu-vdr = iw/ J - -vde, Yo € X3 (e), (1.57)
Q Q Q

where the term

f cu-vdx (1.58)
Q

has to be carefully defined. The difficulty comes from the fact that X' (¢) is not a subspace of
L?(9) so that this quantity cannot be considered as a classical integral.
Let u = ¢, Vs + @ € X" (e). First, for ¥ € VQB(Q), it is natural to set

][su-fzdw :—/su-fjdw. (1.59)
Q Q

To complete the definition, we have to give a sense to (1.58) when v = Vs*. We start from the
identity

/ eu-Vodr = —cu/ div (eVsHpda +/ et Vodz, Vo € 65°(02\ {O}).
Q Q Q
By density of ¢5°(Q2\ {O}) in VE(Q), this leads to set

][ eu-Vodr = —Cu/ div (eVs )@ de + / et - Ve da, Vi € V}?(Q)
Q 0 @
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With this definition, from (1.56) we obtain
f&u-Vgpdw:O, Vgoe\o/%(ﬁ).
Q
In particular, since s™ € V}; (Q2), for all u € X3 (£) we have

][ eu-Vstdr =0 and so / et - Vstde = cu/ div (eVsT)sT dz. (1.60)
Q Q Q

Finally for all u = ¢, Vst + @ and v = ¢, Vst + @ in X3 (¢), using (1.59) and (1.60), we find

][su-vdx—/Eu-ﬁdw—cu/6Vs+-ﬁdw+/sﬁ-fzdx.
Q Q Q Q

But since v € X3 (¢), we deduce from the second identity of (1.60) that

/ eVsT - Ddx = cv/ div (eVst)sT dz.
Q Q

Summing up, we get

][ cu-vdx = cucv/ div (eVst)sT dz +/ eu - vdx, Yu,v € X (e). (1.61)
Q Q Q

Remark 1.4.8 FEven if we use an integral symbol to keep the usual aspects of formulas and facilitate
the reading, it is important to consider this new quantity as a sesquilinear form

(u,v) — ][ ceu-vdx
Q

on XM (e) x X% (e). In particular, we point out that this sesquilinear form is not hermitian in
X (g) x X{(g). Indeed, we have

][EU ‘udr = / 5'&‘13dm+cucv/ div (eVs™t)sT dz
Q Q Q
so that

][ cu-vdx — ][ ev - wdx = 2icyCy IM (/ div (eVst) st da:).
Q Q Q

On the other hand, we can show that
Sm </ div (eVst) st dm) # 0.
Q

In the sequel, we denote by an(-,-) (resp. n(-)) the sesquilinear form (resp. the antilinear form)
appearing in the left-hand side (resp. right-hand side) of (1.57).
Equivalent formulation

Before considering the question of proving well-posedness in X' (), we have to make sure that a
solution of (1.57) satisfies the initial problem. This leads us to introduce the following space

HY(curl ) == span(Vs™) @ Hy(curl) D X3 (e)
(without the divergence free condition) and to consider the problem

Find u € H{*(curl) such that

1.62
any(u,v) = Iy(v), Vo€ HW(curl), (1.62)
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][eu-vdm
Q

has to be extended to the space H3(curl). Working exactly as in the beginning of the proof of
Lemma 1.4.7, one can show that any u € H{"*(curl ) admits the decomposition

where the definition of

u = c, Vst + Vu + curly,,,

with ¢, € C, o, € H{(Q) and v, € X7(1), such that curlyp,, € VO_B(Q). Then, for all u =
cuVsT + Vi, + curlyp,, and v = ¢, Vst + Vi, + curlep, in H3(curl ), a natural extension of
the previous definitions leads to set

][ eu-vdr = / e (Vpu + curlepy,) - (Vg, + curlep,) de
Q Q
+/ cu€VsT -curle, + ¢y ecurlp,, - Vst dx (1.63)
Q
— / cuCp div (eVsT)st + ¢, div (eVs 1)@y + C pudiv (eVsT) de.
Q

One can verify that (1.63) is indeed an extension of (1.61). Moreover, we have the following result.

Proposition 1.4.9 Assume that €, p are as in §1.4.2. The field w is a solution of (1.57) if
and only if it solves Problem (1.62). As a consequence, if w satisfies (1.57), then (E,H) =
(u, (iwp) " teurlw) is a solution of (1.43)—(1.44).

Now let us explain how to deal with the formulation (1.57) set in X' (e).

Main analysis for the electric field
Define the continuous operators A% : X" (g) — (X3 (g))* and KW : X3 () — (X (e))* such
that for all u, v € X3*(¢),
(At u, v) = / pteurlw - curl @ de, (KM u, v) = ][ cu - vdx.
Q Q
With this notation, we have (A" — W?K¥)u, v) = ay(u,v).

Proposition 1.4.10 Assume that €, ju are as in §1.4.2. The operator A : X3 () — (X (e))*
is an isomorphism.

Proof. Adapting what has been done in the proof of Lemma 1.4.1, let us construct a continuous
operator T : X (e) — X(¢) such that for all u, v € XM (e),

/,ulcurlu'curl (Tv) dx = / curlu - curlvde.
Q Q

Assume that v € X (e) is given. We construct Tv in three steps.

i) Since curlv € L?(Q) and A* : H#(Q) — (H#(Q))* is an isomorphism, there is a unique
¢ e H;#(Q) such that

/qu<~vc’dmZ/QMCurlv-VC’d:c, V(' € Hy(Q).

Then the field pu(curlv — V¢) € L%(Q) is divergence free in  and satisfies p(curlv — V() -v =0
on 0f2.
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i1) According to Theorem 3.17 in [11], we infer that there is ¢ € X (1) such that
p(curlv — V() = curl .

Thanks to Lemma A.5 of [75], which requires a bit of work, we deduce that 1 € V° 5(€2).

i4i) Then we know from the previous step that div(ev) € (Vé(Q))* On the other hand,
since by assumption, A%°ut ; yout _, (Vé(Q))* is an isomorphism, we can introduce ¢ € VO such
that A5°%y = —div (e)).

Finally, we set Tv = 1 — V. Clearly Tv is an element of X' (g). Moreover, for all u, v
in X3"(¢), we have

/,ulcurlu-curlT'vda: = /,ulcurlu‘curlz/;da:
Q Q

= /curlu~curl'vdaz—/curlu-VCdaz
Q Q

= /curlu-curlvdm.
Q

With Lemma 1.4.7 and the Lax-Milgram theorem, we deduce that T*AQ : X3 () — (X (e))*
is an isomorphism. And by symmetry, permuting the roles of u and v, it is obvious that T*AM" =
AT, which allows us to conclude that A : X3 () — (X (¢))* is an isomorphism. |

To deal with the frequency dependent term in (1.57), we established the following compactness
result.

Proposition 1.4.11 Assume that €, p are as in §1.4.2. If (u, = ¢, Vst + @) is a sequence
which is bounded in X' (), then we can extract a subsequence such that (c,) and (@,) converge
respectively in C and in VQ/B(Q). As a consequence, the operator K : X (e) — (X{(e))* is
compact.

We can now state the main theorem of the analysis of the problem for the electric field.

Theorem 1.4.12 Assume that €, pu are as in §1.4.2. For all w > 0 the operator ASF* — w?KQW* :
X (e) — (X (e))* is Fredholm of index zero.

Proof. Since K : XQ*(g) — (X (¢))* is compact (Proposition 1.4.11) and A : X3 () —
(X3 (g))* is an isomorphism (Proposition 1.4.10), AQ* —w? K3 : X3 (g) — (X (¢))* is Fredholm
of index zero. ]

The previous theorem guarantees that Problem (1.57) is well-posed if and only if uniqueness holds,
that is, if and only if the only solution for J = 0 is w = 0. Since uniqueness holds for w = 0, the
analytic Fredholm theorem ensures that (1.57) is well-posed except for at most a countable set of
values of w with no accumulation points (note that Theorem 1.4.12 remains true for w € C).

Comments

i) The material above was presented in the article [75]. In [75], we also propose a formulation for
the magnetic field which is equivalent to the initial Maxwell’s equations and which is well-posed.
Quite logically from (1.43), it is set in some space X3"*(u) of fields which are in L?(£2) but which
have singular curl.

i7) In [75], we also considered, with e, 1 as in §1.4.2, the formulation for the electric field in the
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classical space X (g). We prove that it is well-posed in the Fredholm sense but we are not able to
show that it is equivalent to Maxwell’s equations (1.43)—(1.44). On the other hand, we established
that the standard formulation for the magnetic field in X7 (u) is equivalent to (1.43)—(1.44). But
the corresponding operator in X¢(u) is not Fredholm.

ii1) To justify that our frameworks are physically relevant, we demonstrated some limiting absorp-
tion principle. More precisely, we proved that the solutions of Maxwell’s equations with &, yu having
a small imaginary part § > 0 converge to our solutions as § — 0 in some adapted norms.

iv) Finally, in a second article, namely [76], we studied the situation where propagating singularities
exist both for the operators A° and A¥. We obtained some well-posed formulation in the Fredholm
sense, and equivalence with the initial Maxwell’s equations, in a space of fields which are singular
and which have singular curl. In [76], we also considered situations where several propagating
singularities exist. Finally, the geometric setting that we considered in [76] was a bit more general
than the one of [75]. In particular, we allowed the conical tip to touch the boundary of the do-
main. This might seem a minor technical point but it forces us to write more systematic proofs for
the vector potential representations of singular fields, an important aspect which is hidden in the
presentation above.

1.5 Asymptotic analysis

1.5.1 A curious instability phenomenon for rounded corners

Figure 1.15: Interface with a rounded corner.

For certain applications, physicists specifically look to use metals with non-regular geometries
to obtain high-intensity electromagnetic fields in plasmonic technologies (see, for example, [453, 57,
405]). In practice however, geometries are never perfectly singular and corners are always rounded.
What does this imply?

Analysis of the source term problem

To study this question, with X. Claeys and S.A. Nazarov, we first considered the scalar Problem
(1.2), with a given source term f € L?(f), in the geometry described by Figure 1.15 where the
interface has a rounded corner of radius of curvature d > 0 small. Observe in particular that we
get a true corner at the limit § — 0. We denote by (£?%) this problem (set in H}(Q)) and by o°
the function such that ¢® = o1 in Q% where o are constants satisfying +o4 > 0.

For positive materials, it is known that for 6 > 0, (£2%) admits a unique solution us and that the
sequence (us) converges in H!(2) to ug, the solution of (), the problem with an interface having

a true corner. Moreover, the speed of convergence depends on the regularity of wug.

With a sign-changing ¢°, the situation is less clear. In particular when o_ /o, # —1 belongs
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to the critical interval, one may expect some unconventional phenomena to happen. Indeed for
§ > 0, the interface is smooth and so A%, the operator associated to (335 ), is Fredholm of index
zero. However for 6 = 0, A is not Fredholm. In the article [156], we decided to investigate precisely
this configuration.

First, by assuming that the limit problem for 6 = 0 is injective in H{(2), so that the opera-
tor A°" defined in (1.37) is an isomorphism, we showed that A° is injective for § € (0; 8] N I(c)
where -

(o) == U {5*6(1”0‘) /. §, ek t1=) ”/’7} (1.64)

k=—00
(see the representation of Figure 1.16). Here v can be chosen as desired in (0;1/2), o > 0 depends
on a, d, > 0 is a particular constant that we can characterize and n € R\ {0} is the singular
exponent appearing in (1.22).
am/n am/n

—

Do DX X D e D GHE S 1)

™/n

Figure 1.16: The crosses represent the set {In(8,e*™/7) =1nd, + kr/n, k € Z}. The thick segments
represent the set {Ind, § € I(a)}.

We deduce that (£2°) admits a unique solution us € H§(Q) for all § € (0; ] NI(a). Additionally,
we proved the following important a priori estimate: there exists a constant C' > 0 such that

luslliy @) < Clndl|[flliz@), Vo € (0;60] NI(e). (1.65)

Let us comment this result. First, obtaining (1.65), which is the basic brick to establish error
estimates, has been very technical. With coercive or coercive plus compact problems, one usu-
ally works by contradiction. Due to the sign-changing coefficient, we cannot proceed so simply
here. On the other hand, because the interface changes when § tends to zero, we were unable
to work with some T-coercivity argument. Instead, we exploited the very powerful technique of
overlapping cut-off functions introduced in [352, Chap. 2|, [370]. Roughly speaking, it allows
one to establish these types of a priori estimates as soon as the far field operator, appearing
when taking the limit 6 — 0, and the inner field operator, obtained by rescaling the problem
by a factor 6! and considering the limit 6 — 0, are isomorphisms in ad hoc weighted Sobolev
spaces. Second, in (1.65), we are not surprised to see the appearance of a |Ind| term. Indeed,
we know that at the limit 6 = 0, Problem (1.2) is ill-posed in H}(Q2) due to the existence of
the two propagating singularities (see in particular the calculus (1.23)). Finally in (1.65), we
emphasize that we exclude a neighborhood of a sequence of points which accumulates at zero.
But we will see below that there is no hope to get better, i.e. to derive an estimate for all § € (0; dg].

Then we constructed an asymptotic expansion 45 of us as J tends to zero and with (1.65)
proved the error estimate: there exist 7 > 0 and C > 0 such that

lus — sl i) < €67 [ flliay, ¥ € (0380 NI(a). (L.66)

Finally, by using the rather explicit form of 45, which depends on §, we have been able to prove that
(i5) does not converge as § tends to zero, even in L?(€2). With (1.66), this guarantees that (us) does
not converge, even in L*(Q2). Indeed, if there were some ug € L*(Q) such that lims_,q [|us—uollp2 ) =
0, then we could write

IN

|5 — wollr2 (@) s — usllr2(q) + lus — uollr2(q)

IN

Cllas = uslly ) + llus — wollLay =, 0,
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which is false. In other words, (1.66) proves that (ugs) gets closer and closer to a term which does
not converge as 0 tends to zero. This shows that Problem (1.2) is unstable with respect to a
small corner rounding: two very similar geometries with almost identical (but different) rounded
corners can lead to solutions that have nothing to do with each other. From a physical point of
view, this result is highly unusual and difficult to accept. As such, it is of great interest. Indeed,
it demonstrates the limitations of the model we work on. There is no doubt that in practice
something happens at the rounded corner that the equations we use do not describe. To get more
realistic phenomena, refined models with non local effects have been considered since then, see e.g.
[441, 179, 53]. They are still being studied.

Let us mention that when o_/o; # —1 does not belong to the critical interval, the results
are different and look like the case of positive materials. More precisely, using again the technique
of overlapping cut-off functions, one can show that if A° is injective, then there is dy such that A°
is injective for all § € (0; §o]. Moreover (us) converges to ug in Hj(Q).

As an illustration, let us present some numerics in a canonical geometry. For ¢ € (0;1), set

Q% = {(rcosf,rsinf) |6 <r<1, w/4d<0<n};
Q% = {(rcosf,rsinf) |s<r<1, 0<6<m/4}; (1.67)
Q° = {(rcosf,rsinf) |§<r<1, 0<O<mn}

(see Figure 1.18). Admittedly this framework is not exactly the one described above. In particular,
we do not really have a rounded corner. However the problem is completely similar because for all
0 € (0;1), the interface touches the boundary perpendicularly so that A9 is Fredholm as soon as
the contrast is different from —1. And for § = 0, A is Fredholm if and only if o_ /o, & [-1;—1/3].
The advantage of this setting is that we can work with separation of variables, which allows us for
example to identify if A% is injective or not.

e OUTSIDE THE CRITICAL INTERVAL [—1;—1/3]

In Figure 1.17, we display the variation of ||U5HH(1) (as)» computed with a finite element method, with
respect to 1 —d for o_ /o, = —1 —10™*. The source term f is equal to one hundred for z < —1/2,
zero otherwise. Figure 1.18 represents ug for this contrast and for eight values of §. As expected,
ug is stable when § — 0.

Contrast K = -1 - with L =0.0001 (outside the critical interval)
10 T T T

Norm of the solution
<
T

0 I I I I
0.75 0.8 0.85 0.9 0.95 1

1-8

Figure 1.17: Variation of [lus |1 (qs) with respect to 1 — 4.
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Figure 1.18: Solution ug for eight values of § where here ¢ stands for the radius of the inner half disk.
The contrast o_ /o is chosen equal to —1 — 10~* (outside of the critical interval). The sequence
(us) converges when 6 — 0.

e INSIDE THE CRITICAL INTERVAL (—1;—1/3)

In Figure 1.19, we display the variation of ||u6||H(1)(QJ) with respect to 1 -4 for o_ /o, = —1+107%.
In accordance with the analytical computations, we observe peaks which correspond to the values
§ = 6" for which A° fails to be injective. More generally, the numerical experiments confirm the
following important idea: when the contrast lies inside the critical interval, the solution in the
geometry with a rounded corner, when it is well-defined, critically depends on the parameter 6.
This appears clearly in Figure 1.20 where we see that the solution is not stable with respect to ¢
not only in a neighborhood of the corner point O but everywhere in 2. Concerning the numerical
analysis point of view, let us make the following comments. First, notice that for small values of
d, it is very expensive to use a mesh adapted to the geometry. Therefore, the mesh size is chosen
small but independent of §. This explains why peaks do not appear for § < 0.02. Remark also that
we work here with a contrast very close to —1. This may seem surprising because for o_ /o, = —1,
the operators A® are not of Fredholm type. However, this allows us to obtain several peaks without
being obliged to use a very refined mesh. Indeed, from (1.64) we find that the period of peaks,
in Ino scale, is equal to w/n. On the other hand, there holds lim, /5, _1+7 = +oc0. From a
numerical point of view, it only requires using meshes which are locally symmetric with respect to
the interface to avoid instability phenomena (see again [154]).

Remark 1.5.1 By proceeding to the Euler change of variables (1.28) in the particular geometry
(1.67), we clearly understand why the stability estimate (1.65), which implies injectivity, cannot
be walid uniformly with respect to 6. Indeed, with (1.28), Q0 is transformed into the rectangle
(Ind;0) x (0;7). In this rectangle on the boundary of which we impose homogeneous Dirichlet
boundary conditions, with the propagating modes existing for contrasts inside the critical interval,
it is easy to create resonant modes for periodic values of & in Ind scale. Let us emphasize that
this phenomenon is not specific to the canonical configuration chosen here for the illustration, it is
generic.



38 Chapter 1. Problems with sign-changing coefficients

Contrast Ky = —1 + A with A =0.0001 (inside the critical interval)
300 T T
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1-3
Figure 1.19: Variation of ||us|gy(os) with respect to 1 — 4. The dotted lines correspond to the
expected values of § = 6™ for which A° fails to be injective.
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Figure 1.20: Same setting as in Figure 1.18 but with 0_/o, = —1 + 10~* (inside the critical
interval). The sequence (us) does not converge when 6 — 0.

Analysis of the spectral problem
To complete our understanding of the instability phenomenon, in the article [158], we turned our
attention to the asymptotic analysis of the spectral problem

Find (\s,us) € R x (H3(2) \ {0}) such that

(1.68)
—div(osVus) = As us in

as the rounding parameter of the corner ¢ tends to zero. Again, we considered the most interesting
case where o_/o; # —1 is located inside the critical interval. Define the unbounded operator
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A% D(A%) — 1L2(Q) such that
Aoy = —div(c9Vv)

D(A(S) = {'U € H(l)(Q) | div(o"svv) c LQ(Q)}, (1.69)

For § > 0, since X% is smooth and intersects 9 with right angles, the operator A% is densely defined,
closed, self-adjoint and admits compact resolvent. Besides, we have the following proposition.

Proposition 1.5.2 The spectrum of A%, denoted G(A‘s), consists of two sequences, one nonnegative
and one negative, of real eigenvalues of finite multiplicity:

A< SN 0SSN <X

m

Moreover, there hold inf &(A%) = —co and sup G(A%) = +oo.

We are interested in finding an operator that would be the “limit” of A% as § — 0. Let us first
introduce the unbounded operator 2 : D(2) — L2(£2) defined by

Av = —div(c" Vo)

D) = {v € H}(Q) | div(c"Vv) € L2(Q)}.
The operator 2l is symmetric. From the point of view of spectral analysis, it is desirable to determine
whether it is self-adjoint. The following result is established in [432, Chap. 7] (see also [80]).
Proposition 1.5.3 The domain of the operator 2A* is given by D(A*) = span{s™, s~} & D(2).

Since D(20*) # D(21), this shows that 2 is not self-adjoint. Actually, it is possible to completely
describe all the self-adjoint extensions of 2 (for the general theory, see e.g. [433, Sect. X.1]).

Proposition 1.5.4 The self-adjoint extensions of A are the unbounded operators A(T), T € R, such
that A(7) : D(A(1)) — L2(Q) is defined by
A(r)v = —div(e"Vov)

A (1.70)
D((7)) = span{s™ + €'"s~} & D(2).

For any given 7 € R, we can show that the spectrum of 2((7) admits the same qualitative properties
as the one of A® for § > 0.

Proposition 1.5.5 Pick 7 € R. The operator A(7) is closed, densely defined, self-adjoint and
admits compact resolvent. Its spectrum consists of two sequences, one nonnegative and one negative,
of real eigenvalues of finite multiplicity:

A () < <SAL(T) KOS Ap(T) S A(T) < S Ag(T) -
Moreover, there hold inf S(A(7)) = —oco and sup S(A(7)) = +o0.

Then we computed an asymptotic expansion of the eigenpairs of A%. We showed that they get
closer and closer to the eigenpairs of the model operator 2° C 2A* such that

Wy = —div(e"Vw)

. (1.71)
D(A0) = span{ st + (3/6,)%"s~ } & D().

Here J, > 0 is some quantity that we can characterize. Since |(5/de)*"| = 1, according to Propo-
sition 1.5.4, we know that 2A° is self-adjoint for § > 0 (observe that with the definition (1.70),
we have A° = A(2n1n(5/d,)). Denote {Ag}jez the set of ordered eigenvalues, counted with their
multiplicities, of A°. For &y > 0, one can show that for each fixed j € Z, the function & Ag is
bounded over (0; do].
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Remark 1.5.6 When 81, 62 > 0 are such that (01/0e)%" = (02/e)*" < Indy = Indy + km/n for
some k € Z, we have D(A°) = D(A%2), so that A" = A°2 and S(A") = &(A°2). Therefore, for
each fixed j € 7Z, the map § — A;S- is 7 /m-periodic in In §-scale.

Remark 1.5.7 As already used in (1.39), there is an element { € D(A*) \ D() admitting the
decomposition ¢ = s~ +c¢ 5T+ ¢ with cc € C such that |c¢| = 1 and { € D(A). When § > 0 is such
that (5/6¢)%" = c¢, the function ¢ belongs to D(A°). In this case, we have 0 € &(A%). Together
with Remark 1.5.6, this shows that the set of values of & such that A% is not injective accumulates
at zero. Figure 1.21 illustrates the phenomenon.

~

&¢

>

(6/60)%
Figure 1.21: As § goes to zero, (6/d¢)*" runs on the unit circle and hits c¢ infinitely many times.

The main theorem proved in [158] is as follows.

Theorem 1.5.8 Assume that o_ /oy # —1 belongs to the critical interval and that the only u €
H{(Q) such that div (6°Vu) = 0 is zero.

Let {)\g}jez refer to the set of ordered eigenvalues of the original operator A° defined in (1.69).
Let {Ag}jez refer to the set of ordered eigenvalues of the model operator A° defined in (1.71).
Then for any j € Z, 8 > 0, there is a constant C; g > 0 independent of 6 € (0;0¢] such that

inf A=A+ inf [N —A| < Cj07
AES(AY) AES(A9) ’

Theorem 1.5.8 guarantees that all the eigenvalues of the original operator A? behave as the eigen-
values of the model operator A° as § goes to zero. Since the eigenvalues of 2’ are periodic in
In d-scale, this demonstrates that, asymptotically, all the eigenvalues of A% are periodic in In d-scale
as d — 0.

Let us conclude this paragraph by presenting some numerical illustrations of the above results. We
work again in the configuration described in (1.67) and solve (1.68) by a finite element method.

e OUTSIDE THE CRITICAL INTERVAL [—1;—1/3]

In Figure 1.22, we display the ten eigenvalues of smallest modulus of (1.68) with respect to —In g
for a contrast o_/o; = —1 —107% ¢ [~1;—1/3]. In this case, the limit problem for § = 0 is
well-posed in the Fredholm sense in H}(2). The operator A? : D(A%) — L2(Q°) is self-adjoint and
has compact resolvent. The dashed lines in Figure 1.22 represent the approximation of the ten
eigenvalues of smallest modulus of the limit operator A?. The numerical experiments suggest that
the spectrum of A% converges to the spectrum of A as § — 0, which is something that we can
prove rigorously.
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Figure 1.22: For a given 6 € (0;0p], we approximate the ten eigenvalues of smallest modulus of
the operator A%, Then, we make § tend to zero. The figure represents the approximation of the
spectrum of A% with respect to —In . The horizontal dashed lines correspond to the approximation
of the ten eigenvalues of smallest modulus of the limit operator A°.
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Figure 1.23: Same quantities as in Figure 1.22 but this time for 0_ /o, = —1 + 10~* (inside the

critical interval). The vertical dashed lines correspond to the expected values of § = 6™ for which
A? fails to be injective.

In Figure 1.23, we display the ten eigenvalues of smallest modulus of (1.68) with respect to —1Ind
for a contrast k, = o_/oy = —1 4+ 107* € (—1;—1/3). We observe that the spectrum of A°
depends on § even for small . In other words, it does not converge to the spectrum of some
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operator independent of §. The dashed lines correspond to the expected values of 6 = §”, computed
explicitly using separation of variables, for which A? fails to be injective, or equivalently, for which
zero belongs to the spectrum of A°. Notice that the spectrum computed numerically indeed passes
through zero for these values of §. Figures 1.24 and 1.25 represent respectively the approximation
of the first positive and the first negative eigenvalue of A% with respect to —Ind. Note the periodic
behavior. This is consistent with what we proved in Theorem 1.5.8.
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Figure 1.24: First positive eigenvalue of A% with respect to —Ind (same setting as in Figure 1.23).
The vertical dashed lines correspond to the expected values of § = 6™ for which A° is not injective.
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Figure 1.25: First negative eigenvalue of A% with respect to —Ind (same setting as in Figure 1.23).
The vertical dashed lines correspond to the expected values of § = 6" for which A? is not injective.

Remark 1.5.9 For an interface with a corner and a contrast inside the critical interval, adding
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dissipation as in (1.26) and rounding the corner as above can be seen as two ways of reqularizing
Problem (1.2) which is ill-posed in H{(Q). It is interesting to note however that they lead to
different limit behaviors when the regularization parameter tends to zero. In the first case, the
solution converges to the one in the framework span(s™) @ Vl_/B(Q) This is the limiting absorption
principle mentioned in item 1ii) after (1.39) which selects a limit operator which is not self-adjoint.
In the second case, the regularized operator gets closer and closer to a self-adjoint operator which
depends on the regqularization parameter § and does not converge when § — 0.

1.5.2 Spectrum for a small inclusion of negative material

Figure 1.26: Small inclusion of negative material.

With X. Claeys and S.A. Nazarov, in [157], we were also interested in the asymptotic analysis
of the spectral problem (1.68) in presence of a small smooth inclusion of negative material of
diameter proportional to § (see Figure 1.26) when k, # —1. The question that motivated us was
the following. When 0 is positive, as in Proposition 1.5.2, the spectrum of (1.68) is made of two
sequences of eigenvalues tending respectively to +00. At the limit § = 0, the inclusion disappears,
0o = 04 is positive everywhere, and therefore the spectrum of (1.68) is a sequence of eigenvalues
tending to +o0o0. What happens to the negative eigenvalues when § — 07

In [157], we showed that the positive spectrum of (1.68) converges to the spectrum of the
limit problem without the inclusion of negative material. On the other hand, we proved that
negative eigenvalues behave as 6 2A,,, where the A,, < 0 are the eigenvalues of some inner field
problem set in the whole space R? with a normalized negative inclusion. We further established
that the eigenfunctions associated with negative eigenvalues are localized in the vicinity of the
small inclusion (see the illustration of Figure 1.27).

The main difficulty in the analysis comes from the justification of the formal asymptotic analysis.
To proceed, we establish uniform boundedness of the inverse of As in terms of weighted norms
involving the small parameter §. The proof of this important result (Proposition 3.1 in [157]) is
made difficult by the change of sign of ¢® which prevents the use of variational arguments. Again
we use the efficient technique of overlapping cut-off functions introduced in [352, Chap. 2], [370].
Finally, let us mention that for other spectral problems involving sign-changing coefficient, one can
look at [351] where the authors present a study of bifurcations for a nonlinear problem and [133]
where scattering resonances in free space are considered.
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Figure 1.27: Eigenfunctions associated with the first negative (left) and positive (right) eigenvalues
of (1.68). First line: 6 = 0.5, second line § = 0.05. The inclusion of negative material is an ellipse
of diameter proportional to § and k, = —2.5. Eigenfunctions associated with the positive (resp.
negative) eigenvalues are localized in the positive (resp. negative) material.

1.6 Homogenization of Maxwell’s equations

During the PhD of M. Rihani, with R. Bunoiu and K. Ramdani, we studied in [108] the homoge-
nization process for time-harmonic Maxwell’s equations in the presence of  —periodically distributed
inclusions of negative material embedded into a dielectric material (see Figure 1.28 for a typical con-
figuration). The main objective was to clarify if the homogenization process is doable in this context
and if so, to determine what are the properties of the corresponding homogenized material. For
scalar problems, the first homogenization results have been obtained in [109] using the T-coercivity
approach of [79]. More precisely, it is shown therein that for negative contrasts close to zero, the
scalar problem with Dirichlet boundary conditions can be homogenized. In particular, it is proved
that under this assumption on the contrast, the solution of the problem in the composite material
is well-defined for ¢ small enough and that it two-scale converges (see [389, 9]) to the solution of
a well-posed problem set in a homogeneous material. These results have been extended in [85],
through the analysis of the spectrum of the Neumann-Poincaré operator. The authors demonstrate
that the homogenization process is possible provided that the contrast belongs to (—oo; —1/«) or
(—a;0) for some v € (0;1). However, the value of « is not explicit. The outcome of [108] is dou-
ble. First, we characterize these bounds appearing in the assumptions on the contrast under which
homogenization can be performed. Second, we explain how to deal with Maxwell’s equations. Let
us describe this in more detail.

1.6.1 Main analysis

Let © C R3 be a bounded domain as in §1.4.1. We consider a situation where Q is filled with
a composite electromagnetic material constituted of periodically distributed inhomogeneous cells
of small size § > 0. More precisely, let Y = (0;1)? denote the reference cell and assume that Y
contains two materials:

o a metamaterial with negative dielectric permittivity e_ < 0 and magnetic permeability p_ < 0
located inside a connected domain Y_ C Y with Lipschitz boundary 0Y_ such that Y_ C Y

o a dielectric material with positive dielectric permittivity e; > 0 and magnetic permeability
p+ > 0 filling the region Yy =Y \ Y_.
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Pt

Figure 1.28: Example of a periodic material (left) and corresponding reference cell Y (right).

The assumption Y_ C Y is important. When the inclusion Y_ meets the boundary of the cell 9Y,
for example in laminar materials, phenomena different from the ones described below can appear.
We refer the reader to [85, Appendix A] for more details concerning the scalar problem in this case.
To simplify the presentation, we assume that e_, e, u— and p are constant. Set

E_ _
ke = — <0, m#::'u—<0,

€+ Mt
and define in the reference cell the two real-valued functions e, u € L*°(Y") such that
e) =ces by (y) +e-Ly_(y),  wy)=ps Ly, (y) +p-1y_(y),

where for a set S, 1g() stands for the indicator function of S. For any § > 0 and any integer vector
k € Z3, we define the shifted and scaled sets Yfk, Yjﬁk, Yk‘S such that

Yo, = {zecR¥|(x—k)/0cY. }

Yo, = {xeR|(x—Fk)/6€Y,}

Y,f = {xcR|(x—k)/§€Y}.
We denote by K? the set of k € Z3 such that Y,f C 2. We assume that the metamaterial fills the
region

Q= |J Y2,
keK?
while the complementary set in 2 L
Q) =0\

is occupied by the dielectric. Finally we define the macroscopic dielectric permittivity €% and the
magnetic permeability p in Q such that

e (x) =e, IlQi (z) +e-1gs (v), 10 (x) = g lﬂi (z) + p-1gs (2).

As in Section 1.4, we can reduce the analysis of Maxwell’s equations to the study of the following
problem for the electric field

Find E° € Hy/(curl) such that

P’ 1.72
(%) /(u‘s)_lcurl E° . curl E' — W?°E° - E' dx = iw/ J-E'dx, VE' € Hpy(curl). (1.72)
Q Q
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As we have seen in Section 1.4, the well-posedness of (1.72) relies on the invertibility of the two
scalar operators A2 : H(Q) — H(Q), Ai : H%(Q) — H%é (©) such that

(V(A2p),V¢a = /Qeévso-vso’dw, Vo, ¢ € Hi(Q)

(VAR = [ WV Ve vop €M)

More precisely, in order to consider the limit of (1.72) as ¢ tends to zero, we need a result of uniform
invertibility of A, AZ, i.e. we have to show the existence of some dy > 0 such that A9, AZ are
invertible for all 6 € (0;dp] together with the estimate

1AM+ Il M < €,

where C' > 0 is independent of 6 € (0;dg]. Introduce the Hilbert spaces of functions defined in the

reference cell Y
Ho = {peH{(Y)|Ap=0inY, UY_}

He = {peHLY)|Ap=0inY, UY_}

where HJ(Y) == {¢ € H/(Y) | [, ¢do = 0}. Define the function ¢p € Ho such that ¢p = 1 in
Y_ and set

Ho = {p € Ho|Onp=0o0n0Y}. '
Then define the (positive) constants
Vol? Vol?
el e o IVl -

 pefo\{0) ||V<PH%/+’ PEH\{0} ||V<PH%/+ '

We emphasize that m and M are independent of §. Our criteria of uniform invertibility of A9, Az
are as follows ([108, Thm. 3.14], see also §1.6.2 below for some intuition).

Theorem 1.6.1 Let m, M be the constants defined in (1.74).
When k. € (—o0; —1/m) U (=1/M;0), A : H§(Q) — H(Q) is uniformly invertible as 6 — 0.
When K, € (—o0;—1/m) U (—1/M;0), Az : H%E(Q) — H%{(Q) is uniformly invertible as § — 0.

We then turn to the definition of the homogenized problem associated with (1.72). Denote by

€55.(Y) the subset of functions of €°°(Y') satisfying periodic boundary conditions on 9Y. Let

per

HL..(Y) be the closure of €5.(Y) for the norm of H'(Y). Then set

per per
oY) = {p € HL (V) /a pdo=0}

We endow this space with the inner product (V:,V-)y. Assume that the contrasts k. and &, are
located in (—oo; —1/m)U (—1/M;0). For n = € or p and j = 1,2, 3, we can show ([108, Thm. 4.1])
that there are unique functions x’} € HL. .(Y) such that

per,o

(UVX;]7 vé.)y - (UVZJJ7 vé.)Y7 vé- S le)er,o(Y)'

The homogenized tensor associated with n is classically defined as the 3 x 3 symmetric matrix
() = (Hk(n))1<j,k<3 given by (see, for instance, [183])

1
Hr(n) = IYI/y nV(y; = x}) - V(ye — xi) dy.

Though J#(¢), 7 (u) involve sign-changing coefficients, we proved the following non-intuitive result
([108, Prop. 4.2]).
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Proposition 1.6.2 Assume that k. (resp. k,) € (—oo;—1/m)U(—1/M;0) where m, M are defined
in (1.74). Then the matriz 7 (e) (resp. (1)) is positive definite.

Then we can define the effective problem
Find E*T € Hy(curl) such that for all E' € Hy(curl)

gzeff
) / A (u) Leurl BT . curl B — > #(e)EY - E' dx = iw/ J - Edz.
Q Q

( (1.75)

By exploiting Proposition 1.6.2, when k., k, € (—oo0;—1/m) U (—=1/M;0), one classically proves
that (£2°) admits a unique solution for all

w? € C\ A (1.76)

where A is a discrete subset of [0; +00). Then by working with the T-coercivity for Maxwell’s
equations as in Section 1.4 (a result of uniform compactness is also needed), we establish the
following stability result.

Proposition 1.6.3 Assume that k., k, € (—oo;—1/m) U (=1/M;0) where m, M are defined in
(1.74). Assume that w? € C\ A°T where AT appears in (1.76). Then, there exists 5o > 0 such that
for all & € (0; 6], problem (2°) admits a unique solution E°. Moreover we have the estimate

1B |12 () + lcurl B[z i) < C || |lp2(qy (1.77)
where C' > 0 is independent of § € (0;do].

Finally, by applying classical tools of homogenization which are insensitive to the change of sign of
g, i, we obtained in [108] the following final result.

Theorem 1.6.4 Assume that k., k,, € (—o0; —1/m)U(—=1/M;0) where m, M are defined in (1.74).
Assume that w* € C\ AT where A°® appears in (1.76). Then, there exists 69 > 0 such that for
d € (0;00], the solution E? of problem (95), which is well-defined according to Proposition 1.6.3,
satisfies

E° — E°f and curl E° — curl E°f weakly in L*()

where BT is the unique solution of problem (2°%) given by (1.75).

Let us mention that in [108], we only prove weak convergence results. Strong convergence results
(using correctors) for Maxwell’s equations with positive materials have been obtained in [454, 455].
It would be interesting to understand if we can adapt the approach proposed in these two articles
to our setting. On the other hand, it is not completely clear that doing homogenization of negative
materials is some goal for physicists. In practice, it is already difficult to get negative coefficients
without too much dissipation. And at the end, we see that we lose the negative material effect.
The interest here lies more in the mathematical justification of the homogenization process, and
more precisely in the derivation of bounds for the fields which are uniform with respect to 4, the
main difficulty being that the geometry changes as d tends to zero so that non zero kernel that we
should avoid may appear.

1.6.2 Optimality of the criterion and connection to the Neumann-Poincaré op-
erator

Let us discuss the criterion of invertibility of the scalar operators we have obtained above. We
focus our attention on the analysis of A2 and to simplify, assume that © is a bounded domain of
R? which contains only one connected inclusion €_ such that Q_ C Q (see Figure 1.2). Therefore
below we remove the index §. We also assume that 9Q_ is of class €. This is important to ensure
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that the spectrum of Problem (1.79) below is discrete. In this case A. is Fredholm of index zero
when k. # —1. Therefore when k. # —1, the operator A, is an isomorphism if and only if it is
injective. As it has been observed in different works, see in particular [85], and as we recall below, the
question of the injectivity of A, is directly linked to the spectrum of the so-called Neumann-Poincaré
operator. The latter has been widely studied when Q is the whole space R?. For this problem,
among the references, let us cite [424, 5, 440, 442, 299, 246, 245, 419, 87, 88, 244]. Below, we use
a symmetrization argument similar to the one used in [299]. We work with Dirichlet-to-Neumann
maps following the approach of [244].

Spectrum of the Neumann-Poincaré operator

Set ¥ := 9Q_ and introduce the two Dirichlet-to-Neumann operators A, : HY/2(X) — H~Y/2(%),
A :HY2(Z) — H~Y2(2) such that for ¢ € HY/2(X), we have A = O, ut, A_p = 9, _u_ where
U4, u_ solve respectively the problems

Auy = 0 in Q4 Au_ = 0 inQ_
up = 0 ondQ u- = ¢ onX. (1.78)
Uy = @ onx

Here ny denotes the outward unit normal vector to 0€2i. Define also the lifting operator
R : HY/2(Z) — H}(Q) such that Ry = uy in Qu, where uy, u_ are the solutions to (1.78).

If u belongs to ker A, \ {0} then we have div (eVu) = 0 in 2 and so in particular
E4Op,uy = Opu_ & Oy uy = —KOp_u_  on X.
Therefore ¢ == u|s, € H/2(X) \ {0} satisfies A ¢ = —k.A_¢. This implies
(A=A )p=—(r+ DA g, (Ay+A )p=(1—r)A g,

and so we find that the pair (o, ¢), with a == (k. + 1)/(ke — 1) € (—1;1), is a solution to the
generalized eigenvalue problem

Find (o, p) € R x (HY/2(X) \ {0}) such that

(1.79)
Agp = algp

with Ag = Ay — A_ (4 for difference), Ay .= Ay + A_ (5 for sum). Reciprocally, assume that
(o, ) is a solution to (1.79) with o € (—1;1). Then, Ry € H}(Q) is an element of ker A, \ {0} for
ke = (a4 1)/(a — 1) € (—o0;0). This shows that it is sufficient to determine the eigenvalues of
Problem (1.79) to study the injectivity of A.. Note that the spectrum of (1.79) coincides with the
spectrum of the Neumann-Poincaré operator.

Theorem 1.6.5 The spectrum of the generalized eigenvalue problem (1.79) is discrete and coincides
with two sequences of real numbers (a;, Jnen+, () )nen such that

—-1<a; <ay; <---<0 and 1=a5“>af2---20
; +
and limy,—, 4o . = 0.

Proof. First, we show that A, : H/?(X) — H'/2(X) is an isomorphism. Consider some 1) €
H-1/2(%). If ¢ € HY/2() satisfies Ayp = 1, then Re is a solution to

Find u € H}(Q) such that

(Vu, Vo) = (¢, v)y, Vv € H(). (1.80)
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Reciprocally, assume that u is a solution to (1.80). Then the function ¢ := u|y, satisfies Asp = 1. Ac-
cording to the Lax-Milgram theorem, Problem (1.80) admits a unique solution for all ¢y € H=/2(X).
We infer that A, : H/2(X) — H~1/2(%) is indeed an isomorphism.

Now, remarking that Ay, A_ have the same principal symbol and using standard arguments
of pseudo-differential operators theory (work as in the proof of [245, Thm. 1]), we can show that
Ag=A,—A_:HY2(X) - H/2(2) is compact. We emphasize that the assumption of smoothness
of ¥ here is important.

Using the Riesz representation theorem, define the operator K : HY/2(X) — H'/2(X) such that
(Ke,¢)s = (Aap, ) forall g, ¢’ € HYZ(S), (1.81)

Here, we use the notation (-, )y := (As-,-)n. Note that according to the features of Ay, the latter
form is an inner product in H/2(X) equivalent to the usual one. Remark that («, ¢) is an eigenpair
for (1.79) if and only if we have K¢ = ap. But due to the properties of Ay, K is a selfadjoint and
compact operator. Therefore, the spectrum of (1.79) coincides with a sequence of real eigenvalues
which accumulate at zero. We can use the min-maz principle (see [473, Chap. 3]) to characterize
these eigenvalues. We have
of = sup (Aap, p)s
©eH!/2(x)\{0} (Asp, )5

By the min-max principle, we know that this sup is attained for some gof. By induction, for n > 2,
we define A
ajl_ — sup < a¥, (P>Z )
© € HY/2(D)\ {0}, <As907 <P>Z
o L{ef,. .0t 1}

(1.82)

Here, if ¢, ¢/ are two elements of HY/2(X), we write ¢ L ¢ when (p,¢)s = (Ayp, @)y =
(V(Re¢), V(R¢'))a = 0. Similarly, we define

B R G 2L} (1.83)

pert2(2)\(0} (Asip, o)y’
and, by induction, for n > 2,

A
a; = inf Wap: o). (1.84)
o € HY/2(2)\ {0}, (Asp, p)s
e L{ers o en g}
Observing that for all ¢ € H/2(X)\ {0} we have
(Agp, )y _1-a :
= s th = A— 3 A ) Z 07
Bupohy 14a Vithe (A, 9)n/ (Ao, 9)s
we deduce that there holds a;F € [~1;1] for all n € N*. Taking ¢ = ¢p|s where
©p € H(Q) is the function such that App =0in QL UQ_, pp =1 on X, (1.85)

we find a = 0 and so (Agp, ¢)s/(Asp,¢)s = 1. We deduce that af = 1. Now, if af = 1, then
there is ¢ € H/2(X) \ {0} such that (A_¢p, p)x = 0 and Ry € Ho \ {0} where as in (1.73),

Ho = {pcHY{Q)|Ap=0inQ, UQ_}
7:[0 = {(,0 € Ho ‘ (Vgo, VSOD)Q = 0}.
This is impossible and therefore there holds af < 1. Similarly, if a7 = —1, then there exists

¢ € HY/2(%)\ {0} such that (Asp,¢)s = 0. This cannot happen, which implies that a; > —1. =
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Optimal invertibility conditions

o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1
+
\'\A al
,{l'/ —_
1 £
bt = K
ot x
1 —1
Q;
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _1

Figure 1.29: Correspondence between the ;= and the o

From the discussion preceding the statement of Theorem 1.6.5, we obtain the following result.

Theorem 1.6.6 For k. € (—o0;0) \ {—1}, the operator A, : H}(Q) — H(Q) ds an isomorphism if
and only if

1 a4+ 1
ke & {k}, n e N*}U{k,, n € N*} where fin =T (1.86)

the o= being defined in (1.82)—(1.84).

Observing that the map o +— (a+1)/(av — 1) is decreasing on (—1;1) (see Figure 1.29), we deduce
in particular from Theorem 1.6.6 that A, is an isomorphism for

ke € (=003 k]) U (k7 ;0). (1.87)

Comparison with existing literature

In certain articles, see e.g. [79, 109], authors considered the T-coercivity approach with some
operators T constructed globally and not via local geometric transformations. In particular, they
worked with T : H} () — H}(£2) such that

(%2 in QJ,_

—¢+2R(plz) in Q- (1.88)

Ty =
where the harmonic lifting R is defined in (1.78). We have T o T = Id which shows that T is an
isomorphism of Hj(£2). On the other hand, for all ¢ € H}(£2), we find

(V(Aep), V(To))a = e IVolli20, ) + le-1IVelTz ) + 26~ (Vo, VR(4ls))a_ - (1.89)

Set

e s IVR(els) g
pemi\(oy  IVelld,

Using Young’s inequality, from (1.89) we infer that for all 7 > 0, there holds
(V(A0), V(T = (e — e MD)IVelZaa,, + e 11— DIVelag .

We deduce that when e > |e_|M < k. = e_/e; > —1/M, the operator A, is an isomorphism of
H)(Q). But using the characterization of a; in (1.83), we can prove that the bound —1/M coincides
with the x| appearing in (1.87). Therefore the T-coercivity approach with T constructed as in (1.88)
shows that A. is an isomorphism for k. € (k7 ;0). Thus, though this T is not optimal to establish
that A, is a Fredholm operator, it is very efficient to demonstrate that it is an isomorphism.
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T-coercivity operator in the general case

Finally, we explain how to construct operators of T-coercivity for contrasts k. as in the statement
of Theorem 1.6.6, in particular for contrasts in

(K15 RT).

First, we reindex the eigenvalues {«;, }n>1, {a;} },>1 and denote them {ay, },>1. Let () be a family
of eigenfunctions of the operator K introduced in (1.81) associated with the c,,. We choose them
so that the functions Rep,, n > 1, form an orthonormal basis of Hg (see (1.73)). Now we define
the operator Tp : H}(Q) — H{(Q2) such that for ¢ = @5, + @5 + @ with @, = 3, e« T Rpn € Ho,
@, € span{pp} (see (1.85) for the definition of ¢p) and ¢ € H{(24 UQ_), there holds

1 Repn + O+ @ in Q
Tpp | St e S (1.90)
ZneN* tn')’nRSOn + (I)h — @ 1n Q.

Here we take t, = 1 for n such that k. > Kk, = (a, + 1)/(a, — 1) and ¢, = —1 otherwise.
The operator Tp is valued in H(l)(Q) and we have Tp o Tp = Id which guarantees that Tp is an
isomorphism of H{(2).

Proposition 1.6.7 Assume that k. # —1 is such that for all n € N*, we have k. # Kk, with

oan + 1
ay — 1

Kp =
Let Tp : H{(Q) — H{(Q) denote the isomorphism defined in (1.90). Then (V(Ae-),V(Tp-))q is
coercive in H§(Q). As a consequence, A : H{(Q) — H§(Q) ds an isomorphism.

Proof. For all ¢ € H}(Q), we find

eV, V(Tpe))a = Y tnlml*(eV(Ren), V(IRen))a + (64 VP4, VE1)a, + (VG VE)a. (1.91)
neN*

But by the definition of the x,, we have, for all n € N*,

(V(Ren), V(Ren))a, = —kn(V(Ren), V(Ren))a_
This allows us to write

Z tn [1*(eV(Ren), V(Ron))a = &4 Z tn [nl? (ke = £2) (V(Ren), V(Ren))a

neN* neN*

= e+ Y Imllre = £l (V(R@n), V(Rgn))a -

neN*

(1.92)

Observing that we have HV(Rgon)H%Q(Q_) > inf,en« |Fm| ™ \|V(Rgpn)||%2m+) (note that the sequence
(|km]|) is bounded), from (1.92) we obtain

Z tn "Yn‘z(gv(R‘Pn)a V(Ren))o 2 C nienl\fl* ke — Z |’Yn’2Hv(R‘Pn)H%2(Q)' (1.93)
neN* nEN*

Finally, using (1.93) into (1.91), we get (eV, V(Tpp))a > C inf,enx [ke — Kn| HV(pHiQ(Q) for all
¢ € H§(Q) which proves that (V(A.-), V(Tp-))q is coercive in Hj(£2). ]
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Remark 1.6.8 For the problem of homogenization (1.72), for each value of § > 0, from Theorem
1.6.6, we deduce that well-posedness is ensured when k. # —1, K, # —1 are such that

Ke ¢ {ng, neN}U {Hg;“ n e N*}, Ku ¢ {f@iﬁl, ne N} U {fiZ;L, n € N},

where the k9% | K9% are defined as the K in (1.86) for the operators A5, AY. To obtain the uniform

enr Nun
estimate (1.77), we need ke, Kk, to avoid the sets

U {k2%, ne N }U{k2,, ne N}, U {,z.;gj;, n e N} U {ﬁf;n, n € N*}. (1.94)
0€(0;00] 6€(0;00]

We proved in Theorem 1.6.1 that this is true when k., k, belong to (—oo; —1/m)U(—=1/M;0), where
m, M are defined in (1.7}). We do not know if these bounds are optimal or not. On the other
hand, we could imagine that in certain situations the sets (1.94) are not intervals and that they
have gaps. For contrasts inside these gaps, one could think to prove homogenization results but this
has to be studied.

Historical digression

Following the very interesting introduction of [299], let us explain how the name of Poincaré appears
in this story, though plasmonic technologies and negative metamaterials were unknown to him. In
1897, in the article [424], he considered the following question:

Let X be a smooth closed surface enclosing some domain Q_ C R3. Let uy, be the potential
associated to an electrostatic charge ¢ distributed on ¥. If we normalize the total energy in
R3, what is the minimum of energy in Q_?

With our notation, this writes: what is

/ |Vau,|? de
A = 0 inR3\X
inf 2= where u,, satisfies e 1n \

?
[ vulae “w = ¢ on>
R3

The answer is simple, this infimum is zero and it is attained for ¢ = 1. But then Poincaré continued.
What is the infimum of the same quantity under the additional condition u, orthogonal to u ¢

In our language: what is

/ Vg |* dz
Je

inf where u, L u; means Vug - Vuyde = 07
©Z0,up Luy / ’vu ‘2 dx R3
©
R3

With our modern tools, we can show that this infimum, equal to A € (0;1), is attained, for some
@ = q. Classically, it is characterized by the variational equality

Vug-Vode =\ | Vuy-Vode, Vv E5°(R?), (1.95)
Q_ R3

where we write uy instead of uy,. Identity (1.95) can be equivalently expressed as

Vaug - Vode + (1 -2 | Vuy-Vudx =0,
Q4 Q_
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where 2, = R3\ Q_. Therefore we see that us satisfies

div(eVug) =0 in R?  with &= 1_ 1 12 gt (1.96)
Thus solving the Poincaré problem gives a ratio of energy such that the parameter € defined via
(1.96), which changes sign in (2, is such that the operator div (¢V-) : H'(R?) — (H!(R?))’ has a non
zero kernel. Then we can iterate the process by looking at the successive infima with the constraint
up, L {ui,...,uy}, where we write u, instead of uy,,, ¢, being a charge for which the infimum is
attained at step n.

1.7 Future directions and open questions

Let us present here additional questions or directions that it would be interesting to consider.

i) Concerning the approximation of the solutions of (1.3) by classical finite element methods
(see Problem (1.25)), without mesh assumptions, we still do not know how to justify the conver-
gence when h tends to zero. Numerically, in general we do not observe much problems when the
contrast is not too close to the critical interval and as soon as the interface is included in the
skeleton of the mesh but this may appear, as pointed out in the recent work [261]. For alternative
methods whose convergence can be justified, we refer the reader to [182, 2, 113, 259].

i7) In Section 1.3, we explained how to define a new functional framework to recover Fredholmness
when the interface has a corner in 2D and for a contrast inside the critical interval. During the
PhD of M. Rihani, we extended the analysis in 3D for conical tips. In 3D, one can also have edges
or intersections of edges in the interface between the two materials. In that case, computing the
singularities and playing with them to define a new setting where one has well-posedness is an
open question. Let us mention that this study shares similarities with certain works concerning
time-harmonic Maxwell’s equations in magnetized plasma. Indeed, some cold plasma models lead
to consider smooth € which change sign. Due to the smoothness of €, there are lines or surfaces
where ¢ vanishes, something that we exclude in our case. This is responsible for the phenomenon
of hybrid resonance near the interface (see e.g. [210, 398]) which obliges one to modify the usual
functional framework to get well-posed problems.

ii1) In 3D for the conical tip, we mentioned that one may have several propagating singularities.
We explained that we define, in accordance with the limiting absorption principle, the outgoing
singularities as the ones which bring energy to the corner point. In certain situations, this leads
us to select outgoing singularities with 7, (in the power Y Z+inn) of different signs. This is like
having so called inverse modes in waveguides. In that case, the numerical method proposed in
§1.3.3 based on the use of the PMLs at the tips fails to capture the physical solution and must be
adapted (see [64] for a repair).

iv) In the introduction, we mentioned that negative metamaterials are actually assemblies of small
resonators and that the negative effect is obtained after a homogenization process. In his PhD
[48] supervised by X. Claeys and S. Fliss, C. Beneteau proposed enriched homogenized models in
presence of boundaries. The goal was to derive models describing more precisely what happens at
the interface between a metamaterial and a usual dielectric. He considered planar interfaces. It
would be interesting to look at interfaces with corners and see if in the refined model there is a
trace of the black-hole waves.

v) The numerical analysis of Maxwell’s equations with sign-changing coefficients still has to be
studied. For contrasts outside of the critical intervals, one can hope to show that classical methods
based on edge finite elements converge. However, this has to be proved. On the other hand, the
question of the approximation of the solution in the new framework proposed in §1.4.2 is widely
open. For the moment it is not clear if the method with PMLs presented in §1.3.3 to deal with the
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scalar problem can be adapted to Maxwell’s problem.

vi) For the numerical aspects, methods based on surface integral equations seem to be more
appropriate. The convergence should be simple to establish. I am not sure that this is written
properly somewhere. On the other hand, it would be interesting to adapt the new functional
framework with the propagating singularities proposed in §1.4.2 for the surface integral equations.
Is it just a transposition or should one prove new results? For a closely related question, namely
the computation of eigenvalues embedded in the continuous spectrum for the Neumann-Poincaré
operator, we refer the reader to the nice article [229].

vii) In practice, the coefficients ¢ and p depend on the frequency w. For example for metals at
optical frequencies, one sometimes works with the non dissipative Drude model

where w), is the plasma frequency. It would be relevant to incorporate this aspect in the analysis
as it has been done for the scalar problems in [264]. For the frameworks with singular behaviors,
both for the scalar and Maxwell problems, this seems far from being obvious because the singular
exponent, and even sometimes the number of black-hole waves, depend on w.

viit) Another interesting direction is to study what happens in time-domain regime. Can we show
some limiting amplitude principle? This question has been studied in detail by M. Cassier during his
PhD [134] supervised by C. Hazard and P. Joly and after (see the corresponding articles [137, 138]).
Planar interfaces have been considered. Interfaces with corners still wait for investigations.



CHAPTER TwO

PROPAGATION OF WAVES IN
WAVEGUIDES

2.1 Introduction

In this chapter, we are interested in the propagation of waves for scalar equations in guides
which are unbounded in one direction. Such problems arise in many fields of physics. For ex-
ample air ducts and horns in acoustics carry sound waves in musical instruments as well as in
loudspeakers. Conductive metal pipes are exploited to propagate high frequency radio waves while
optical fibers serve as waveguides for light in electromagnetics. Waveguide problems also appear
in water-waves theory, in classical mechanics or in quantum mechanics. In general, the diffraction
of an incident wave in such structures in presence of an obstacle generates a reflection and a
transmission characterized by some scattering coefficients. Broadly speaking, our goal is to play
with the geometry, the frequency and/or the index material to control these scattering coefficients.

Q Q

Figure 2.1: Left: reference strip. Right: perturbed waveguide.

To be more concrete, let us introduce the simplest problem of propagation of waves that we will
consider. Let 2 C R? be a waveguide which coincides with the reference strip .7 = {(z,y) €
R x (0;1)} outside of a compact region (see Figure 2.1). The domain €2 is connected with Lipschitz
boundary. Propagation of acoustic waves in € is governed by the Helmholtz equation

Au+ku = 0 in

Ou = 0 ondN. (2.1)

Here u stands for the acoustic pressure in 2, £ > 0 is the wavenumber and d, refers to the outward
normal derivative on 9€2. We mention acoustics here but the study of this problem is also relevant
in optics, in microwaves or in water-waves theory. Now we introduce what we usually call the modes
of the waveguide. These are defined as the functions with separated variables which solve (2.1) in
the strip .. After a classical calculation, one finds that they coincide with the family {w}},exn
with

FOTpnly), o= VI, ) =| | ornsn (22

+ —
wy (z,y) = en(y) = V2cos(nmy)  for n > 0.
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For a complex number z = pe with p > 0 and 1 € [0;27), its square root is defined as
Vz = \/ﬁem/ 2. As a consequence, for any z € C, there holds 3m /z > 0. Let us emphasize that for
a fixed k > 0, there is a finite number of propagating modes in (2.2) which do not decay at infinity
and an infinite number of modes which are exponentially growing/decaying in the two branches of
). One can show that any solution of (2.1) decomposes, outside of the geometric perturbation, on
these modes. This allows one to get a semi-explicit representation of the field which is interesting
for several reasons, for example to impose radiation condition at infinity in (2.1) which is crucial
to have a well-posed problem.

To stick to the simplest setting, we assume that k belongs to (0;7) so that only the plane
waves w®, with ‘
w(a,y) = wy (z,y) = e, (2:3)

can propagate in ). The scattering of the right-going plane wave in (2 leads to consider the solution
of (2.1) admitting the expansion

wr+Rw™ +4 forx<—d
u= R (2.4)
Tw™ +a for x >d,

where R, T € C are constants and 7 is a remainder which decays as O(e~™11?l) as 2 — oo0.
Moreover here d > 0 is such that 2 = . for |z| > d. Due to conservation of energy, classically one
shows that the reflection and transmission coefficients satisfy the relation

|R)? + |T)? = 1. (2.5)

The general goal of the first works presented in this chapter (up to Section 2.9 included), is to
find situations, by playing with the geometry, the wavenumber k, ... where we have some sort
of invisibility. The weakest invisibility that one can look for is R = 0. In the sequel, we shall
say that one has zero reflection or that the defect is non reflecting. In such a situation, an
observer generating an incident plane wave in the left branch, located a bit far from the defect in
the geometry and measuring the resulting backscattering field will only measure the evanescent
component. Due to noise, her/his measurements will not differ much from that in the reference
strip and therefore she/he will be unable to detect the presence of the obstacle. Note that due
to conservation of energy (2.5), the fact that R = 0 implies |T| = 1 and so T = ¢ for a certain
0 € R. As a consequence in general there is a phase shift in the transmitted field which indicates
the presence of the defect.

A more demanding definition of invisibility is to have T = 1. In that situation, we shall say
that the defect is perfectly invisible or that we have perfect transmission without phase shift.

|||||||l|||||m|m|1||||||

IR )
Illlllllm.......umulllﬂll

Figure 2.2: Cloaking by transformation optics.

Talking about invisibility, it is important to mention that our strategies are quite different from
some ideas existing in the literature. The problem of cloaking an object has a large number of
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applications and has been the subject of intense studies over the last decade in the theory of wave
propagation. Thus, the methods based on anomalous resonances [356, 93, 311, 392, 349] and on
transformation optics [417, 335, 401, 390, 146, 242] have encountered a large success which is
related to the development of metamaterials. Our approach is different from these techniques, in
particular from the cloaking via transformation optics pictured in Figure 2.2. Let us describe this
latter device. Imagine that one wishes to hide a given obstacle. One way to proceed consists in
surrounding it by a well chosen penetrable material, localized in the annulus around the green
region on the picture, so that an incoming wave leaves the whole device as if there was nothing.
Said differently, on the picture, an observer probing the field outside of the white thin circle
obtains the same measurements as in free space and so cannot detect the presence of the obstacle.
Mathematically, this idea is quite simple to implement, it boils down to a change of variable.
However this change of variable is singular and for this reason the physical parameters of the ad
hoc material in the cloaking device should take infinite values. Therefore, for the moment designing
such structures, even by working with metamaterials, is still unreachable, in particular due to the
presence of important losses.

What we propose is less ambitious because we only wish to control the scattering coefficients
and not the inner field. In short, we simply wish to cloak defects at infinity. For this reason, it
is more easily doable. Actually, we will not even need to work with penetrable materials. We
will see that working with a homogeneous material and playing only with the geometry suffices.
On the other hand, though our setting is less ambitious, we think it is still relevant in numerous
applications. Indeed, the evanescent part of the field that we neglect is exponentially decaying at
infinity and therefore is really difficult to distinguish from noise a few wavelengths far from the
obstacle.

Let us emphasize that the main difficulty of the problem lies in the fact that the dependence
of the scattering coefficients with respect to the parameters (geometry, k, ...) is not explicit and not
linear. In order to address it, techniques of optimization have been considered. We refer the reader
in particular to [6, 328, 329, 327]. However, due to the features of the Helmholtz equation, the
functionals involved in the analysis are non convex and unsatisfying local minima exist. Moreover,
these methods do not allow the user to control the main features of the shape compared to the
approaches we propose.

In what follows, we present several ideas to reach invisibility and different variations in that
direction. Let us mention that this shares connections with different topics of wave physics
such as extraordinary optical transmission [215], topological states immune to backscattering

[471, 345], perfect transmission resonances [479], transmission eigenchannels through disordered
media [300, 443], reflectionless metamaterials [430] or metasurfaces [476, 17].

2.2 Non reflecting smooth perturbations of the geometry

> 14na)

Q(h)

Figure 2.3: Perturbed waveguide Q(h).

The first work that led to the emergence of this whole theme was the article [82]. There the
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authors develop perturbative techniques to build non reflecting geometries. Let us describe the
method which in this specific case is similar to the proof of the implicit function theorem. Let us
mention that before [82], the approach was developed in [376, 377] to construct examples of non
symmetric waveguides for which eigenvalues exist in the continuous spectrum, a question which has
remained open for a while.

2.2.1 General scheme

Consider some real valued profile function h € %5°(R), the space of infinitely differentiable
functions with compact support, and let £2(h) be the waveguide whose upper boundary coincides
with the graph of the function 1+ h (see Figure 2.3). Denote by R(h) the reflection coefficient of
the scattering solution appearing in (2.4) in the geometry Q(h). Importantly, we have R(0) = 0
because when h = 0, Q(h) is simply the reference strip . = R x (0;1). With this notation, the
problem we consider writes

Find h # 0 such that

R(h) = 0.
Let us look for non reflecting geometries which are small perturbations of .. To proceed, let us
look for h = ey with € > 0 small and p € 65°(R) to be determined. Since € is small, we can write
an asymptotic expansion of R with respect to . We obtain

R(ep) = R(0) +edR(0)(p) + € R(ep)

— <dRO)() + 2R (ep) (29)

where dR(0)(y) stands for the differential of R at zero in the direction y and R(eu) is an abstract
remainder. Since dR(0) : ¢5°(R) — C is a linear map from a space of infinite dimension to a space
of dimension two (remember that we work with real valued functions), we have dim ker dR(0) = +o0
and we can pick g #Z 0 such that
AR(0) (o) = 0. (2.7)
By choosing h = e = €19, we obtain a perturbation of order ¢ which produces a reflection in O(£?).
This is interesting because this is almost zero reflection but not completely satisfactory yet. To
compensate for the remainder, we need to work a bit more. Below we will explain how to compute
dR(0) and prove that dR(0) : €5°(R) — C is onto. This allows us to introduce p; € %5°(R) and
w2 € 65°(R) such that
dR(0)(u1) =1 and dR(0)(p2) = 1. (2.8)

Finally, we look for u of the form
M= o + T1p1 + Top2
where 71, 79 € R are parameters to tune. Inserting this p in the expansion (2.6), to get R(eu) = 0,
we see that we must have
0 = edR(0)(po + T1p1 + T2p2) + € R(e(po + T + T2p12)).
By exploiting (2.8), this yields
0=1 +im +eR(e(po + Tip1 + T2p2)).

In other words, we find that the vector 7 := (71, 72) € R? must satisfy the fixed point equation

7=G(7)  with  G°(F) = —e(Re R(e(puo + Tiu1 + Top2)), Sm R(e(po + Tip1 + Topin))). (2.9)

Now by proving uniform (with respect to T) error estimates in the asymptotic expansions as &
tends to zero, one can show that for any r > 0, there is g9 > 0 such that the map 7 — G°(T) is a
contraction from B(O,7) to B(O,r) for all ¢ € (0;&0]. Here B(O,r) denotes the open ball of R?
centered at O of radius r. Therefore the Banach fixed point theorem guarantees that (2.9) admits
a unique solution 7! € B(O,r). Then for h*°' = e(pg+ {1 + 75 412), we have R(h*!) = 0. This
proves the existence of non reflecting geometries.
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2.2.2 Comments

Let us give a few comments concerning this method.

i) Let us prove that the constructed ~%°! is indeed not trivial. To proceed, let us work by contra-
diction and assume that h%°! = 0. Then we get

0 = dR(0)(h*) = dR(0)(e(po + 1% 1 + 75% ) = (1 +i75),

1

and so 7{°! = 75°' = 0. This implies h*! = gpg = 0 which is not true due to our choice for uy.

1) Observe that this technique guarantees the existence of a space of infinite dimension of non
reflecting perturbations. First, 2% depends on ¢ € (0;e0] (remark that it is not only a scaling
because the nonlinear terms are also involved). Additionally, we have some freedom for the choice
of gy because dim ker dR(0) = +oo.

ii1) We can establish that there is a constant C' > 0 independent of € such that we have |G*(7)| < Ce
in B(O,r). As a consequence, as ¢ tends to zero, we have |7%!| = O(e) and the shape of the
perturbation is mainly characterized by pg.

iv) Let us clarify the connection with the implicit function theorem. Introduce the functional

F:RxR2 — R2
(10,7) =  (Re R(topo + T1p1 + T2p2), Sm R(Topo + T1jt1 + Topi2))

which is of class € in a neighborhood of Ogs. From what will be shown below, we will be able to
deduce that 9zF(0,0g2) : R? — R? is well-defined and bijective. On the other hand, we remark
that F'(0,0g2) = 0. The implicit function theorem applies: there are some neighborhoods % C R,
¥ C R? of 0, Og2 and a unique function ¢ : Z — ¥ of class €' such that

[(T[),F)E%Xaf/ and F(T077_"):0] &= 7‘-’:%0(7_0)

2.2.3 Application to our problem

To apply the generic strategy described above, we need to compute dR(0). To proceed, we use
classical techniques of asymptotic analysis. For ¢ > 0 and a given p € 65°(R), denote by Q° the
domain Q(h) with h = eu. Let u® stand for the solution introduced in (2.1) in the geometry Q°. It
satisfies
Auf +k*uf = 0 in QF

Oysu® = 0 on 09F°.

Note that v°, the outward unit normal vector to 0€2¢, depends on . For u®, as ¢ tends to zero, we

(2.10)

consider the ansatz
u® =ug+euy + ... (2.11)

where ug, u1 are functions to be determined and the dots correspond to higher order terms. On
09)¢, we have the expansions

e _ 1 —ep/(z) \ _ (0 —i ()
YT T (i) < 6#1 )‘( 1 >+5< Ho >+ (2.12)
(")gyua(x, 1) )

8§yu5(az, 1)
Now we insert (2.11) in (2.10) and exploit (2.12), (2.13). Collecting the terms of orders £°, ¢!, we
find that ug, u; satisfy respectively the problems
Aup + k*u; = 0 in .7
Opur = 0 on Rx {0} (2.14)
dpur = ' (x)0puo — p(x)0p,ug on R x {1}.

Vue(z, 1 +eu(x)) = Vus(z,1)+eu(z) ( (2.13)

Aug+k*uy = 0 in.¥
dug = 0 ond¥
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Using additionally that u® — w™ is outgoing, we get first
uo(x,y) = wh(z,y) = e,
Since w™ is independent of 3, we deduce that u; satisfies the condition
Opuy = (' (2)0,w"  on R x {1}.
Denote by R¢, T¢ the scattering coefficients of ¢ and set X1 = {£L} x (0;1). Assuming that p

is supported in (—L; L), using the decomposition (2.4) of u®, we can show the formula

2ikR° = / dufwt —ufd,w™ dy, 20kT° = / outfw” —utd,w” dy, (2.15)
N_LUYL b

_Uxp

where 0, = £, on X11. Inserting the expansion (2.11) of u¢ in (2.15), integrating by parts and
exploiting the boundary conditions of (2.14), we obtain

3

R =0- %k o W () 0pwtwt da, ¢ =1- ﬁ . p (2)dpwtw™ da.
This gives the formulas

-1 , A
dR(0)(n) = = [ W(z)0pwtwtde = / kT dy = ik / pu(x)e?*e da

2ik R

1 (2.16)
dT = — do = —= [ 4/(z)dx =0.
(0) () 57k Ru( )t w” de = — Ru(:v) =0

Since the real part of z — €**? is even while its imaginary part is odd, we see that it is easy

to find functions p1, pe satisfying the relations (2.8), which ensure that dR(0) : €5°(R) — C is onto.

On the other hand, we find that d7(0) vanishes. It means that a perturbation of order ¢ of
the reference strip gives a transmission coefficient 7¢ such that T° — 1 is in O(g?). This looks
appealing for perfect transmission. The problem is that since d7'(0) vanishes, one cannot use this
term which has a linear dependence with respect to the perturbation of the reference strip to
cancel the whole (non linear) expansion of T¢ via the resolution of the fixed point problem. As a
consequence, our technique fails to design perfectly invisible defects.

Finally, let us mention that the formal calculus above can be rigorously justified by proving

error estimates. To proceed, one method consists in rectifying the boundary of 2° using “almost

identical” diffeomorphisms to transform the perturbed domain into the original geometry Q (see
g. [294, Chap. 7,§6.5]). Then one can prove the estimate, for € small enough,

[u = (uo + eur) | o,\m) < C€7,

where C' > 0 is a constant independent of €, Q0 = (—L; L) x (0;1) and w is a neighborhood of
supp(u) x {1}.

2.2.4 Numerical implementation

The theoretical approach presented above leads very naturally to an algorithm to construct
numerically non reflecting perturbations. Let us describe the strategy.

The main idea consists in solving the fixed point equation

7=G(7)
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(see (2.9)) using an iterative procedure. First we choose pug, p1, pe satisfying (2.7)—(2.8) once
and for all. Then we start with 7% = (0,0) and for p € N, we set 7P*!1 = G°(7P). Using the
definition of G¢, one observes that there holds G¢(7P) = 7P — ¢~} (Re R(epP), Sm R(epP)) with
P = po + 77 p1 + 75 2. Therefore, we have

7P — 7P _ c7L(Re R(epP), Im R(epP)). (2.17)

We stop the loop when we have |7P*1 — 7P| < 5 where > 0 is a small given criterion. We then
define 7%° as the last value of 7P. Then we have R(eu*) =~ 0. If the iterative process does not
converge, we try again with a smaller value of ¢ > 0. Note that at each step p > 0 of the procedure,
we need to solve a scattering problem of the form

Find u such that v — w™ is outgoing and
Au+k2u=0 in QP = Q(euP) (2.18)
dyu=0 on NP,

To proceed, we approximate the solution of (2.18) with a P2 finite element method in QF =
{(z,y) € Q| |z| < 5}. At x = £5, a truncated Dirichlet-to-Neumann map with 10 terms serves as
a transparent boundary condition. In particular note that at each step, it is necessary to mesh a
new domain.
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Figure 2.4: Example of non reflecting perturbation of the boundary for Problem (2.1). Top: Re u®.
Middle: Reué. Bottom: Rew™ in the reference strip. Here k = 0.87.

In Figure 2.4, we display a first example of non reflecting perturbation of the geometry. As expected
the scattered field is exponentially decaying as x — —oo. Interestingly, since there is only one com-
plex coeflicient to cancel, the iterative procedure to solve the fixed point equation converges though
€ is not that small. This allows us to get not so small non reflecting perturbations. Computations
have been implemented with FreeFem++! In Figure 2.5, we give a second example of non reflecting
perturbation for which the defect lies entirely in the region y < 1. Because of this property, we
can symmetrize it with respect to the line y = 1 to create a non reflecting obstacle completely
embedded in the duct (see Figure 2.6). These techniques are very convenient to create projects
mixing physical intuition, theoretical aspects and the use of the finite element method. I have used
them several times in my teaching at Ecole Polytechnique.

'FreeFem++, https://freefem.org/.
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Figure 2.5: Example of non reflecting perturbation of the boundary for Problem (2.1). Top: Reu®.
Middle: Reut. Bottom: Rew™ in the reference strip. Here k = 0.87.
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Figure 2.6: Example of non reflecting obstacle. Here & = 0.87.
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We showed how to construct non reflecting smooth perturbations of the reference strip .. Be-
low we wish to explain how to design invisible non smooth perturbations of .. The terminology
smooth/not smooth here does not refer to the regularity of the domain but to the form of the
asymptotic expansion involved in the asymptotic procedure. In the non smooth case, the field u®
exhibits rapid variations in a neighborhood of the perturbation that must be caught with adapted
variables. In that situation, the asymptotics of the scattering coefficients is in general more compli-
cated to obtain. The interesting point is that it can bring new useful terms, for example non zero
differentials for T'. In the next two sections, we consider two types of non smooth perturbations of
the reference strip.

2.3 Non reflecting groups of small obstacles
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Figure 2.7: Unperturbed waveguide (left), perturbed waveguide with two flies (middle), set O
(right).

We adapted the method presented in the previous section to hide groups of small obstacles
instead of smooth perturbations of the boundary in [165]. Let us describe the results. To simplify
the asymptotic analysis, we decided to work in 3D with Dirichlet boundary conditions. Note that in



2.3. Non reflecting groups of small obstacles 63

2D, the Green function of the Laplace operator, whose behavior dictates the form of the asymptotic
expansions as € tends to zero, has a logarithmic singularity which does not appear in 3D. Let

A ={x=(z,9) |z €Rand y € w}

be a cylinder of R? whose transverse section w C R? is a bounded domain with Lipschitz boundary
(see Figure 2.7 left). Consider O C R? a bounded domain with Lipschitz boundary and for M a
point located in Q°, set, for € small,

f={xcR¥ e (x— M) cO.
Finally define the perturbed waveguide
QF=QY\ 05

To illustrate the point, we can think of Of as a fly located in the waveguide. To begin with, and to
simplify the exposition, for the moment we assume that there is only one fly and not a group. The
problem we consider writes

_ (2.19)
u® = 0 on 00F°.
+

Auf + k2uf = 0 in Q°

We fixed the wavenumber k£ > 0 such that only two modes w™ can propagate in Q°. They are not
the same as the w® in (2.3). In particular, due to the Dirichlet boundary condition, they depend
on the transverse variable y. However the ideas are similar. As in (2.4), Problem (2.19) admits a
solution with the expansion

wr + RPw™ +4° forx < —d

u =
T°wt + ¢ for z > d,

where R®, T¢ € C and @° decays exponentially at infinity. Here d > 0 is such that Q° = QO for
|z| > d. The first step in the approach is to compute an asymptotic expansion of u® as € tends
to zero. This is a rather long work that we will not present here (one may consult the reference
[352, §2.2] for more details). Let us simply stress that it appears that u® has a rapid variation in
a neighborhood of the obstacle to satisfy the constraint of being null on dOj. This rapid variation
must be caught with adapted variables. Then it is necessary to work both with some inner field
and outer field expansions of u® that we match in some intermediate region. This is the method
of matched asymptotic expansions which is well documented in the literature (see the monographs
[283, 352]). Adapting the approach presented in (2.15) to turn the expansion for u° into an expansion
for R®, T¢, at the end of the calculus, when ¢ tends to zero, we obtain

R® = 0 + e 4imcap(O)w™ (M;)? + O(e?), T¢ = 1+ e dimcap(O)|wt (M) |* + O(£?).
Here cap(Q) stands for the capacity of the domain O, a constant which appears classically in

asymptotic analysis. It is given by

1
cap(0) = P /]Ri”\O |VP|?dz

where P is the potential satisfying

AP = 0 inR*\O
P =1 ono0O

which decays at infinity. Note that one can prove that P admits the decomposition

cap(0)

P ==

+0(|z|7%)  as |z| = +o0.




64 Chapter 2. Propagation of waves in waveguides

An important point for our study is that one has always cap(Q) > 0. Additionally, one finds that
w™ does not vanish in Q0. From these two properties, we infer that one single small obstacle cannot
even be non reflecting: whatever the choice for M; or for the shape O, OF will always generate a
reflection whose amplitude is of order €.

Let us add a second small obstacle
s={xcR|e(x— M) c O}

in the waveguide, centered at the point My € Q0 with My # M;j. Still denoting by R®, T° the
scattering coefficients in this new geometry, we obtain the expansions, as € — 07,

2 2
R® =0+ edimcap(0) Y wt (M) + O(?), T° =1+ edimcap(O0) Y [wT (M) + O(e?). (2.20)
j=1 Jj=1

Observe that the interactions between the small objects do not appear at order €, only at higher
orders. The interesting thing is that now, using the known expression of w™, we can find positions
My, My of the flies such that

iuﬁ(MjV = 0. (2.21)
j=1

In that case, we have a perturbation of Q¥ of order e which produces a reflection in O(g?). As
mentioned above, this is almost no reflection. But by working a bit harder, we can achieve more.
Pick M;, My such that relation (2.21) is satisfied. What we have shown in [165] is that we can
slightly perturb the position of one fly to get R° = 0 exactly. More precisely, for 7 € R3, define
M{™ = My +e7 and

O = {x cR¥|e Nz~ M{") € O}.

We have shown that there is 7, which is defined as the solution of a fixed point problem similar to
(2.9), such that the reflection coefficient in the corresponding waveguide is zero. Note that since
7 € R3, we have enough degrees of freedom to cancel one single complex number.

Concerning perfect invisibility, 7.e. obtaining 7¢ = 1, we see from (2.20) that again this ap-
proach is inoperative. Indeed, whatever the position of the small flies or their number, we always
have a phase shift for the transmitted wave.

In [165], we have also studied what happens at higher wavenumbers k. In that situation, as
can be seen in the particular case (2.2), more modes can propagate. The reflection and trans-
mission coefficients then become respectively reflection and transmission matrices R¢, 7¢. We
have proved that by working with a sufficiently large number of flies, we can cancel exactly
the whole reflection matrix. The idea is the same as above. First we compute an asymptotic
expansion of R® as ¢ — 0. Then we find positions My, Ma,... , M, of the flies to cancel the
term of order € in the expansion of R¢. Then by slightly perturbing the position of one group of
flies by solving a fixed point problem in R?, for a certain ¢ depending on the number of propa-
gating modes, we get R = 0. The higher the number of propagating modes, the more flies we need.

To conclude this section, let us mention that in this work, the main difficulty mathematically
consists in proving error estimates in the asymptotic expansions which are uniform with respect to
the parameter 7 in a closed ball to justify that the map appearing in the fixed point problem is
indeed a contraction for € small enough.
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2.4 Perfect transmission

ho
hy

M, M, M;

Figure 2.8: Geometry of €)°.

The methods presented in the two previous sections fail to provide examples of waveguides where
T =1 (perfect transmission without phase shift). This led us to doubt the possibility of achieving
perfect invisibility. For this reason, in the article [73], for the acoustic problem (2.1) with Neumann
boundary conditions, by establishing some sort of energy identities, we first proved negative results
showing that for a given obstacle, one cannot have T" = 1 for wavenumbers k£ too small. Then
we realized that by adapting the strategy presented in Section 2.3, by considering other types of
singular perturbations, 7" = 1 can be reached. Let us describe the setting.
Consider the waveguide pictured in Figure 2.8. It is made of the reference strip . = R x (0;1)
to which we have glued at the points M; = (z1,1), My = (x2,1), M3 := (x3,1), thin ligaments
of width e > 0 small and heights respectively equal to hy, ha, hs. Again we fix k € (0;7) so that
only the modes w® can propagate. The first step is to compute an asymptotic expansion of the
scattering coefficients as €, the width of the thin ligaments, tends to zero. Again, this is a rather
long work that we will not present here, the reason being that the fields vary rapidly in a region
around the M,,, n = 1,2,3. By using the method of matched asymptotic expansions, we have been
able to show that when the h,, are such that kh,, & {w/2 + 7N}, when ¢ tends to zero, we have

R = 0+¢(ik zgj(wﬂMn))? tan(khn)) + O(?)
n=1
T = 1+e(ik 23: tan(khn)) + O(?).

n=1

(2.22)

Remark 2.4.1 When kh,, € {n/2 + nN}, resonant phenomena appear in the ligaments and the
asymptotics (2.22) are no longer valid. This regime will be exploited in §2.8.

The crucial point to observe in (2.22) compared to the other perturbations of the reference strip
above is the appearance of the term of order ¢ in the expansion of T°. Its imaginary part is non
zero and can change sign according to the value of the h,. Thus by considering another type of
perturbation of ., we have been able to obtain a non zero d7°(0).

By using that (wy(M,))? = €?*#*» we can find positions and heights of the ligaments such
that R® = O(e?) and T° — 1 = O(e?). Then perturbing slightly the h,, around these particular
values, by solving a fixed point problem in R? similar to (2.9), we can achieve

RF=0 and SmT°=0 (2.23)
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in the new geometry. But due to conservation of energy, we must have |R?|2 4 |T¢|? = 1. Therefore
in case (2.23), we have either T° = —1 or T° = 1. Since expansion (2.22) ensures that 7° is close
to one for € small enough, we deduce that necessarily T° = 1. Thus perfect transmission can be
achieved.

Initially we have to control two complex numbers (R¢ and T¢), so a priori we need four real
degrees of freedom. But due to the constraints of conservation of energy, three parameters are
sufficient. This explains why three ligaments are involved here. We could also have probably
worked with only two ligaments, by perturbing their heights and the distance between them.

This approach can be implemented numerically very naturally. First we set the M, and the
hy to kill the terms of order e in (2.22). Then we tune slightly the length of the ligaments by
solving the corresponding fixed point problem iteratively as in (2.17). At each step of the iterative
procedure, we solve a scattering problem in a new geometry. It is as if one was pressing on
trumpet’s valves to obtain T¢ = 1. In Figure 2.9 we display a geometry obtained with this method.
A bit far from the geometric perturbation so that evanescent terms can be neglected, we obtain the
same field as in the reference strip. Again, note that numerically the iterative procedure converges
though e, the width of the ligaments, is not that small.

sidimnn
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Figure 2.9: Top: real part of u® in the geometry obtained at the end of the iterative procedure.
Bottom: real part of w™ in the reference strip.

We adapted this work with S.A. Nazarov and J. Taskinen in [174] to design non reflecting pertur-
bations of the bottom of a canal for a water-wave problem. This setting is a bit different from
the acoustic problem (2.1). In particular propagating modes are localized at the surface. But we
can adapt the approach above and we have been able to remove some assumptions made on the
wavenumber in [83] when dealing with smooth perturbations of the bottom of the canal. In Figure
2.10, we display the kind of non reflecting defects we construct. Here we play with the position
of two of the three thin tunnels. Let us emphasize that it was important to work with three tun-
nels and not just two. The reason is that |R?| is invariant with respect to the coordinates change
(z,y) = (x — h,y) for h € R. As a consequence, perturbing the position of two tunnels boils down
to modifying the distance between them and offers only one degree of freedom, which is not enough
to control the complex quantity R®. On the other hand, this type of geometric perturbation does
not allow one to get T° = 1.
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Figure 2.10: Real parts of u® (top), wt (middle) and u® — w™ (bottom) for a water-wave problem.
The three thin (of width € > 0) curved channels appearing in the top and bottom pictures have
been designed to be non reflecting for an incident right-going surface wave.

2.5 Continuation method

The different methods above allow us to construct perturbations of the reference strip or of the
reference cylinder which are invisible, in a broad sense (non reflecting or perfectly invisible), at a
given wavenumber k. With these techniques, we can actually impose invisibility not only at a given
k but also for a finite number of different k. We emphasize however that these methods cannot be
used to achieve invisibility for a continuum of k. In the numerical results we presented, we were
interested in controlling only R and in Figure 2.9, m T at one k. As a consequence, we had very
few constraints and for this reason, the fixed point algorithm converges with not so small values
of ¢ which allowed us to obtain rather large invisible defects. When the number of constraints
increases, for example, when working at higher k so that there are more scattering coefficients to
control, in practice we find that ¢ must be chosen smaller to have convergence of the algorithm. A
natural idea is to try to reiterate the procedure to obtain larger invisible defects: once an invisible
obstacle has been constructed, we can consider it as a new starting configuration and perturb it
while keeping the same scattering coefficients. This continuation method has been one of the topics
of the PhD of A. Bera that I supervised in collaboration with A.-S. Bonnet-Ben Dhia. He decided
to stop after two and a half years before writing the manuscript but we obtained interesting results
that led to the article [49] and that we present now.

We work with a penetrable obstacle and consider the problem

Au+k*n*u = 0 in.¥=Rx(0;1)
du = 0 ond?,

where 7 is a function of L°(.#) which is equal to one outside of a bounded domain. Set p :=n?—1
whose support coincides with the obstacle.

In [49], we first derive general formulas to compute the differential of the scattering coeffi-
cients, which are gathered in the scattering matrix S, with respect to the material index (which is a
function). An important aspect is that when starting from a perturbed situation (n # 1 < p # 0),
the formulas we obtain are not as explicit as in (2.16). For this reason, it is harder to show that the
differentials of the scattering coefficients are onto in the appropriate spaces as needed to implement
the continuation method. Proving certain of these results is one of the outcomes of [49].
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In Figures 2.11-2.12, we create non reflecting obstacles for & = 7 € (2m;37). In this case,
three modes can propagate in the waveguide and we have to cancel 6 complex terms (because S is
symmetric). In Figure 2.11, we display the sequence of non reflecting obstacles that we obtain by
starting from p = 0. Though constraints are quite numerous, reiterating nine times the fixed point
algorithm, we observe that we can get non reflecting p with a relatively high contrast (see the last
picture of Figure 2.11).
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Figure 2.12: We choose k so that three modes can propagate. The line j € {1, 2,3} corresponds to
the scattering of the right-going incident mode w;-r_l. The left (resp. right) picture represents the

Mode 2
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real part of the total field uj_l (resp. scattered field uj’_l — wj_l) for the p of Figure 2.11.

In [49], we also study relative invisibility. Can we construct two different obstacles which have
the same scattering coefficients? We showed that the continuation method can be used for this
purpose. However, since the scattering matrix has a strong structure, it is symmetric and unitary,
the relations to impose to get the desired scattering coefficients should be cleverly chosen. Actually
we already had a glimpse of that when constructing perfectly invisible obstacles. More precisely, in
Section 2.4 we did not try to get directly T'—1 = 0. This fails because the corresponding differential
is not onto. Instead it is better to impose R = 0 and Sm T = 0. In [49], we gave a general strategy
to select the relations one should impose to obtain a given target for S. We illustrate these results
in Figures 2.13 and 2.14. There we exhibit two different indices p for which the corresponding
scattering matrices are the same. We work with k = 0.87 € (0;7), that is in monomode regime?.
In this case, the scattering matrix is of size 2 x 2. For the initial p of Figure 2.13 (see the top left
picture), we find T' = 0.82 + 0.52i. Since ReT # 0, we showed that we can do unique continuation
with the functional F' such that F(p) = (Re R,Sm R,ImT). In the last line of Figure 2.13, as
expected, we observe that the scattered field by the two indices have the same behavior at infinity.
For the Figure 2.14, the initial p is equal to zero (see the top left picture). In other words, there is
no penetrable obstacle. But there is a defect in the walls of the waveguide and this defect has been
chosen so that the transmission coefficient vanishes (see [173] for the explanation). This can be seen
on the first picture of the second line which represents the total field for a right-going incident wave.
We indeed note that it is exponentially decaying as x — +o0o. The top right picture represents
another setting, with a penetrable obstacle which has been designed so that the scattering matrix
remains the same. In that case it is necessary to work with a different F'. The important message
here is that the choice of the functional is crucial when imposing relative invisibility.

2We call monomode regime the regime of wavenumbers such that only one mode can propagate.
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Figure 2.13: Two different indices p with the same scattering matrices. The first line represents the

two indices. In the second (resp. third) line, we display the real part of the total field u™ (resp.
scattered field u™ — w™) for each of the two indices.
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Figure 2.14: Two different indices p with the same scattering matrices. The first line represents the
two indices. In the second (resp. third) line, we display the real part of the total field u™ (resp.
scattered field ™ — w™) for each of the two indices.

In [49] we also investigate how to impose additional constraints on the invisible obstacles we con-
struct. In the next two experiments, we show that we can impose p (and so n) to be piecewise
constant. In both cases, we start from p = 0. In Figures 2.15-2.16, we construct piecewise constant
perfectly invisible parameters p. We work with & = 0.87 € (0;7). Since we cancel both R and
Sm T, we need to work with at least three inclusions. In Figures 2.17-2.18, we construct piecewise
constant non reflecting p with &k = 7 € (27;37). In this case, three modes can propagate in the
waveguide. Since we have to cancel 6 complex coefficients, that is 12 real coefficients, we need to
have at least 12 parameters to tune.
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Figure 2.15: Piecewise constant perfectly invisible parameter p.
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Figure 2.16: Real parts of the total field u™ (left) and of the scattered field u™ —w™ (right) for the

p of Figure 2.15.

Figure 2.17: Piecewise constant non reflecting parameter p.
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Figure 2.18: Here k is chosen so that three modes can propagate. The line j € {1, 2,3} corresponds

to the scattering of the right-going incident mode w;-il. The left (resp. right) picture represents

the real part of the u;ll (resp. u;ll - wjtl) for the p of Figure 2.17.

Let us mention that though numerically we can iterate the continuation method quite easily, theo-
retically we are unable to prove a priori estimates on the possible values for € and nothing prevents
¢ from decreasing at each step of the process. Therefore we cannot guarantee that the resulting
invisible obstacle be as large as desired.

2.6 Waveguides with finite length branches

All the approaches presented above to achieve invisibility rely on perturbative ideas. To imple-
ment them, it is crucial to start from a setting where one has invisibility (for example, the reference
strip). Moreover, though we showed that we can use continuation techniques, these methods lead a
priort to the construction of small invisible perturbations. From this, a natural question was “how
to create large invisible defects?”. In this section, we present a first technique to achieve this goal
which has been developed in [173].

Figure 2.19: Geometry of Qf.

2.6.1 Setting

Consider some waveguide 2y which coincides with the strip ¥/ = R x (0;1) outside of some
bounded domain. We assume that )y is symmetric with respect to the vertical axis, 7.e. that there
holds

Qo ={(-=,9)| (z,y) € Qo}.
For £ > 0, L > 0, define the branch of finite length By, = (—¢/2;¢/2) x [1;1 + L) and set

Qp = Qo U By, (2.24)

(see Figure 2.19). We assume that €, is connected with Lipschitz boundary. In Q, we study the
problem
Au+k?uv = 0 inQy

2.25
d,u = 0 on0dQy. ( )
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We fix k € (0;7) so that only the two waves w* with w®(z,y) = e**® can propagate in Q. As in
(2.4), the scattering of the right-going wave by the structure leads us to introduce the solution of
(2.25) admitting the expansion
wr+Rw™ +a forax < —d
u= . - (2.26)
TwT +4 forx>d

(here d > 0 is such that Qg = . for || > d). Below we fix £ > 0 and explain how to show that for
certain L > 0 we have R = R(L) = 0 (zero reflection). To proceed, we exploit the symmetry of the
geometry with respect to the (Oy) axis.

2.6.2 Half-waveguide problems

wr, Weo

Figure 2.20: Domains wy, (left) and weo (right).

Define the half-waveguide
wr = {(z,y) € Qr |z < 0} (2.27)

(see Figure 2.20 left). Introduce the problem with Neumann boundary conditions

Av+k*v = 0 inwy (2.28)
ov = 0 on dwy
as well as the problem with mixed boundary conditions
AV 4KV = 0 inwp
g,V = 0 ondwr Ny (2.29)
V. = 0 onXp:=0wr\0.

Problems (2.28) and (2.29) admit respectively the solutions

v=w"+ Ryw™ +7, (2.30)
V=w"+Rpw +V, (2.31)

where Ry, Rp € C and 4, V € H! (wr). Due to conservation of energy, one has
|[Rn|=|Rp|=1 (2.32)

(since there is only one output in wz, all the energy propagated by the incident wave is backscat-
tered). Now, direct inspection shows that for the function u introduced in (2.26), we have

U(iﬁ,y) +V(I‘,y) v(—ax,y) - V(-l’,y)
2 2
(possibly up to a term which is exponentially decaying at +oo if there are trapped modes at the given

wavenumber k). We deduce that the scattering coefficients R, T' appearing in the decomposition
(2.26) of u are such that

u(x,y) = nwr, u(:v,y) = in QL \@

_By+Rp . p_lfn—Fp

R 2 2

(2.33)
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2.6.3 Main analysis

Now, we study the asymptotic behavior of R = R(L), T = T(L) as L — 4o00. To proceed, we
use (2.33) and work with Ry = Ry (L), Rp = Rp(L). The behaviors of Ry (L), Rp(L) as L — +o0
depend on the properties of the equivalents of Problems (2.28), (2.29) set in the limit geometry wx
obtained from wy, making formally L — 400 (see Figure 2.20 right). In particular, the number of
propagating waves existing in the vertical branch

boo == {(—£/2;0) X [1;400)} Nweo
plays a crucial role.

* Assume that ¢ € (0;7/k). Then for Problem (2.29), no mode can propagate in by, (due to
the mixed boundary conditions). With this property, we can show the asymptotic expansion, as
L — 400,

Rp(L)=R¥ + ... (2.34)

where R € €(0,1) := {z € C||z| = 1} is a constant and the dots correspond to a remainder which
is exponentially small as L. — 4o0.

For Problem (2.28) (with Neumann boundary conditions), one propagating mode exists in b.
Because of the reflection of this mode on the wall at y = L, the coefficient Ry (L) does not converge
as L — 400. More precisely, we can prove that it admits the expansion

Ry(L) = RE(L) + ...

where R%Y (L) is a term whose dependence with respect to L is explicit and which runs periodically
on €(0,1) as L — +oo. Again the dots stand for a remainder which is exponentially small as
L — +o0.

Imagine that we want to achieve R(L) = 0 (zero reflection). According to (2.33), we must
impose Ry(L) = —Rp(L). Relations (2.32) guarantee that for all L > 0, both Ry(L) and
Rp(L) are located on the unit circle €(0,1). But Rp(L) tends to a constant Ry € %(0,1) while
Ry (L) runs continuously on %¢(0,1) as L — +oo. This proves the existence of L, such that
Ry(Ly) = —Rp(Ly) and so R(L,) = 0. Actually since L — RY" (L) is periodic, this shows the
existence of an unbounded sequence of L, whose terms tend to a periodic sequence, such that we
have zero reflection in the corresponding waveguide.

Numerically, we can approximate the solution u introduced in (2.26) by solving Problem (2.25) as
explained after (2.18). In Figure 2.21, we work with k£ = 3 in a particular geometry (see the right
picture) for which ¢ = 1 and vary L € (1;9). We display the corresponding scattering coefficients in
the complex plane. In accordance with the theory above, we observe that for L > 0, asymptotically
R and T run on circles of radius 1/2 passing through zero. In Figure 2.21, we also represent the
real part of u — w™ in a particular geometry where R = 0. As expected, the scattered field is
exponentially decaying as x — —oo. To identify this geometry, we simply select one particular L
corresponding to a peak in the graph of L — —In|R(L)|.

In Figure 2.22, we display an L-shaped waveguide where R = 0. The geometry is unbounded in
the left and bottom directions. We play with the length of the oblique branch. This framework
is not exactly the one described above. However, due to the symmetry, it can be dealt with in a
completely similar way.
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Figure 2.21: Left: R (x) and T (e) in the complex plane for L € (1;9) (the geometry is the one of
the right picture). Due to conservation of energy, R and T are located inside the unit disk. Right:
real part of u —w™ for a particular L, such that R(L,) = 0 (zero reflection). Here k = 3 and ¢ = 1.
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Figure 2.22: Real parts of u (left) and u — w™ (right) in an L-shaped waveguide where the length
of the oblique branch has been tuned to achieve R = 0 (zero reflection).
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The analysis above also shows that there is an almost periodic sequence of L such that Ry(L) =
Rp(L) and so T'(L) = 0. This is an interesting situation referred to as zero transmission. In that
case, that we have not yet discussed, though the waveguide is not obstructed, the propagation of
an incident wave is stopped and energy is completely backscattered (|R| = 1). To identify these
situations, we simply select the L corresponding to peaks in the graph of L — —In|T'(L)|. In Figure
2.23, we display geometries where "= 0. Note that according to the decomposition (2.26), in this
case the transmitted field is exponentially decaying.
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Figure 2.23: Geometries where 7' = 0 (zero transmission).

* When ¢ € (7/k;2m/k), i.e. for larger vertical branches, both for Problems (2.29) and (2.28), one
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propagating mode exists in bs,. Then we can prove the asymptotic expansions, as L — 400,
Rn(L) = RV (L) + ... ., Rp(L)=R3¥ (L) +..., (2.35)

where RY\Y(L), RY(L) are explicitly known coefficients which run periodically on €(0,1) with
periods Il < IIp. This is enough to conclude that R = 0 for an unbounded sequence of L.
This also shows that we have T' = 0 for another sequence of L. However, compared to the case
¢ € (0;mw/k), the behavior of R and T in the complex plane can be much more erratic, especially
when IIy/IIp is not a rational number (see Figure 2.24).

1r
0.8r

0.6

-1 -0.5 05 1

Figure 2.24: Coeflicient R in the geometry of Figure 2.25. Here k = 3, £ = 1.7 and L varies in

(1;99).
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Figure 2.25: Top: real part of u — w™ in a geometry where R = 0 (zero reflection). Bottom: real
part of v in a geometry where T' = 0 (zero transmission).

2.6.4 Comments

Let us conclude this section with a few comments.

i) To obtain perfect invisibility, i.e. 7" = 1, from formula (2.33), we see that we must impose
both Ry = 1 and Rp = —1. This requires additional efforts but we have shown in [173] that by
working with three vertical branches as represented in Figure 2.26, this can be achieved. Let us
emphasize that compared to the methods based on thin ligaments leading to the numerics of Figure
2.9, though the picture looks quite similar, the approach is very different. In particular, in Figure
2.26 large defects could be present in the waveguide but not in Figure 2.9. On the other hand, in
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Figure 2.26 the geometry must be symmetric with respect to the vertical while it is not the case
in Figure 2.9. Finally, the technique providing Figure 2.9 relies on asymptotic analysis with thin
ligaments. Figure 2.26 uses asymptotic analysis for long branches.

1) We have considered only 2D problems with Neumann boundary condition but higher dimension
with other boundary conditions can be dealt with using exactly the same procedure. The analysis
we have presented works for the monomode regime k € (0; 7). It seems complicated to extend it to
configurations where several propagating modes exist in the horizontal waveguide.

i11) Mathematically, the main difficulty consists in proving error estimates to justify the asymptotic
expansions (2.34)—(2.35). Constructing the expansion is quite natural and the consistency analysis
is rather straightforward. However establishing stability estimates is a difficult task, in particular
because the geometry changes. To proceed, as in §1.5.1, it is necessary to work with the very useful
technique of overlapping cut-off functions in adapted weighted Sobolev spaces. For more details,
we refer the reader to [352, Chap. 5, §5.6, Thm. 5.6.3].
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Figure 2.26: Geometry where T' = 1 (perfect invisibility). Top: Re (u — w™). Bottom: Reu.

2.6.5 Simple examples of perfect invisibility and trapped modes

With V. Pagneux, we adapted the technique presented above to construct very simple exam-
ples of geometries where we have perfect invisibility. Let us explain the approach presented in [176].

Assume that k is fixed in (0;7). Set £ := 7 /k > 1 and
O = UBL (2.36)

with .¥ =R x (0;1) and B, = (—¢/2;¢/2) x [1;1+ L) (see Figure 2.27). Observe that compared to
(2.24), we choose a particular width for the vertical branch and moreover, we do not allow for the
presence of obstacles inside the reference strip. Then all the analysis presented in §2.6.2 is valid in
that geometry. Therefore we have the formulas

_By+Rp . p_fn—Fp

R 2 2 ’
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where Ry, Rp appear respectively in the decompositions (2.30), (2.31).

Now for the particular geometry considered here, one observes that V = w™ — w™ = 2isin(kx) is
a solution to (2.29) for all L > 0. Note that this property is based on the fact that w/(2k), the
width of the bounded branch of wy,, coincides with the quarter wavelength of the waves w*. By
uniqueness of the definition of the coefficient Rp in (2.31), we deduce that

Rp =Rp(L)=-1 for all L > 0.

On the other hand, one can show as above that as L — 400, Ry (L) runs continuously on the unit
circle €(0,1) (remember the constraint (2.32)) and that we have |Ry (L) — Ry (L)| < Ce~¢L for
certain ¢, C' > 0 where L — RY” (L) runs periodically on ¢(0,1) with a period of w/k. Therefore
from (2.33), we infer that as L — +oo, T'(L) runs continuously on € (1/2,1/2), almost periodically
with a period of m/k. As a consequence, there is an unbounded sequence of L such that we have
T(L) = 1. In Figure 2.27, we give an example of geometry which has been tuned so that 7" = 1.
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Figure 2.27: Rew (top), Smu (middle) and Sm (u — w™) (bottom) in a geometry tuned so that
T=1.

In the analysis above, a key ingredient is that
wt —w™ = 2isin(kx) (2.37)

solves Problem (2.29) in wy, with mixed boundary conditions for all L > 0. This is true in the wy,
defined from the €, introduced in (2.36) but it is easy to see that this occurs in other domains.
For example, this is satisfied as well in the half-waveguide defined from the geometry of Figure 2.28
where the steps have width 7/k and arbitrary heights. In this setting, then we vary the height of
the central branch to achieve T' = 1.
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Figure 2.28: Reu (top), Smu (middle) and Sm (w — w™) (bottom) in a geometry tuned so that
T=1.

In [176], we were also concerned with so-called trapped modes. We remind the reader that trapped
modes are non zero solutions of the homogeneous problem (2.25) which are of finite energy: they
decay exponentially at infinity and are in H'. They play a key role in physical systems and they
have been widely studied, in particular much more than “invisible modes”. We refer the reader
for example to [461, 224, 225, 207, 340, 375, 388, 184, 410] for corresponding references. More
precisely, in [176] we were interested in trapped modes associated with eigenvalues embedded
in the continuous spectrum. Let us mention that for the Laplace operator with homogeneous
Neumann boundary conditions that we consider here, the continuous spectrum, which is due to
the existence of propagating modes, coincides with the half-line [0; +00). Such trapped modes are
also called Bound States in the Continuum (BSCs or BICs) in quantum mechanics (see for example
[438, 359, 239] as well as the recent review [278]). Such objects are difficult to observe. In particular
they are unstable with respect to the geometry and a small perturbation transforms them in general
into quasi-normal modes associated with complex resonances [18]. A classical method to exhibit
trapped modes corresponding to eigenvalues embedded in the continuous spectrum consists in con-
sidering waveguides that are symmetric with respect to the (Ox) axis [224, 207, 340, 410]. This is
interesting because it allows one to decouple symmetric and skew-symmetric modes. Then working
with a sufficiently large resonator, one can ensure that an eigenvalue exists below the continuous
spectrum for the problem with mixed boundary conditions satisfied by the skew-symmetric com-
ponent of the field. Back to the original waveguide, this guarantees the existence of an eigenvalue
embedded in [0;+00). In [176] we proposed a simple alternative mechanism to construct trapped
modes associated with an eigenvalue embedded in the continuous spectrum that we present now.

To proceed, we work with the notion of augmented scattering matrix, a convenient tool in-
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troduced by S.A. Nazarov in [383, 293, 373, 376] allowing one to detect the presence of trapped
modes. Note that the classical scattering matrix, which describes only the contributions on the
propagating modes, is useless for this task. We work in the half-waveguide wy, introduced in (2.27)
and for k € (0; ), consider the problem (2.28) with Neumann boundary conditions. It admits the
scattering solution
v=w"+Ryw +7

with Ry € €(0,1) and & € H'(wr) and so the scattering matrix is simply a scalar. Renormalize
the w* by setting WSE = wt/ V/2k and define the “wave packets”

1
V251

where we recall that 3; = v/72 — k2. Observe that both W™ and W are exponentially growing
as ¢ — —oo. Here the normalisation coefficients are chosen so that the matrix defined in (2.39) is
unitary. As shown in [383, 293, 373, 376], Problem (2.28) admits solutions with the expansions

Wi(2,y) = —e (7% £ ie"7) V2 cos(my),

vy = WJ+SOOW6+501 Wi + 9 (2.38)
v = Wi +si0Wy +suWy + 0 '

where 7, 01 have fast decay in O(eV Am?—k2a ) when # — —oo. They allow us to define the augmented
scattering matrix

S = ( 500 s01 ) € Caxa. (2.39)

S10  S11

As for the usual scattering matrix, one can show that S is unitary (S S' = Idax2) and symmetric
(s10 = so1). The following result (see e.g. [376, Thm. 2]) provides an algebraic criterion to
guarantee the existence of trapped modes.

Lemma 2.6.1 If s;1 = —1, then vy is a trapped mode for Problem (2.28) set in wr,.

Remark 2.6.2 Note that s11 = —1 is only a sufficient criterion of existence of trapped modes.
Indeed the geometry wy, can support trapped modes for Problem (2.28) with s11 # —1. In this case,

this trapped mode must decay as O(ev4“2_k2x) when x — —o0.

Proof. If s;; = —1, since S is unitary, then sj9 = 0. In such a situation, according to (2.38), we
have vy (z,y) = (2i/v/B1) €77 cos(my) + O(eV4™ ~F°%) as 1 — —o0. This shows that v; # 0 belongs
to H'(wr). In other words, v; is a trapped mode. ]
w/k
L
wr,

Figure 2.29: Geometry wy, supporting trapped modes for certain L > 0.
Now we consider the particular geometry, for L > 0,

wr, = (—00;0) x (0;1) U (—7n/k;0) x [1;1+4 L) (2.40)
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(see Figure 2.29). In wy, we observe that W™ + Wi = /2/kcos(kx) is a solution to (2.28) for
all L > 0. From the uniqueness of the definition of the coefficients s, in (2.38), we deduce that
for all L > 0, we have sgo(L) = 1 and sg1(L) = s190(L) = 0. Since S is unitary, we infer that
|s11(L)] = 1 for all L > 0. In other words, s11(L) is located on the unit circle in the complex
plane. But working as above, one can show that as L — 400, s11(L) gets closer and closer to an
asymptotic term which runs periodically on the unit circle. Additionally, s1; depends continuously
on L. This guarantees the existence of an unbounded sequence of L such that s11(L) = —1 and so,
from Lemma 2.6.1, such that trapped modes exist for Problem (2.28) at the given k. By symmetry
with respect to the vertical axis, we directly get trapped modes in a waveguide with two unbounded
branches. Besides, we can enlarge the class of geometries considered in (2.40) similarly to what was
explained after (2.37). For example, in Figure 2.30, we represent a trapped mode corresponding to
an eigenvalue embedded in the continuous spectrum. In this geometry, the central and secondary
steps have respectively widths 27/k and 7/k. We tuned the height of the central branch while the
height of the secondary steps is chosen arbitrarily.

.

B p
L . \ T o1
‘('M‘ - k..

Figure 2.30: Real part of a trapped mode associated with an eigenvalue embedded in the continuous
spectrum.

Let us mention that the techniques presented in this paragraph are specific to the Neumann bound-
ary condition. More precisely, we exploit that the first propagating mode does not depend on the
y variable. This cannot be adapted to the Dirichlet boundary condition.

2.6.6 From zero transmission to trapped modes in waveguides

Figure 2.31: Non symmetric waveguide €2y, with a branch of length L > 0.

In the article [177], we studied the propagation of acoustic waves in geometries as in Figure
2.31, i.e. with a long vertical branch of length L > 0, but without the assumption of symmetry
with respect to (Oy). For k € (0;7), the scattering matrix is of size 2 x 2 and has the form

R T
S = + .
T R_
Here R, (resp. R_) is the reflection coefficient associated with a right-going (resp. left-going) inci-
dent plane wave. This scattering matrix is unitary (S s' = Idax2) and symmetric. In that situation,
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we can still obtain an asymptotic expansion of S as L. — 400 and show that asymptotically, the
scattering coefficients run on circles. However, compared to the situation where €7, is symmetric
with respect to the vertical axis, in general the reflection coefficients R4 (L) do not go through zero
as L — +o00. For the transmission coefficient however, the situation is different. Let us detail this.
First, for T, we obtain the expansion, as L — 400

T(L) =T>Y(L) + ... (2.41)

where T (L) is an asymptotic term whose expression is explicit and the dots correspond to terms
which become exponentially small as L — +oo. Interestingly, we can show that L — T?¥(L),
which is a periodic function, passes through zero as L — +oo (see [177, Prop. 2.1]). This is
quite extraordinary because this is true for any obstacle. But this is not enough to guarantee that
L — T(L) passes through zero. With this, from (2.41), a priori we only deduce that L — T'(L)
passes as close to zero as desired when L — +o00. However we have shown in [177, Thm. 2.1] that
the strong structure of the scattering matrix forces L — T'(L) to pass exactly through zero. Let us
explain the mechanism. Since S is unitary, we have the identity

R (L)T(L) + T(L)R_(L) = 0

for all L > 0. Now assume that L — T'(L) passes very close to zero but not through zero on a small
interval [L1; La]. Then the phase of L — T(L) runs on an interval of length approximately equal
to m (which is not the case if L — T'(L) passes exactly through zero). We deduce that

Ry (L)/R-(L) = =T(L)/T(L)
runs rapidly on the unit circle € (0,1). This is incompatible with the error estimates derived for
R4 (L) which impose to Ry (L) to stay close to RYY (L), some terms which do not move much on
[L1; Lo].

In [177], we also explained how, from waveguides where T' = 0, we can create geometries supporting
trapped modes. Roughly speaking, the idea is the following. When 7' = 0, one has a mirror effect:
all the energy of the incident field is backscattered. By placing face to face two mirrors and by
tuning the distance between them, we can trap waves.

2.7 Playing with Fano resonances

In the previous section, we described a first mechanism to create large non reflecting or invisible
defects of the reference strip. Let us present other ideas. The important point is that we have to act
strongly on scattering coeflicients while keeping control of their values. To proceed, in the next two
sections, we will work with resonant phenomena. First, we explain how to exploit Fano resonances
together with symmetry considerations to construct large non reflecting obstacles in monomode
regime.

00 = (z,1+cH(z))

QO (0

Figure 2.32: Original waveguide Q° (left) and perturbed geometry Q° (right).

The Fano resonance is a classical phenomenon that arises in many situations in physics (see [228]
for the seminal paper and [357, 346] for recent reviews). For the presentation of simple models
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in optics, we also refer the reader to [226, 227]. For our particular concern, it appears as follows.
Assume that the geometry of our waveguide is characterized by a real parameter . Below, ¢ will
be the amplitude of a local perturbation of the walls (see Figure 2.32 right). To simplify notation,
set A := k% so that Problem (2.1) writes

Au+du = 0 inQ° (2.42)

O,u = 0 on 00F°. '
Assume that trapped modes exist for Problem (2.42) with ¢ = 0 and A = A € (0;72). Then, for
€ # 0 small, the scattering matrix S, which is of size 2 x 2 in monomode regime, exhibits a rapid
change for real \ varying in a neighborhood of \°.

In [166], with S.A. Nazarov, we exploited this rapid change together with symmetry consider-
ations of the geometry to provide examples of waveguides where R = 0 or T" = 0 (exactly). This
was also the subject of the 3A internship at Ecole Polytechnique of L. Scaglione that I have
supervised during the Covid period. The main part of the work was dedicated to prove rigorously
that the scattering matrix is not smooth at (¢, A) = (0,A°). Our study shares similarities with
[446, 445, 447, 3]. In these articles, probably for the first time, the authors analyze rigorously
the Fano resonance phenomenon in gratings in electromagnetism, a context close to ours, via
techniques of complex analysis and by means of tools of the theory of analytic functions of several
variables. Moreover in [445], under certain symmetry assumptions, they show examples of total
transmission and total reflection for this problem. In [166], we proved similar results following a
different path. We worked with the augmented scattering matrix S that we already used in (2.39).
The important point is that S is smooth at (g, \) = (0, A°). Then from the relation existing between
S and the usual scattering matrix S, this allow us to understand the behavior of S at (¢, \) = (0, \°).

With this approach, we never work with complex A, that is, we never deal with the mero-
morphic extension of S. In particular, we do not use the fact that when the geometry is perturbed
from € = 0 to € # 0, in general the eigenvalue A\° embedded in the continuous spectrum becomes
a complex resonance, that is a pole of the meromorphic extension of S [18, 481]. We think that
this alternative method to analyze the Fano resonance can be of interest. Thus it allows one
to obtain relatively explicit formulas with respect to the features of the geometry. It could also
allow one to deal with singular perturbations of the problem (for example if one adds some small
non penetrable obstacles in the waveguide as in [165]). For computation of complex resonances
and numerical investigations of the Fano resonance phenomenon in waveguides, we refer the
reader to [214, 140, 220, 265, 273, 266]; for results concerning the existence of trapped modes asso-
ciated with eigenvalues embedded in the continuous spectrum, see e.g. [461, 224, 225, 207, 340, 375].

To illustrate more precisely the Fano resonance phenomenon, let us work on a 1D toy prob-
lem.

2.7.1 A 1D toy problem

Unperturbed case

Y
Q .

0 0

Figure 2.33: A 1D geometry.
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Consider the geometry
Q=0 U U3 with Q1 == (—00;0) x {0}, Q2 :={0} x (0;1), Q3 := (0;1) x {0}

(see Figure 2.33). For a function ¢ defined in €2, set ¢; = ¢lqo,, j = 1,2,3. Working in suitable
coordinates, we can see the Q; as 1D domains. Similarly to (2.42), we study the problem

—¢f =k%p; inQy, j=1,2,3, (2.43)

with the conditions

©1(0) = ¢2(0) = ¢3(0),

£4(0) = 9h(0) + 25(0), (2.44)

@o(1) = ¢3(1) = 0.
Thus at the junction point O, we impose continuity of the field and conservation of the flux (Kirch-
hoff law) and we work with Neumann boundary conditions at the ends of the ligaments. It can be
shown that this is a good model to describe the properties of the acoustic problem in the 2D domain
obtained by thickening the above 1D graph. We are interested in the scattering of the rightgoing
incident wave  — e**. We denote by ¢ the corresponding total field. For the simple problem con-
sidered here, the radiation condition boils down to assuming that ¢ writes as p(z) = e** 4 R e~k*
in 1, where R € C is the reflection coefficient. Using the two boundary conditions of (2.43)—(2.44),
we are led to look for a solution ¢ such that

o1(z) = e £ Re™ ™ py(y) = acos(k(y — 1)), o3(x) = beos(k(x — 1)),

where a, b € C. Writing the transmission conditions at the junction point O, we obtain that R, a,
b must solve the system

1 —cosk 0 R -1
M(k)® = F with M(k)=| 0 cosk —cosk |, =] a |, F:= 0 |. (245
¢ sink sin k b i

One finds
det M(k) = (2sink + icosk) cos k.

Therefore this system (and so Problem (2.43)—(2.44) with the above mentioned radiation condition)
is uniquely solvable if and only if £ ¢ (2N + 1)7/2. When k € (2N + 1)7/2, the kernel of Problem
(2.43)—(2.44) coincides with span(py,) where ¢y, is the trapped mode such that

0 in Ql
ou(z) =| sin(ky) in Oy
—sin(kx) in Q3.

On the other hand, for any & > 0, one can check that System (2.45) (and so Problem (2.43)—(2.44))
admits a solution because ' € (ker!M)* (this can be verified by an explicit calculus). Moreover,
the coefficient R is always uniquely defined (even when k € (2N + 1)7/2) and such that

cos(k) + 2isin(k)
cos(k) — 2isin(k)

R(k) = (2.46)
The map k — R(k) is m-periodic and |R(k)| = 1. The latter relation, which is due to conservation of
energy, guarantees that R(k) = ¢"(®) for some phase (k) € R/(27Z). In Figure 2.34, we represent
the map k +— 6(k) for k € (0;7). We observe that it has a smooth behavior, also around the value
k = 7/2 for which trapped modes exist for Problem (2.43)—(2.44). Thus we see that the scattering
is insensitive to the existence of trapped modes.
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0é I I I I I I
0 0.5 1 15 2 25 3

Figure 2.34: Map k — 6(k). The vertical black dotted line indicates the value k = /2.

It is also interesting to give a spectral description of the properties of the problem. Denote by A
the unbounded operator of L?(£2) such that

Ap = —gog-’ in Q;, j=1,2,3, (2.47)
with domain
D(A) = {p € L}(Q) | p; € H* () for j = 1,2,3 and ¢ satisfies (2.44)}. (2.48)

Classically, see e.g. [54], one shows that A is a selfadjoint operator. Therefore its spectrum o(A) is
real. One can prove that o(A) coincides with [0; 400). More precisely, we have gess(A) = [0; 4+00)
where 0eg5(A) denotes the essential spectrum of A. By definition, oegs(A) corresponds to the set of
A € C for which there exists a so-called singular sequence, that is a sequence (u(m)) of functions of
D(A) such that |[uml|2@) =1, (ul™) converges weakly to 0 in L2(Q) and ((A — A\)u(™) converges
strongly to 0 in L2(£2). The fact that gegs(A) = [0; +00) is directly related to the existence of the
propagating modes e*?* for all k£ > 0. On the other hand, the above calculations ensure that A
also has point spectrum corresponding to eigenvalues, i.e. values of A such that ker (A — AId) # {0}.
More precisely, one has o,(A) = {(2n + 1)?72/4, n € N}. Let us emphasize that these eigenvalues
are embedded in the essential spectrum (see the illustration of Figure 2.35).

mm= Oess (A) }
op(4) O

Figure 2.35: Spectrum of A in the complex plane.

Perturbed case

Now we consider the same problem in the perturbed geometry Q° := Q; Uy U Q3 with Qf :=
(0;1+¢) x {0} and € € R small. We denote with a superscript € all the above quantities. In QF,
the resolution of the previous scattering problem leads to solve the system

1 —cosk 0 ke
M* (k) = F with M®(k) == 0 «cosk —cos(k(l+¢)) |, ®°:=]| a® |. (2.49)
i sink sin(k(1+¢)) b®
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The vector F is the same as in (2.45). We find
det M®(k) = sin(k(2 + €)) + i cos k cos(k(1 + €)).

Therefore we find that for € # 0 small, the determinant of M® does not vanish for a given range of
k > 0. As a consequence, Problem (2.43)—(2.44) set in Q° has a unique solution. One obtains

coskcos(k(l +¢€)) +isin(k(2+¢))
coskcos(k(l1+¢)) —isin(k(2+¢))

RE(k) =

Again, we have |R°(k)| = 1 (conservation of energy) so we can write R°(k) = €"®) for some
9°(k) € R/(27Z). Note that ° = 6 where 6 appears after (2.46). The map k > 6°(k) is displayed
in Figure 2.36 for several values of £ (see also the alternative representation in Figure 2.37). We
observe that for ¢ # 0, the curve k — 6°(k) has a fast variation for %k close to w/2. The variation
is even faster as € # 0 gets small. On the other hand, for € = 0, as represented in Figure 2.34, the
curve k — 0°(k) has a very smooth behavior. We emphasize that for (e, k) = (0, 7/2), as mentioned
above, trapped modes exist for Problem (2.43)—(2.44).

== — g — = T T
ol 5 £201 o N A
+ =005 1% « £=0.053 -
o g=0 * k- o =0 x| d *
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Figure 2.36: Maps k — 0°(k) for several values of . The right picture is a zoom on the left
picture around k = 7/2 (marked by the vertical black dotted line). The vertical colored dashed

lines indicate the values of k& such that 6°(k) = 0.
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Figure 2.37: Parametric curves k — (e R°(k), Sm R*(k)) for k € (0; 7).
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In order to study the variations of the reflection coefficient with respect to the frequency and the
geometry, we define the map R : R? — C such that

cos(k) cos(k(1+¢)) + isin(k(2+¢))

R(e, k) = cos(k) cos(k(1 4 ¢)) —isin(k(2+¢))

(2.50)

With such a notation, we have R°(k) = R(e,k) and R(k) = R(0,k). For all k& € (0;), there
holds lim._,o R(e, k) = R(0, k). Now assume that the frequency and the geometry are related by
some prescribed law in a neighborhood of the point (g, k) = (0,7/2) corresponding to a setting
supporting trapped modes. For example, assume that

k=m/2+ck

for a given ¥ € R. Then for ¥’ # —n /4, starting from expression (2.50), we find as ¢ — 0 the
expansion

— 2ik/ (7 + 2K') 9
Rie,m/2+ek) = ~1+¢ T )+ 0(). (2.51)
Note that we have R(0,7/2) = —1.
For k' = —7 /4, the asymptotic behavior as € tends to zero is more surprising. Indeed, for

k=n/2—en/d+e%p
with 4 € R (we take k' = —m/4 but allow for some freedom at higher order), we obtain

724+ —A4n
R(e,m/2 —em/A+ &%) = g(p) + O(e) with  g(p) = = i_ ZE;;Z — irg . (2.52)

=\

/2
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s

Figure 2.38: Left: parabolic paths {(g,7/2 — en/4 + e%u), € € (=1;1)} C R? for several values of
. According to p, the limit of the coefficient R(e,7/2 — em/4 + €2u) defined in (2.50) as ¢ — 0 is
different. Right: the colors indicate the phase of R(e, k). This phase is valued in [0; 27).

Classical results concerning the Mobius transform (see e.g. [271, Chap. 5]) guarantee that g is a
bijection between R and €'(0,1) \ {—1+ 0} (€(0, 1) is the unit circle of the complex plane). Thus
for any 29 € (0, 1), we can find a path {y(s), s € (0;1)} C R? such that

lirri v(s) = (0,7/2) and lim R(y(s)) = 2o

s—

s—1
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(see Figure 2.38 right). In other words, by tuning cleverly the frequency and the amplitude of the
perturbation, we can get any desired value for the reflection coefficient on the unit circle. Besides,
this proves that the map R(-,-) : R? — C is not continuous at (0, 7/2). Finally, this shows also that
for e # 0 small fixed (see the vertical red dashed line in Figure 2.38 left), the curve k — R(eg, k)
must exhibit a rapid change. Indeed, p varying in [-Ce . Cey 11 for some arbitrary C' > 0 (which
is only a small change for k) leads to a large change for R(gq, 7/2 — gom/4 + €3p). This is exactly
what we observed in Figure 2.36.

Let us return to the spectral description of the properties of the problem. Denote by A the
analog of the operator A introduced in (2.47)—(2.48) in the perturbed geometry Q. Since we made
a perturbation in a bounded region, it can be shown that A® has the same essential spectrum as
A, i.e. 0es(A%) = [0;+00) (again this is directly due to the existence of the propagating modes
et for all k > 0). On the other hand, the above computations guarantee that for ¢ > 0 small,
A® has no eigenvalue, i.e. o,(A%) = (. This gives the picture of Figure 2.39 for o(A®). A natural
question then is: what happened to the eigenvalues of A when the geometry has been perturbed?
The answer is that they became so-called complex resonances. These are values of k> € C with
Sm k < 0 such that there is a solution to
—¢ =k*p; in O, j=1,2,3,

with the conditions (2.44), admitting the expansion o1(x) = e~*% in Q; (generalized outgoing
behavior). Note that such generalized eigenfunctions are exponentially growing as * — —oo and
so do not belong to L2(2?). In the literature, they are often referred to as quasi-normal modes or
leaky modes. Observe that they cannot exist for mk > 0 because they would be exponentially
decaying as  — —oo and so would belong to L?(€2?). But this is impossible because the operator
is selfadjoint and therefore cannot have eigenvalues in C \ R.

—_— Tess(A°) \

I

@ Complex resonances

Figure 2.39: Spectrum of A® in the complex plane.

Let us stress that this conversion of eigenvalues into complex resonances when one perturbs the
geometry is crucially related to the fact that we are considering eigenvalues which are embedded in
the essential spectrum. In particular, it does not occur in bounded domains when no essential spec-
trum exists. Let us illustrate this with a concrete example. Denote by B the Neumann Laplacian
on the interval (0;1) such that
D(B) = {p€H*(0;1)]0:(0) = dpp(1) = 0}
By = —¢".
The operator B has only discrete spectrum (no essential spectrum), namely

o(B) = {n*z®, n € N}

and the corresponding eigenfunctions are the ¢,, such that ¢, (z) = cos(nwz). Now if we denote by
B¢ the same Neumann Laplacian in the perturbed geometry (0;1 + ¢), we find

o(B%) = {n*r%*/(1+¢)% n e N}

and the corresponding eigenfunctions are the ¢$ such that ¢f(xz) = cos(nmz/(1 + €)). In other
words, the eigenvalues of B have been only slightly shifted on the real axis (see Figure 2.40), they
did not turn into complex resonances.
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Figure 2.40: Spectra of B and B¢ in the complex plane.

On the other hand, not all geometric perturbations of Problem (2.47)-(2.48) convert embedded
eigenvalues into complex resonances. For example, if both Qg, 23 are perturbed into 25 = {0} x
(0;1+¢€), Q5 = (0;1 + ¢) x {0}, one can check that embedded eigenvalues remain embedded
eigenvalues for the perturbed problem. Somehow, we need to break the symmetry as in (2.49), to
create some coupling between the trapped modes and the scattering properties of the problem. In
that case, complex resonances located close to the real axis have a strong impact on the scattering.

2.7.2 Fano resonance in 2D waveguides

Let us come back to Problem (2.42) in 2D. We assume that Q° is such that the Neumann
Laplacian has a simple eigenvalue \g € (0;72) (geometric multiplicity equal to one). We perturb
the geometry from some smooth compactly supported profile function H with amplitude ¢ > 0
as in Figure 2.32 right. We denote by Q¢ the new waveguide and S(g,A), T'(g, A), Ri(g,\) the
scattering matrix/coefficients in the geometry Q° at frequency A. For short, we set S° = S(0, \?),
T = T(0,\°), RY = R+(0,)\°). Introduce uy an eigenfunction associated with A’ such that
|uollr2(q) = 1. Decomposition in Fourier series guarantees that as [x| — +o00, we have the expansion

uo(z,y) = Keie V™ 21 cos(my) + ...
where K4 € C and the ... correspond to terms which decay as O(e~V4"=2’I2) as |z| — +o0. In
[166, Thm. 5.1], the following result is proved.

Theorem 2.7.1 Assume that (K1, K_) # (0,0). There is a quantity ((H) € R, which depends
linearly on the profile function H, such that when € — 0,

S(e, A2 +eN) =S° + O(e) for N # ((H), (2.53)
and, for any p € R,
.
04 cl(H) + %) =04 — . 2.54
S(e,\" +el(H)+e"pu) =S +z’,&—]r\2/2+0(6) (2.54)

In this expression T = (a,b) € C x C depends only on Q and ji = Ap+ B for some unessential real
constants A, B with A # 0.

The justification of this result is more difficult than in 1D because one cannot perform explicit
calculations. It requires adapted tools (see [446, 445, 447, 3, 166]) that we will not present here.
However the interpretation of the result is completely similar to that of the 1D case. Observe
that (2.53) and (2.54) are respectively the analogues of (2.51) and (2.52). As explained above,
Theorem 2.7.1 shows that the mapping S(-,-) is not continuous at (0, \) (setting where trapped
modes exist). Moreover for ¢y small fixed, it proves that the scattering matrix A — S(go, \) exhibits
a quick change in a neighborhood of A + £of(H): this is the Fano resonance phenomenon. When
(K4,K_)=(0,0) a faster Fano resonance phenomenon occurs.

2.7.3 Zero reflection and zero transmission

In the sequel, to simplify we denote by S*(u), T°(u), RS (1) the values of S, T', Ry in QF° at the
frequency A\ = A\ + el(H) + &2 p.
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When Q° is symmetric with respect to the vertical axis, we can proceed as in §2.6.2 and decompose
the problem into two half-waveguide problems with Neumann/Dirichlet boundary conditions at
x = 0. Let us denote by R% (1)/R5 (1) the corresponding reflection coefficients. Then from (2.33),
we have

By (1) + Bp(p)
2

RS () = Ry (1)
2

and T (p) =

Ri () =Ri(n) = (2.55)
To set ideas assume that the trapped modes associated with A are even. In that case, (g, \)
Rp(e, N) is smooth at (0, A\g). As a consequence, for € small, y — R, (1) does not vary much on the
unit circle €(0,1) for g € (—e=/2;2=1/2). On the other hand, by adapting the result of Theorem
2.7.1, we established that yu +— RS, (1) runs once on €(0,1) for yu € (—e~/2;e7/2). From formulas
(2.55), this ensures that the curves p — T¢(u), p — RE(u) for p € (—e~1/2;e71/2), pass exactly
through zero for € small enough. This provides examples of geometries where we have either zero
reflection or zero transmission. In Figure 2.41, we give an example of geometry supporting trapped
modes for Neumann problem (2.28) at a particular A = A\g € (0;72). Note that the waveguide is
symmetric with respect to the line of equation y = 1/2. Then we perturb the domain by slightly
shifting vertically the disk®. Then the symmetry is broken and from the analysis above, we know
that when we sweep in A in a small neighborhood of Ay, there is one A such that one observes zero
reflection (Figure 2.42) and one A such that one gets zero transmission (Figure 2.43). Note that
the smaller €, the more delicate the adjustment of A.

B ) »

Figure 2.41: Left: geometry of the half waveguide. Right: real part of a trapped mode for € = 0
and k% := VA0 ~ 2.7403. The computation has been realized by using Perfectly Matched Layers.
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Figure 2.42: Re u® (top) and Re (uf —w™) in a setting where RS = 0 (¢ = 0.05 and k = v/ = 2.751).
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Figure 2.43: Reu® in a setting where 7° = 0 (¢ = 0.05 and k = /A = 2.75495).

When the domain ¢ is not symmetric with respect to the vertical axis, we cannot use the decom-
position with the two half-waveguide problems. In that case, for a fixed small € > 0, in general
the curves pu — R% (u) do not go through zero in the complex plane and we do not observe zero

3Observe that a horizontal shifting of the position of the disk would maintain the decoupling between symmetric
and skew-symmetric modes. As a consequence, the eigenvalue embedded in the continuous spectrum would remain
an eigenvalue embedded in the continuous spectrum and no Fano resonance phenomenon would be observed.



2.7. Playing with Fano resonances 89

reflection. However we have shown in [167] that p +— T°(u) passes through zero. This surprising re-
sult, that echoes the one of §2.6.6, was intuited in [333] using a continuation idea from a symmetric
setting. In [167], we proved it rigorously using a different approach which does not require to start
from a symmetric setting. Let us give the main ingredients of the proof which shares similarities
with the one of §2.6.6.

Theorem 2.7.2 Assume that T° = T'(0,\°) # 0. Then there is ¢9 > 0 such that for all ¢ € (0; <],
there is ;1 € R such that T¢(u) = 0.

Proof. Theorem 2.7.1 provides the estimate
T () =T ()| < Ce (2.56)

ab
ift — (la* + [b?)/2
For any compact set I C R, the constant C' > 0 in (2.56) can be chosen independent of p € I. We
will prove first that the asymptotic term TY(-) always passes through zero. Then, from that and

Estimate (2.56), we will deduce, due to the rigid structure of the scattering matrix, that 7°(-) also
passes through zero.

with T8 (p) =T° +

* First, we study the set {T°%¥(u), p € R}. Classical results concerning the Mobius transform
guarantee that {72 (u), u € R} coincides with €2 \ {T°} where €3V is a circle passing through
TO. Let us show that €% also passes through zero. One finds that 7Y (u) = 0 for some u € R if

and only if there holds
lal? + |b]? ab

An intermediate calculus of [166] implies R @+ T°b = a and T°@ + R® b = b. From this and the
unitarity of S° which imposes R? = —RYT°/T9, we can obtain (2.57). Denote p, the value of y
such that 7% (u,) = 0 and for € > 0, define the interval I¢ = (. — v/&; is + v/€). From (2.56), for
€ > 0 small, we know that the curve {T°(u), u € I°} passes close to zero. Now, using the unitary
structure of S°(u) as in §2.6.6, we show that this curve passes exactly through zero for € small.

* Assume by contradiction that for all € > 0, u — T°(u) does not pass through zero in I.. Since

S¢(p) is unitary, there holds R*(u) T¢(u) + T°(p) R (p) = 0 and so

—R*(u)/Re(n) = T°(u)/T*(u) ~ Vp € I°.

But if g — T%(u) does not pass through zero on I¢, one can verify that the point 7 (u)/T¢(n) =

2218(T° (1) must run rapidly on the unit circle for y € I. as € — 0. On the other hand, R®(u)/Re(u
tends to a constant on I. as ¢ — 0. This way we obtain a contradiction.

~—

Remark 2.7.3 The fact that €Y passes through zero is quite mysterious. Without assumption of
symmetry, we do not have physical reason to explain this miracle.

We illustrate this result in Figure 2.44. First we find that trapped modes exist for ¢ = 0 and
VA0 &~ 1.2395 € (0;7). Then we compute T(e,\) (x) and R(g,\) (¢) for VX € (1.2;1.3) and
e = 0.05. As predicted, we observe that A ~ T(e, \) passes through zero around \°. Finally, we
display the real part of u in Q° for e = 0.05 and VA = 1.2449, a configuration where T'(¢, \) ~ 0.
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L oo

Figure 2.44: Zero transmission in a waveguide via the Fano resonance mechanism.

Finally, let us mention that everything presented here can be adapted in higher dimension, that
is for waveguides in R, d > 3, with a bounded transverse section. Moreover we could also have
studied analogously problems with homogeneous Dirichlet boundary conditions.

2.7.4 Abnormal acoustic transmission in a waveguide with perforated screens

Yy | |
: Q. Rt

Figure 2.45: Side view of the waveguide Q¢ (left) and picture of the left perforated screen (right).

We studied a related topic with S.A. Nazarov in [168]. In this work, we considered the propaga-
tion of the piston mode (the plane wave) in an acoustic waveguide obstructed by two screens with
small holes (see Figure 2.45). In general, due to the features of the geometry, almost no energy
of the incident wave is transmitted through the structure. However, by tuning carefully the dis-
tance between the two screens, which form a resonator, one can get good transmission in energy. If
additionally the geometry is symmetric with respect to the vertical axis, we can reach zero reflection.

Let us mention that similar problems have been considered in [36, 209] but with only one
hole and with Dirichlet boundary conditions. In [209], the authors work with decompositions in
Fourier series which are hard to generalize. In [36], following [352], the authors use techniques
of construction of asymptotic expansions for boundary value problems in singularly perturbed
domains. We also adopt this approach. Unlike the above-mentioned publications, we employ a fine
tuning procedure of the geometric shape which allows us to reveal the zero reflection phenomenon.

In Figure 2.46, we work in a symmetric domain. There is one hole of width ¢ = 107 in the
screens. We display the field u® for two different values of L, namely for a generic one where, as
expected, T is almost zero and for some well-chosen L = L* where R = 0.
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Figure 2.46: Top: Rew® for L = 0.5. Middle: Reu® for L = L*. Bottom: Re (u® —w™) for L = L*.

2.8 Playing with thin resonant ligaments

2.8.1 Cloaking of a given obstacle

Qo Q¢

Figure 2.47: Left: initial setting. Right: geometry with one thin outer resonator.

In Sections 2.4, 2.5, we presented approaches to construct invisible defects using perturbative
techniques. In Section 2.6, we explained how to create symmetric large invisible obstacles. During
the post-doc of J. Heleine, in the article [161] with S.A. Nazarov, we proposed a method to cloak any
given obstacle in an acoustic waveguide in monomode regime without this assumption of symmetry
of the geometry. More precisely, starting from a setting where 7" # 1, we explain in [161] how to
perturb the initial geometry to obtain a new waveguide where T' ~ 1. Let us mention that we do
not work with ad hoc penetrable materials as in transformation optics. Additionally, we do not
add active sources in the system as people do in active cloaking [355, 463, 464, 404, 409, 145, 135].
What we realize is passive cloaking at infinity by perturbing the shape of the waveguide.

To proceed, we work with thin outer resonators, that we also call ligaments, of width ¢ > 0
small compared to the wavelength, as depicted in Figure 2.47 right. These ligaments are interesting
because they are almost 1D objects, which allows us to make explicit their influence on the fields
and so on the scattering coefficients. However in general, i.e. for most lengths, they produce only
perturbations of order € which is not sufficient to compensate for the scattering due to the initial
object. But working around the resonance lengths (see (2.59)) of the resonators, we can get effects
of order one. This is a key aspect in our approach which makes it in particular different from the
technique presented in Section 2.4. Note that thin ligaments around resonance lengths have been
studied for example in [317, 86, 338, 339, 337] in a context close to ours, namely in the analysis of the
scattering of an incident wave by a periodic array of subwavelength slits. The core of our approach
is based on an asymptotic expansion of the scattering solutions with respect to € as ¢ tends to zero.
This allows us to derive formulas for the scattering coefficients with a relatively explicit dependence
on the geometric features. To obtain the expansions, we apply techniques of matched asymptotic
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expansions. For related methods, we refer the reader to [37, 234, 313, 369, 235, 372, 290, 32, 73].
We emphasize that an important feature of our study distinguishing it from the previous references
is that the lengths, and not only the widths, of the resonators depend on €. This way of considering
the problem, used also in the results presented in §2.7.4, is an essential ingredient to reveal the
resonant phenomena. From this perspective, our work shares similarities with [275, 105, 106] (see
also references therein). On the other hand, in the asymptotic procedure we observe that when
€ tends to zero, everything happens as if punctual sources were located at the junction points
between the resonators and the main part of the waveguide. Therefore our approach somehow has
some connections with the works on active cloaking mentioned above.

Let us describe the general strategy. First, as usual in asymptotic analysis for singularly per-
turbed problems, we work with different ansatz depending on the region. More precisely, we
consider the outer expansions

ui(z,y) = ul(z,y) +. .. in Q°

. R 0 ] (2.58)
uS (xz,y) =e v (y) +v°(y) +... in the resonator

where Q0 denotes the initial waveguide without the ligament and u?, v=!, v? denote unknown

functions which are independent of . To begin with, suppose that the ligament has a length £ > 0
independent of . Considering the restriction of Problem (2.1) in ¢ to the thin resonator, when e
tends to zero, we find that v~! must solve the homogeneous 1D problem

2 2, _ (1
Oy +kv=0 in (1;14¢)

(#1p) (1) = dyv(1+£) = 0.

An important message is that the features of (#1p) play a key role in the physical phenomena and
so in the asymptotic analysis. We denote by /s (resonance lengths), the values of ¢, given by

lres = m(m +1/2)/k, m e N, (2.59)

such that (#1p) admits a non zero solution. Note that the non zero functions solving (Z1p)
coincide, up to a multiplicative constant, with sin(k(y — 1)).

Assume first that ¢ # £ so that the only solution of (£p) is zero. Then we set v=! = 0
in (2.58) and when € — 0, we can show that
us (x,y) = utr + o1 in Q9
2(z,y) = ux +o(1) (2.60)

us (x,y) = ux(A) vo(y) + o(1) in the resonator

where u4 stands for the scattering solution corresponding to an incident plane wave coming from
Foo and A = (z4,1) is the attachment point of the ligament. Moreover in (2.60),

vo(y) = cos(k(y — 1)) + tan(kf) sin(k(y — 1))

(observe that we have 851) + k%0 =0 1in (1;1 + ¢) as well as vp(1) = 1 and 9yvo(1 + ¢) = 0). From
this, we deduce that
< =Ry +o(1), T° =T+ o(1),

where R4, T are the scattering coefficients in the geometry without the ligament. In that situ-
ation, we see that the resonator has no influence at order €°, which is not interesting for our purpose.

Assume now that ¢ = f.. In that case, the asymptotic analysis is more involved. At the
end of the (long) procedure, we obtain, when € — 0,

us (2,y) = ui(2,y) + aky(z,y) +o(1) in Q° (261)
u® (z,y) = e tasin(k(y — 1)) + O(1) in the resonator '
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where v denotes the outgoing Green function such that

Ay+k*y = 0 inQ
Oyy = 04 on 0.

Here 4 is the Dirac delta distribution supported at A. Moreover in (2.61), a is such that

uy(A)

k=
¢ T+7r Lln|e|+ C=

where I and Cz are some constants which depend only on the initial geometry Q°. Observe that
in (2.61), the field blows up as O(¢~!) in the resonator, which is directly related to the fact that
there is a complex resonance close to the considered real k. From (2.61), we obtain

RS = Ry +iauq(A)/2 4+ o(1), T° =T +iau_(A)/2+ o(1).

This time the thin resonator has an influence at order €. Let us make a small variant by assuming
that the length of the ligament is equal to ¢¢ = {5 + €, where nn € R is a parameter that we set as
we wish. In that situation the analysis is very similar to the previous case and when £ — 0, we find

ui (2, y) = us(z,y) +a)ky(@,y) +o(1) in QO (2.62)
us (z,y) = e ta(n)sin(k(y — 1)) + O(1) in the resonator '
with )
. U4 A
almk = I+7n llnle|+C=+n
This gives
Ry = () +oll), 5 =T* () +of1) (2.63)
with

RY(n) = Ry +ia(nus(4)/2,  T*(n) =T +ia(n)u—(A4)/2.

Thus, not only the resonator has an influence at order €%, but additionally the latter depends on
the choice made for n. We get something similar to what has been shown in Section 2.7 (see in
particular Figure 2.38): for all n € R, the resonator tends to the 1D segment (1;1 + /), but
depending on the choice of 7, the limit of the corresponding scattering coefficients is not the same.
As a consequence, the scattering coefficients, considered as functions of the two variables (e, ¢), are
not continuous at the point (0, ¢es). Moreover, for g fixed small, varying slightly ¢ around /s,
which corresponds for example to sweep 1 € [—¢, 1/ 2; €0 1/ 2], we obtain a large variation for R,
T¢0 (again see the illustration of Figure 2.38). More precisely, working with the Mobius transform,
one shows that the sets

{RYY(m), neR},  {T*(n), ncR}

where R := RU {+o00} U {—00}, coincide with circles. We deduce that asymptotically, when & — 0,
when perturbing the length of the ligament around /.., the quantities RS, T° run on circles.
Interestingly for our purpose, the features of these circles depend on A, the attachment point of
the ligament.

In view of achieving zero reflection, using the expansions of uy(A) far from the obstacle, we
establish the following statement:

Proposition 2.8.1 Assume that Ry # 0 and T # 0. There are some A = (x4,1) such that there

asy

exists 1 such that R (n) = 0. In that case, when ¢ — 0, we have RS =0+ o(1).
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Remark 2.8.2 Note that we exclude the case Ry = 0 because in this situation we already have zero
reflection in the initial geometry and there is no need for adding a resonator. In the case T =0, i.e.
|Ry| =1 due to conservation of energy, the most challenging situation, our approach does not work.
However, one possibility to get zero reflection is to add first one or several resonators to obtain a
transmission coefficient quite different from zero. And then to add another well-tuned resonator to
kill the reflection. Let us mention that this strategy is also interesting when T is small but non zero
because in this case achieving almost zero reflection with only one resonator is quite unstable.

Remark 2.8.3 It is important to emphasize that compared to what we presented in the previous
sections, we do not reach exactly RS = 0 but simply get R (n) = 0. In other words, there is a
residue due to the error in the expansion. This analysis encourages us to take £ as small as possible.
However when € becomes small, the amplitude of the field in the resonator gets very high and the
tuning procedure of the features of the ligament is very sensitive. Thus one must find a compromise

between small reflection and robustness with respect to perturbations of the geometry.

In Figures 2.48-2.49, we consider the scattering of the right-going plane wave by a sound hard
obstacle (the fish). We have added a well-tuned ligament to obtain almost zero reflection. In Figure
2.49, we observe that by working with a smaller ¢, as expected we can reduce the reflection.

u A
3 0N 2 ) al
Figure 2.48: Real parts of u® (left) and of u® — w™ (right). The length of the resonator is tuned to
get almost zero reflection. Here £ = 0.3.
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Figure 2.49: Same quantities as in Figure 2.48 but with a thinner resonator. Here ¢ = 0.01.

Once almost zero reflection has been obtained, it remains to compensate for the phase shift (recall
that R (n) = 0 only implies |T7 ()] = 1). To proceed, one method consists in coupling the
previous waveguide with what we call a phase-shifter. This is a device where one has zero reflection
and any prescribed phase. We have shown that such phase shifters can be designed by working
with two well-tuned resonant ligaments added to the reference strip R x (0;1). At the end, we
obtain T° =~ 1 with three well-tuned resonant ligaments.

On the other hand, by exploiting again the results of the asymptotic analysis (2.62), (2.63),
we have established that we can get 7° ~ 1 with only two well-tuned ligaments. Let us assess
the degrees of freedom which are involved. We wish to control two complex coefficients, R®, T¢,
and so four real parameters. The relation of conservation of energy imposes one constraint. As a
consequence, there are three real degrees of freedom. In our strategy here, we play with the two
lengths of the resonators and with the distance between them.

In Figures 2.50, 2.51, we cloak two different obstacles/defects by working with two resonant
ligaments. In each case, on the first line we display the field corresponding to the scattering of a
right-going plane wave without the resonators. The setting of Figure 2.51 is particularly challenging
because the initial transmission coefficient is very small. To restore a good transmission, we observe
that we have to excite strongly the resonances. Practically, this is probably a limitation because
we can imagine that dissipation will then become important.
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Figure 2.50: Real parts of u4 (top), u® (middle) and u® — w™ (bottom). The resonators are tuned
to get T¢ ~ 1. Here ¢ = 0.01.
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Figure 2.51: Real parts of u4 (top), (middle) and u® — w* (bottom). The resonators are tuned

to get T¢ ~ 1. Here £ = 0.05.

2.8.2 Energy distributor

These resonant ligaments offer a very effective way of acting on scattering of waves. We have
used them to design other devices that may be of interest for applications and which are not
directly related to invisibility.

First, in the article [169], with S.A. Nazarov, we adapted the approach presented above to
design acoustic energy distributors. More precisely, in [169] we consider a waveguide with three
unbounded channels Iy, Iy, II5. In this setting, Iy plays the role of input/output channel while
I1;, IIy are only output channels (see Figure 2.52). Our goal was to find a geometry where the
energy of an incoming wave is almost completely transmitted and additionally we can control the
ratio of energy transmitted in the two other output channels. A device similar to the one that
we wish to create is the acoustic power divider [319, 15, 395, 223]. The difference is that in our
case, we want to be able to control the ratio of energy transmitted in the two output channels.
Such devices are interesting for applications not only in acoustics but also for example in optics
[423, 233] or in radio electronics [180] (see the literature concerning radio diplexers).
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To construct these particular waveguides, it has been proposed to work with so-called zero-index
materials or similar metamaterials, see for example [223] and the references therein. However, from
our understanding, these materials are still hard to handle in practice.
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Figure 2.52: Geometry of the waveguide (2°.

In [169], we work in homogeneous waveguides Q¢ with thin ligaments of width £ > 0 as illustrated
in Figure 2.52. In QFf, Problem (2.1) admits a solution with the expansion

ek 4 Ree~the . in II,
ut(x,y) = Teky 4 ... in 1Ty
Tseth + ... in IIy,

where R®, 1T, T5 € C and the dots stand for terms which are exponentially decaying at infinity. In
general, due to the geometric features, almost no energy passes through the ligaments and |R®| ~ 1,
T7 = 0, T5 =~ 0 (see the first line of Figure 2.53). Therefore it may seem a bit paradoxical to consider
such domains to achieve complete transmission. However working around the resonance lengths of
the ligaments as in §2.8.1, this can be realized. The strategy is similar to the one of §2.8.1. First we
compute asymptotic expansions of u°, and so of R, TT, T5, as ¢ tends to zero. In these expansions,
the features of the geometry appear quite explicitly. Then we exploit these representations to find
positions and lengths of the ligaments to cancel the first term in the asymptotics of R® and to
control the ratio |75 /T5|. In Figure 2.53 second line, we represent two geometries which have been
tuned to achieve almost zero reflection and to send energy either in the channel 1 or 2.
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Figure 2.53: First line: without particular tuning of the lengths of the ligaments, the energy of the
incoming wave is almost completely backscattered. Second line, left: setting where R* ~ 0, 1} ~
and |T§| ~ 1. Second line, right: setting where R® ~ 0, |T5| ~ 1 and T5 =~ 0.
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2.8.3 Mode converter
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Figure 2.54: Geometry of the waveguide Q° with two thin ligaments.
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In [162], the third opus of the trilogy [161, 169, 162], with J. Heleine and S.A. Nazarov, we
exploit the above ideas to design mode converters which are classical devices in wave physics which
appear for example in optics [276, 144, 301, 343, 406] or in the field of microwaves [418, 251]. We
work with a wavenumber k£ > 0 such that two modes, say modes 1 and 2, can propagate in the
waveguide. When the mode 1 or the mode 2 is incoming in the structure, in general it produces a
reflection on the modes 1, 2 and a transmission on the modes 1, 2. The goal of [162] is to construct
waveguides which exhibit two main features at the given wavenumber. First, we want the reflection
coefficients to be null so that the energy of any incident field is completely transmitted. Secondly,
we wish the energy of the incident mode 1 to be transmitted only on the mode 2 and vice versa to
guarantee the mode conversion.

In order to obtain such devices, techniques of optimization have been considered for example
in [318, 347, 326, 328, 329, 327]. However, again, the functionals involved in the analysis are non
convex and unsatisfactory local minima exist. Moreover, these methods do not allow the user to
control the main features of the shape compared to the approach we propose.

To construct mode converters, we work in waveguides as in Figure 2.54 made of two trun-
cated channels connected by thin ligaments of width € > 0. As in §2.8.2, in general almost no
energy passes through the ligaments (see Figure 2.55) and it might not seem relevant at first sight
to exploit them to get almost complete transmission. However by tuning correctly the positions
and lengths of the ligaments, we explain in [162] how to obtain the desired effect. In Figures
2.56, 2.57, 2.58, we represent examples of geometries which have been tuned to achieve mode con-
version. The two pictures represent the scattering of each of the two right-going propagating modes.

Let us mention that for this application, we need to control four reflection coefficients and
four transmission coefficients. However since the scattering matrix is unitary and symmetric, we
simply have to act on five complex coefficients. But still this problem is more challenging than
the ones of §2.8.1 and §2.8.2. In the approach, the symmetry with respect to the vertical axis
plays an important role. It allows us to decouple the action of the two ligaments. More precisely,
as in §2.6.2, we can decompose the problem into two half-waveguide problems with Dirichlet or
Neumann boundary conditions at the end of the truncated ligaments. Then one ligament is tuned
to be resonant for the first problem while the other is resonant for the second problem.
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Figure 2.55: Real parts of uj (top) and u§ (bottom) for ¢ = 0.01. Here the lengths of the ligaments
are not particularly selected to get mode conversion and we observe mainly a total reflection.
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Figure 2.56: Real parts of uj (top) and u§ (bottom) for ¢ = 0.01. The lengths of the ligaments
have been tuned to get mode conversion.
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Figure 2.57: Real parts of uj (top) and u5 (bottom) for ¢ = 0.1. The lengths of the ligaments have
been tuned to get mode conversion.



100 Chapter 2. Propagation of waves in waveguides

T ™~
06
Ve N 0.4
0.2
. :
-0.2
I F T T
\
06
Yy o \ 0.4

L .

-4 IIIIIII

Figure 2.58: Real parts of uj (top) and u5 (bottom). The lengths of the ligaments have been tuned
to get mode conversion. Note that in these simulations, unlike the ones of Figures 2.56-2.57, the
ligaments are attached to the upper wall.
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2.8.4 Perfect dissipator

L..

z=0
Figure 2.59: Waveguide €2 with a dissipative inclusion.

In [163], again during the post-doctoral position of J. Heleine, with S.A. Nazarov and J. Taski-
nen, we were interested in the propagation of acoustic waves in a (half) waveguide which contains
a bounded penetrable inclusion made of a dissipative material as represented in Figure 2.59. More
precisely, here € is a domain which coincides with the half-strip (0; +00) % (0; 1) outside of a bounded
region. To model the dissipative inclusion, introduce O a non empty open set with smooth bound-
ary such that O C Q and b € €°°(0O) a positive function that we extend by zero in Q\O. Then we
consider the problem

Aul + KX (1 +inb)u” = 0 inQ
ou = 0 on 09,

where 77 > 0 is a scalar parameter. We fix k € ((J — 1)7; Jn) so that J modes wi, ..., wF | (see
(2.2)) can propagate. Generally speaking, for an incident wave propagating in such a structure, a
part of the incoming energy is scattered at infinity while the other part is dissipated in the inclusion.
More precisely, we establish that the scattering matrix S” € C/*” which is symmetric for all > 0,
satisfies

(2.64)

STST + 2k2B7 = I (2.65)
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Here I is the identity matrix of C’*/ while B" = (B;]k)ogj,kg J—1 is the positive definite Hermitian
matrix such that

]B;?k:/obu;?u,’gdx, (2.66)

u? being the solution of (2.64) corresponding to the scattering of the mode w; coming from the right.
From (2.65), we deduce that S" is unitary when n = 0, i.e. without dissipation, but not when n > 0.

The original motivation for this study comes from the design of perfect absorbers also known
as Coherent Perfect Absorbers (CPA) or time-reversed lasers [178, 344, 470]. These are particular
configurations where all the energy of the incident field is dissipated in the inclusion (S” is the
null matrix). Numerical and experimental strategies to construct such perfect absorbers have been
proposed in the physical community, for example in [178, 354, 436, 288, 475] (see also references
therein).

In [163], our goal was to consider the mathematical properties of the corresponding problem.
In this work, first we prove that the scattering solutions are well-defined for Problem (2.64) and
establish identity (2.65). From (2.65), to get a perfect absorber, a natural idea might be to work
with a large value of 7, that is with what one might think to be a very dissipative inclusion.
However we prove that this is a wrong intuition because when 7 tends to +oo, the dissipative
inclusion behaves like a sound soft obstacle. As a consequence, S" converges to a unitary matrix
and not to the zero matrix.

More precisely in [163], we compute an asymptotic expansion of the scattering solutions ug
when 7 tends to zero (this is a rather direct result) and when 7 tends to +oo (this is the first main
result of the paper). We obtain the following two statements:

Proposition 2.8.4 Asn tends to zero, we have the expansion
ST =8 — k2yBOS® + §7.

Here B is the positive definite Hermitian matriz introduced in (2.66) with n = 0 and the remainder
S" is such that ||S"; C7*7|| < en?.

Denote by S* the scattering matrix for the problem where we impose a Dirichlet condition on 00O
and u3° the corresponding scattering solutions.

Proposition 2.8.5 Asn tends to +o0o, we have the expansion

i /4 5
ST = §% — 5y 1/2 BT ES™ +§7, (2.67)

where E is the positive definite Hermitian matriz such that
E; = / b2 9, By ds
00
and the remainder S" is such that ||S7;C7*7|| < en=3/4.
Remark 2.8.6 In the energy identity STST 4 2k2nB" = 1 (see (2.65)), one may think at first
glance that the term k?nB" becomes large when 1 goes to +o0co. However this is not true because

we can show that we have ||B"; C'*7|| < en=3/2. Note that this estimate is in agreement with the
expansion (2.67).



102 Chapter 2. Propagation of waves in waveguides

Let us mention that when n goes to o0, the field tends to zero inside the inclusion and becomes
localized at its boundary. In other words, a boundary layer phenomenon appears, this is the
so-called skin-effect. In order to capture it, it is necessary to work with an adapted structure
for the asymptotic expansion. Such problems have already been studied in the literature (see
[469, 367, 55]) and here we adapt existing techniques to our case. Very close to our topic, let us
mention the article [255] (see also the related works [256, 257, 39]). There the authors consider a
problem similar to ours but set in a bounded domain with an impedance boundary condition which
can be seen as a low order approximation of the Sommerfeld radiation condition in free space. They
propose and justify asymptotic models for highly dissipative inclusions. Their justifications mainly
rely on proofs by contradiction. We proceeded a bit differently by giving a direct demonstration of
the essential stability estimate necessary to establish Proposition 2.8.5.

In monomode regime, i.e. when k € (0;7) so that J = 1 and only the modes
wi(m,y) — e:l:ika:

can propagate, the scattering matrix reduces to a scalar reflection coefficient that we still denote

by S"” € C. In this case, identity (2.65) writes

IS7|2 + 2k2n/ blu?dr =1 (2.68)
@

where 4" is the solution of (2.64) admitting the expansion
ul =w + ST 4@, (2.69)

u" being exponentially decaying at infinity. Relation (2.68) imposes that [S7| € [0;1) for n > 0.
Moreover Propositions 2.8.4 and 2.8.5 guarantee that

lim |S7| = lim [S7|=1.
n—0~t n——+00

Thus, the continuous function 7 — |S”| has a global minimum at some 7, € (0;4+00). If S™ = 0,
the device acts as a perfect absorber of the piston mode. However in general this minimum is not
ZEro.

The second main outcome of [163] is the justification of a method based on the perturbation
of the geometry of the waveguide to create 2D perfect absorbers in monomode regime, i.e. to
obtain S” ~ 0 in (2.68). More precisely, we show that for any given 2, O and n > 0, we can add
a well designed (resonant) ligament so that in the new geometry S”7 ~ 0. The key idea of the
approach is to glue 2 to a well-designed waveguide for which the reflection coefficient coincides
with S7. In the procedure, we exploit again the results of asymptotic analysis described in §2.8.1.

We end this part by illustrating some of the results above. In Figure 2.60, we display the
field u" for different values of 1 in a geometric setting where only one mode can propagate (J = 1).
We also present the solution ©™ of the problem with a Dirichlet boundary condition on the obstacle.
In accordance with the results leading to Proposition 2.8.5, we see that u" converges to u®° as n
tends to +o0o. Interestingly, we observe that this result seems to hold true also in the situation
where O is a rectangle (see the right column) though this case does not enter our analysis (in our
work O has to be smooth).

In Figure 2.61, we display the eigenvalues of S7 in the complex plane for different values of
7n. Here the spectral parameter A has been chosen such that five modes can propagate (S" is of size
5 x 5). For n = 0, in this simple geometry we have S’ = I so that the five eigenvalues are equal to
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one. For n > 0, we observe that the modulus of the eigenvalues of S7 is smaller than one. This was
expected because for n > 0, S7 is no longer unitary, and more precisely this is in agreement with
identity (2.65). Finally, we see that when 7 tends to +o0o, the eigenvalues of S” converge to values
on the unit circle. Again, this corroborates the result of Proposition 2.8.5 which guarantees that
S" tends to a unitary matrix.

Finally in Figure 2.62, we present two examples of situations (2 and O are the same but 7
is different) where we have added a resonant ligament whose position and length have been tuned
to get almost zero reflection, so that all the energy is dissipated in the inclusion.

Figure 2.60: Line 1-4: real part of u" (see (2.69)) for, respectively, n = 0, 10,1000, 10'°. Last line:
real part of u™ (solution of the problem with a Dirichlet boundary condition on the obstacle). The
penetrable inclusion O is the disk which appears on the last line.

o

Figure 2.61: Eigenvalues of S” in the complex plane for n = 1071° 107! 5, 1010 (from left to
right). Here the spectral parameter k = 4.87 € (4;57) has been chosen such that five modes can
propagate (S7 is of size 5 x 5). The black circle represents the unit circle.
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Figure 2.62: Reu" (first line) and Re (u” — w™) (second line) in two situations where R"7 ~ 0 (the
position and the length of the ligament have been precisely tuned to get this property). We take
1 = 10 for the left pictures and n = 1000 for the right pictures. The dissipative inclusion is the disk
which appears in green on the top right simulation.

2.8.5 Concluding remarks

Let us make a few remarks to conclude this section.

i) What was done in 2D here could be adapted in 3D. The asymptotic expansion would be different,
in particular because the Green functions for the Laplace operator in 2D and in 3D have different
singularities, but the methodology would be the same (see [380, 379] for related works).

i1) On the contrary, the approaches proposed above are very specific to Neumann Boundary Con-
ditions (BCs) and cannot be adapted for Dirichlet BCs. Indeed, with Dirichlet BCs almost nothing
enters into the thin ligaments. Therefore, with Dirichlet BCs, it is necessary to use other resonators
with a non empty interior at the limit ¢ — 0.

ii1) The question of working at higher wavenumber, so that several modes can propagate, remains
largely open. In this case, one has to control more scattering coefficients. A natural idea is to in-
crease the number of thin resonators to get more means of action. In this situation, the asymptotic
analysis can be adapted quite directly from what has been done above. But then we are led to work
on algebraic systems which seem at first glance hard to handle. In particular, coupling effects do
not facilitate the analysis.

iv) The strategies proposed above allow one to control the first term in the asymptotics of the
scattering coefficients as € tends to zero. For example, for cloaking, we achieve 7° =14 o(1) as ¢
tends to zero. A natural question for this application, at least from a theoretical point of view, is
“can we get T° = 1 exactly?”. This may be doable by adapting some arguments presented in Section
2.4 (see [73]). Let us try to summarize the idea. By adding three non resonant thin ligaments, we
could be able to cancel the term at order € to obtain T¢ = 1+ O(e?). To get T¢ = 1, we need to kill
all the terms in the asymptotic and this is not simple because at order p > 2, the dependence on
the geometric parameters of the thin ligaments becomes nonlinear. But we showed in Section 2.4
that one can perturb the length of the thin ligaments, with a perturbation determined by solving
a fixed point problem, which permits to tackle the problem of the non linearity, to achieve T¢ = 1.
The context of the present paragraph however is a bit different from the one of Section 2.4 and the
complete justification of the scheme must be studied carefully. Results of Section 2.5 to prove the
invertibility of some differentials involved in the process may be useful.

v) The question of mimicking (see [135] in the context of thermal cloaking) the scattering properties
at infinity, that is, to perturb the geometry so that the scattering coefficients become approximately
equal to those of a given obstacle, may be studied with the tools presented above.

vi) Assume that a thin resonator has been tuned to be resonant at a certain wavenumber k; € (0; 7).
Now if we work at ko # k1, in general the thin resonator will only perturb the field u®, and so the
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scattering coefficients, by a term of order €. This is interesting because it allows us to decouple
the action of the thin resonators at order 1. As a consequence, for example by working with 2p
thin resonators, we can approximately cloak any obstacle at the discrete collection of wavenum-
bers {ki,ka,...,k,} C (0;m)P. Of course imposing invisibility for a continuum of wavenumbers is
another question, which may be impossible to solve, see the related works [451, 402, 362, 139, 403].

2.9 A spectral problem characterizing zero reflection

R N
w Wt @

Figure 2.63: Schematic picture of a reflectionless mode. The propagating wave (blue) is not reflected.
The backscattered field is purely evanescent (green).

In the works concerning invisibility that we have presented up to now, the wavenumber k£ > 0
was given and we were trying to find geometries where one has zero reflection or perfect transmis-
sion. In the article [74], with A.-S. Bonnet-Ben Dhia and V. Pagneux, we adopt a different point
of view. We assume that the geometry is fixed and we look for k such that there is an incident
field for which energy is completely transmitted through the waveguide. More precisely, inspired
by the results obtained in [272] on a 1D P7-symmetric problem, we show that such reflectionless
modes can be characterized as eigenfunctions of an original non-selfadjoint spectral problem. Our
approach is based on the following basic observation: if for an incident wave, the backscattered
field is evanescent, then the total field is ingoing in the input lead and outgoing in the output lead
(see Figure 2.63). To select ingoing waves on one side of the obstacle and outgoing waves on the
other side, we use complex scalings (or Perfectly Matched Layers) with imaginary parts of different
signs. We prove that the real eigenvalues of the obtained spectrum correspond either to trapped
modes [461, 224, 225, 207, 340, 375] (also called Bound States in the Continuum, BSCs or BICs,
in quantum mechanics [438, 359, 239, 278]) or to reflectionless modes. When the geometry has
certain symmetries, the new spectral problem enters the class of PT-symmetric problems (P7T for
Parity-Time, see Proposition 2.9.5 below).

In waveguides, complex resonances, for which corresponding “generalized” eigenfunctions are
known as leaky modes or quasi normal modes, play an important role and have been intensively
studied (see e.g. [4, 33, 448, 358, 18, 450, 481, 482, 360]). As we have seen in §2.7.2, for example
they are responsible for rapid variations of the scattering coefficients when they are located close
to the real axis. We emphasize that real eigenvalues and complex resonances are intrinsic and
universal objects that can be computed using different approaches. Among them, let us mention
methods based on complex scaling or Perfectly Matched Layers (PMLs) [50] or techniques relying
on Hardy space infinite elements [273, 274]. However complex resonances fail to provide useful
information on recurrent questions such as “how large is the backscattered energy?” or “is there
good transmission in the system?”. The new complex spectrum we define allows us to quantify
these aspects.

To make its description and the presentation of our method to compute it as simple as possi-
ble, we stick to a 2D problem in a waveguide with Neumann boundary conditions. We assume
that this waveguide contains a penetrable obstacle (Figure 2.64). Everything presented here can
be generalized to other types of obstacles, to other kinds of boundary conditions (Dirichlet, ...), to
higher dimension (3D) and to more complex geometries (one input lead/several output leads).
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2.9.1 Setting

Figure 2.64: Symmetric (a) and non-symmetric (b) obstacles considered in the numerics below.

The waveguide coincides with the region Q := {(z,y) € R?|0 < y < 1} and we consider the problem

Au+E~yu = 0 inQ

(2.70)
Oyu = 0 ony=0andy=1.

We assume that 7 is a positive and bounded function such that v = 1 for |z| > L where L > 0
is given. In other words, the obstacle is located in the region Q, = {(z,y) € Q||z| < L}. Pick
ke (Nm; (N +1)r), with N € N:= {0,1,...}. We use the same notation as in (2.2). Simply we
renormalize the modes and set

eiiﬁnx

+ B ©n(y) o 1 ifn=0
wy (2, y) = W, Bn = Vk? —n?m2, en(y) = V2 cos(nmy) for n > 0. (2.71)

For n = 0,...,N, the wave w;" propagates along the (Ox) axis from Foo to 00. On the other
hand, for n > N, w; is exponentially growing at Foo and exponentially decaying at doc. For
n =0,...,N, we consider the scattering of the wave w, by the obstacle located in Q. Problem
(2.70) admits a solution u,, = w;’ + u$ with the outgoing scattered field u$ written as

+00 +oo
uy, = Z SppWy  forz < —L, uy, = Z squw; for z > L, (2.72)
p=0 p=0

with (sﬁp) € CN. The solution u, is uniquely defined if and only if Trapped Modes (TMs) do

not exist at the wavenumber k. We remind the reader that trapped modes are non zero functions
u € L2(Q) satisfying (2.70). We denote by .# the set of k% such that TMs exist at the wavenumber
k. On the other hand, the scattering coefficients sﬁfp in (2.72) are always uniquely defined, including
for k2 € #;. In the following, we will be particularly interested in the features of the reflection
matrix (whose size, determined by the number of propagating modes, depends on k)

R(k) = (spp)o<np<ny € CNTHNHL (2.73)
Definition 2.9.1 The wavenumber k € (0;+00) \ {N7} is said reflectionless if ker R(k) # {0}.

Let us explain this definition. In general, by linearity, for a right-going incident field
N
uizzi:aﬂw:a (WDQLOG(CN+17 (274)
n=0
Problem (2.70) admits a solution u such that v = u; + us with
+0oo N
us = Zbiw;t for +z>1L and b;t = Z ansﬁp e C. (2.75)
p=0 n=0

The above definition says that, if k is reflectionless, then there are (a,)Y_, € CVN*1\ {0} such that
the b, in (2.75) satisfy b, =0,p=0,...,N. In other words, the scattered field is exponentially
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decaying for x < —L. Finally notice that the corresponding total field © = u; + us decomposes as

N
U:Zanwz—i—ﬂ for x < —L

" (2.76)
w=Y tow! +a@ forz>1L

n=0

where t,, = a,, + b;} and where @ decays exponentially for +z > L. In other words, the total field
is ingoing for x < —L and outgoing for x > L.

In the following, we call Reflectionless Modes (RMs) the functions u satisfying (2.70) and admitting
expansion (2.76). We denote by #; the set of k% such that the wavenumber k is reflectionless. Our
objective is to explain how to determine directly the set % and the corresponding RMs by solving
a linear eigenvalue problem, instead of computing the reflection matrix for all values of k.

2.9.2 Classical complex scaling

As a first step, we remind briefly how to use a complex scaling to compute trapped modes.
Define the unbounded operator A of L?(2) such that

Au=——Au
Y
with domain
D(A) = {u € H(Q) | Au € L*(Q) and dyu = 0 on 9Q}.

It is known that the Neumann Laplacian A is a selfadjoint operator when L?(Q) is endowed with the
inner product (7 -, ~)L2(Q). The spectrum of A, denoted o(A), coincides with [0; +00). More precisely,
we have ess(A) = [0; +00) where gess(A) denotes the essential spectrum of A. By definition, oegs(A)
corresponds to the set of A\ € C for which there exists a so-called singular sequence (u(™), that is
an orthonormal sequence (u(™) € L2(Q)N such that ((A—\)u(™) converges to 0 in L2(£2). Besides,
o(A) may contain eigenvalues (at most a sequence accumulating at +o00) corresponding to TMs. In
order to reveal these eigenvalues which are embedded in oess(A), one can use a complex change of
variables. For 0 < 6 < 7/2, set ) = €'’ and define the function Zy : R — C such that

—L+(x+L)n forz<-L
Ty(x)=| x for |z| < L (2.77)
+L+ (z—L)n forxz> L.

For the sake of simplicity, we will use abusively the same notation Zy for the following map: {Q —
C x (0;1), (x,y) = (Zo(x),y)}. Note that with this definition, the left inverse Z, ' of Zy, acting
from Zy(Q) to ©, is equal to Z_g. One can easily check that for all n > 0, w;" o Zy is exponentially
decaying for x > L, while w,, o Zy is exponentially decaying for x < —L. Note that here we have
extended the definition of the modes w (see (2.71)) to complex x. As a consequence, defining from
expansion (2.75) the function vy = us o Ty, one has vy = u; for |z| < L and vg € L2(Q) (which is in
general not true for us). Moreover vy satisfies the following equation in Q:

+ k2 yvg = k2(1 — ), (2.78)

0 Ovg D%y
05e (00 )+
with ag(z) = 1 for |z| < L and ay(z) = n~! =7 for £2 > L. In particular, for a TM, vy solves
(2.78) with u; = 0. This leads us to consider the unbounded operator Ay of L2(2) such that

1 0 Ovg 0%vg
Agvg = —— o 2.
0y S (049 5 (049 o ) + 12 (2.79)
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with domain
D(Ag) = {v € H(Q)] Agv € L*(Q) and d,v = 0 on 9Q}.

Since oy is complex valued, the operator Ay is not selfadjoint. For non-selfadjoint operators, several
definitions exist for the essential spectrum which are in general not equivalent (see more details in
[218]). We shall say that A\ belongs to gess(Ag) if Ag — AId is not a Fredholm operator. We recall
below the main spectral properties of Ay [449]:

Theorem 2.9.2 i) There holds

Oess(Ag) = U {n?n? + te 20}, (2.80)
neN, >0

i) The spectrum of Ay satisfies o(Ag) C %, with
Ky ={z € C| —20 <arg(z) <0}.

i11) o(Ag) \ 0ess(Ap) is discrete and contains only eigenvalues of finite multiplicity.

iv) Assume that k* € 0(Ag) \ 0ess(Ag). Then k? is real if and only if k* € . Moreover if vg is
an eigenfunction associated to k? such that Smk? < 0, then vg o I_g is a solution of the original
problem (2.70) whose amplitude is exponentially growing at +o0o or at —oo.

The interesting point is that now TMs correspond to isolated eigenvalues of Ay, and as such, they
can be computed numerically as illustrated below. Note that the elements k2 of o(Ag) \ Oess(Ag)
such that Sm k? < 0, if they exist, correspond to complex resonances (quasi normal modes). Let us
point out that the complex scaling is just a technique to reveal them. Indeed complex resonances
are intrinsic objects defined as the poles of the meromorphic extension from {z € C|3Jm z > 0} to
{2 € C|Sm 2z < 0} of the operator valued map z + (A + 27)~! considered in adapted weighted
spaces. For more details, we refer the reader to [18].

2.9.3 Conjugated complex scaling

Now, we show that replacing the classical complex scaling by an unusual conjugated complex
scaling, and proceeding as in the previous section, we can define a new complex spectrum which
contains the reflectionless values k% € #; we are interested in. We define the map Jp : Q — Cx (0;1)
using the following complex change of variables

—L+(x+ L) forz<-L
Jo(z) =|x for |x| < L (2.81)
+L+(zx—L)n forz>1L,

with again 7 = ¢ (0 < # < 7/2). Note the important difference in the definitions of Jy and Zy for
x < —L: n has been replaced by the conjugated parameter 7 to select the ingoing modes instead
of the outgoing ones in accordance with (2.76). Now, if u is a RM associated to k? € .#; (again
we extend the definition of the modes wrf to complex z), setting wg = u o Jy, one has wy = u
for |z| < L and wy € L2(2) (which is not the case for u). The function wy satisfies the following
equation in §2:

+ k2ywp = 0 (2.82)

Owy 9wy
(52 )+ B2
with Bg(x) =1 for |z| < L, Bp(x) = n for x < —L and By(z) =7 for x > L. This leads us to define
the unbounded operator By of L2(Q) such that

1 0 Owy D%wy
Bowyg = —— | o= (Bo—=— 2.
owe 5 (ﬁe o (56 g ) + 912 ) (2.83)

0
5967

X




2.9. A spectral problem characterizing zero reflection 109

with domain

D(Bg) = {w € H(Q) | Byw € L*(Q) and d,w = 0 on 9Q}.

As Ay, the operator By is not selfadjoint. Its spectral properties are summarized in the following
theorem.

Theorem 2.9.3 i) There holds

oess(Bo) = | {n?m? +te ", nPn? 4+ te T2} (2.84)
neN, t>0

it) The spectrum of By satisfies o(By) C Xy with
Ky ={z€C| —20 <arg(z) < 20}. (2.85)

iii) Assume that k? € 0(Bp) \ 0ess(By). Then k? is real if and only if k* € ;U #;. Moreover if wy
is an eigenfunction associated to k* such that £3mk? < 0, then wg o J_g is a solution of (2.70)
whose amplitude is exponentially growing at +0o0 and exponentially decaying at Foo.

The important result is that isolated real eigenvalues of By correspond precisely to TMs and RMs.
The following proposition provides a criterion to determine whether an eigenfunction associated to
a real eigenvalue of By is a TM or a RM.

Proposition 2.9.4 Assume that (k*,wg) € RxL2(2) is an eigenpair of By such thatk € (Nm; (N+
1)m), N € N. Set

p(wy) = iv: | /1 wo (=L, y)en(y) dyr (2.86)
n=0 0

where @, is defined in (2.71). If p(wy) = 0 then wgo J_g is a TM (k* € ;). If p(wy) > 0 then
wpo J_g is a RM (k* € J). In this case, the incident field u; defined in (2.74) with

1
an:/ w@(_L,y)(Pn(y)dy, TLZO,...,N,
0

yields a scattered field which decays exponentially for x < —L.

The following proposition ensures that By satisfies the celebrated PT-symmetry property when the
obstacle is symmetric with respect to the (Oy) axis. This guarantees in particular the stability of
simple real eigenvalues, with respect to perturbations of the obstacle satisfying the same symmetry
constraint.

Proposition 2.9.5 Assume that v satisfies v(z,y) = vy(—z,y) for all (x,y) € Q. Define the
operators P, T such that Po(z,y) = ¢(—x,y), Te(z,y) = o(z,y) for o € L2(Q). Then one has

PT By = BgPT,

i.e. By is PT-symmetric. This implies 0(Bg) = o(By) (if X is an eigenvalue of By, X as well).

The proof is direct by observing that the Sy defined after (2.82) satisfies Sp(—z,y) = Bo(z,y).

Finally let us mention a specific difficulty which appears in the spectral analysis of Bg. While
Theorem 2.9.2 guarantees that o(Ap) \ dess(Ap) is discrete, we do not write such a statement for
the operator By in Theorem 2.9.3. A major difference between both operators is that C \ oess(Ag)
is connected whereas C \ oess(Byg) has a countably infinite number of connected components. As a
consequence, to prove that o(By) \ gess(By) is discrete using the analytic Fredholm theorem, it is
necessary to find one A such that By — X is invertible in each of the components of C \ ess(Bg). In
general, in the presence of an obstacle, such a A probably exists (proofs for certain classes of v can
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be obtained working as in [72]). But for this problem, we can have surprising perturbation results.
Thus, if there is no obstacle (y =1 in ), then there holds o(By) = %y (see (2.85)): all connected
components of C \ oess(Bp), except the one containing the complex half-plane Re A < 0, are filled
with eigenvalues. To show this result, observe that for k? € o(Bp) \ 0ess(By), the function u o Jp,
with u(z,y) = e™*® is a non-zero element of ker By. Notice that this pathological property is also
true when  contains a family of sound hard cracks (homogeneous Neumann boundary condition)
parallel to the (Ox) axis (see the illustration of Figure 2.65).

- - Sm k?

Re k2

Figure 2.65: Left: waveguide with horizontal cracks. Right: the spectrum of the corresponding By
fills the whole sector delimited by cess(Bg). Here the blue lines represent oess(By).

2.9.4 Numerical experiments
Classical complex scaling: classical complex resonance modes

We first compute the spectrum of the operator Ay defined in (2.79) with a classical complex scaling
(complex resonance spectrum). For the numerical experiments, we truncate the computational
domain at some distance of the obstacle and use finite elements. This corresponds to the so-called
Perfectly Matched Layers (PMLs) method. We refer the reader to [292] for the numerical analysis of
the error due to truncation of the waveguide and discretization. The setting is as follows. We take
such that v = 5in € = (—1;1)x(0.25;0.75) and v = 1 in Q\ & (see Figure 2.64 (a)). In the definition
of the maps Ty, o (see (2.77), (2.78)), we take # = 7/4 (so that = ¢”™/*) and L = 1. In practice,
we use a P2 finite element method in the bounded domain Q15 := {(z,y) € Q| — 12 < x < 12} with
Dirichlet boundary condition at z = £12 (a Neumann condition would work as well). This leads
us to solve the spectral problem

Find (A, u”) € C x Vj, \ {0} such that for all v € Vy,

/ apdul o + ozglayuhayvh dxdy = )\/ 'yagluhvh dxdy,
Q2 Q12

(2.87)

where,
Vy = {v € H'(Qy2) such that v|, € Po(7) for all 7 € T and v = 0 at & = :|:12} . (2.88)

Note that to obtain (2.87), we exploited that cy depends only on x. In Figure 2.66 and below,
we display the square root of the spectrum (k instead of k?). The vertical marks on the real axis
correspond to the thresholds (0, 7, 27, ...). In accordance with Theorem 2.9.2, we observe that
Vo (Ap) is located in the region \/% ={z € C| — 0 < arg(z) < 0}. Moreover, the discretization
of the essential spectrum oegss(Ag) defined in (2.80) and forming branches starting at the threshold

points appears clearly. Note that a simple calculation shows that \/ {n2n2 +te=29 t >0} is a
half-line for n = 0 and a piece of hyperbola for n > 1. This is precisely what we get. Eigenvalues
located on the real axis correspond to trapped modes (k? € .#). In the chosen setting, which is
symmetric with respect to the axis R x {0.5}, one can prove that trapped modes exist [225]. On the
other hand, the eigenvalues in the complex plane which are not the discretization of the essential
spectrum correspond to complex resonances.



2.9. A spectral problem characterizing zero reflection 111

1 0.1

0.08
f 0.06 [
0.04
0.02

0

-0.02 -
-0.04

Il
L
I
-0.06 fi
°
-0.08 [}

0.1 I I I I I I I
0 1 2 3 4 5 6 7 8

- e-0- -0 00—

Figure 2.66: Classical complex resonances in the complex k plane corresponding to the spectrum
of Ap for a symmetric obstacle (Figure 2.64 (a)). The trapped modes are in red, the dashed lines
represent the essential spectrum of Ay (see (2.80)). The picture on the right is a zoom-in of that
on the left.

Conjugated complex scaling: reflectionless modes

Now we compute the spectrum of the operator By defined in (2.83) with a conjugated complex
scaling. To proceed, we solve the variational spectral problem

Find (), u") € C x V}, \ {0} such that for all v € Vy,

Bodpul 0" + Bglﬁyuhayvh drdy = A yﬂgluhvh dxdy,
ng Q12
with the same Vj, as in (2.88). Note that compared to (2.87), ag has been replaced by By (both

functions are piecewise constant). First, we use exactly the same symmetric setting (see Figure
2.64 (a)) as in the previous paragraph.
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Figure 2.67: Reflectionless eigenvalues in the complex k plane corresponding to the spectrum of By
for a symmetric obstacle (Figure 2.64 (a)). The trapped modes in red are the same as in Figure
2.66. The reflectionless modes are in green and the dashed lines represent the essential spectrum of
By (see (2.84)). The picture on the right is a zoom-in of that on the left.

In Figure 2.67, we display the square root of the spectrum +/o(Bp). Since ~ satisfies
v(x,y) = v(—=x,y), according to Proposition 2.9.5 we know that By is PT-symmetric and that



112 Chapter 2. Propagation of waves in waveguides

therefore its spectrum is stable by conjugation (o(Bg) = o(Bp)). This is indeed what we obtain.
Note that the mesh has been constructed so that P7T-symmetry is preserved at the discrete level.
PT-symmetry is an interesting property in our case because it guarantees that eigenvalues located
close to the real axis which are isolated (no other eigenvalue in a vicinity) are real. Therefore,
according to Theorem 2.9.3, they correspond to trapped modes or to reflectionless modes. Remark
that, for the same geometry, the spectrum of By (Figure 2.67) contains more elements on the real
axis than the spectrum of Ay (Figure 2.66): the additional elements (green points in Figure 2.67)
correspond to reflectionless modes.

In Figure 2.68 top, we represent the real part of eigenfunctions associated with seven real eigenval-
ues of By. To obtain these pictures, we take L = 4 in the definition of Jy in (2.81) and we display
only the restrictions of the eigenfunctions to Qr = {(z,y) € Q| — L < x < L}. We recognize two
trapped modes (images 3 and 5). The other modes are reflectionless modes. In the bottom of Figure
2.68, we provide the value of the indicator function p defined in (2.86) for the seven eigenmodes. We
have to mention that eigenmodes are normalized so that their L? norm is equal to one. The indica-
tor function p offers a clear criterion to distinguish between trapped modes and reflectionless modes.
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Figure 2.68: Top: real part of eigenmodes associated with real eigenvalues of By from Figure 2.67.
Bottom: value of k and of the indicator function p for each of these 7 eigenmodes. The 3rd and the
5th eigenmodes are trapped modes, the five others are reflectionless modes.

In order to inspect the scattering coefficient, we remark that for reflectionless modes associated
with wavenumbers k smaller than 7, the incident field u; in (2.74) decomposes only on the piston
mode wg (z,y) = €**/v/2k (monomode regime). In this case the reflection matrix R(k) in (2.73)
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is nothing but the usual reflection coefficient. In Figure 2.69, we thus display the modulus of this
coefficient R(k) with respect to k& € (0.1;3.1). As expected, we observe that R vanishes for the
values of k£ obtained in Figure 2.68 solving the spectral problem for By. Of course obtaining the
curve k — |R(k)| is relatively costly and it is precisely what we want to avoid by computing the
reflectionless k as eigenvalues. Here it is simply a way to check our results.
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Figure 2.69: Curve k — |R(k)| (modulus of the reflection coefficient) for k£ € (0.1;3.1). The green
and red dots represent respectively the reflectionless modes and the trapped modes computed in
Figure 2.67. We indeed observe that R(k) vanishes for reflectionless k.

In Figure 2.70, we represent the modulus of reflectionless mode eigenfunctions of By associated
with one real eigenvalue and two complex conjugated eigenvalues. We observe, and this is true
in general, a symmetry with respect to the (Oy) axis for modes corresponding to real eigenvalues
which disappears for complex ones. This is the so-called broken symmetry phenomenon which is
well-known for P7-symmetric operators (see e.g. the review [47]).

Figure 2.70: Modulus of eigenfunctions of By associated to the eigenvalues k ~ 5.31 (top), k =~
5.29 — 0.13i (middle) and k& ~ 5.29 + 0.13i (bottom) obtained in Figure 2.67. The symmetry
x — —x for real k (due to PT-symmetry) disappears for complex k.

Finally in Figure 2.71, we display the square root of the spectrum of By for a coefficient v which is
not symmetric in z nor in y. More precisely, we take v such that v =5 in ¢ = (—1;0] x (0.25;0.5) U
[0;1) x (0.25;0.75) and v = 1 in Q \ @ (see Figure 2.64 (b)). We observe that the spectrum is
no longer stable by conjugation (o(By) # o(By)) since the operator By is not P7T-symmetric, and
there is no “help” for the eigenvalues to be real. However, a closer look shows the presence of
eigenvalues close to the real axis, in particular for £k =~ 1.04 0.13¢, k ~ 1.9+ 0.005¢, k ~ 2.5 4 0.021,
k ~ 2.8 4+ 0.08; and k ~ 3.0 — 0.008i. In Figure 2.72, we represent k — |R(k)| for k € (0.1;3.1),

that is when there is only one propagating mode in the leads. It is interesting to note that the
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above computed complex reflectionless modes (located close to the real axis) have an influence on
this curve. More precisely, k¥ — |R(k)| attains minima for k£ € (0.1;3.1) close to the real part of
these complex reflectionless modes. Therefore complex reflectionless modes also have significance
for scattering at real frequencies.
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Figure 2.71: Spectrum of By in the complex k plane for a non symmetric obstacle (Figure 2.64 (b)).
The dashed lines represent the essential spectrum of By (see (2.84)). The spectrum is not stable by
conjugation. The picture on the right is a zoom-in of that on the left.
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Figure 2.72: Curve k — |R(k)| (modulus of the reflection coefficient) for k£ € (0.1;3.1) and a non
symmetric obstacle. The blue dots and the vertical dashed lines correspond to the real parts of the
eigenvalues of By located close to the real axis computed in Figure 2.71. We observe that |R(k)| is
minimal for these particular k.

2.9.5 Concluding remarks

It is often desirable to determine frequencies for which a wave can be completely transmitted
through a structure, a task usually leading to the tedious work of evaluating the scattering coef-
ficients for each frequency. The study of [74] shows that reflectionless frequencies can be directly
computed as the eigenvalues of a non-selfadjoint operator By (see (2.83)) with conjugated complex
scalings enforcing ingoing behavior in the incident lead and outgoing behavior in the other lead.
The reflectionless spectrum of this operator By provides a complementary information to the one
contained in the classical complex resonance spectrum associated with leaky modes which decom-
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pose only on outgoing waves (see the operator Ay in (2.79)). Note that eigenvalues corresponding
to trapped modes belong to both the reflectionless spectrum and to the classical complex resonance
spectrum because trapped modes do not excite propagating waves. Let us make a few additional
comments and highlight future directions as well as open questions.

in/out/\in/out

Figure 2.73: For this waveguide, one can impose ingoing or outgoing behaviors in each of the N = 3
leads so that there are 23 — 2 = 6 reflectionless spectra.

i) In this work, we investigated scattering problems in waveguides with N = 2 leads for which two
reflectionless spectra exist: one associated with right-going incident waves and another correspond-
ing to left-going incident waves. The more general case with N (N > 2) leads can be considered
as well (see Figure 2.73). Among the total of 2V different spectra with an ingoing or an outgoing
complex scaling in each lead, two spectra correspond to eigenmodes which decompose on waves
which are all outgoing or all ingoing. As a consequence, there are 2%V — 2 reflectionless spectra.

i) We have seen that the non-selfadjoint operator By is PT-symmetric when the structure has
mirror symmetry. Interestingly, a direct calculus shows that in the very simple case of a 1D
transmission problem through a slab of constant index, reflectionless frequencies are all real. This
gives an example of a non-selfadjoint P7T-symmetric operator with only real eigenvalues.

ii1) Above we computed reflectionless modes in waveguides containing penetrable obstacles. We
can work completely similarly with perturbations of the geometry. In Figure 2.74, we give two
examples of reflectionless modes in such structures. Note that in each case, By is P7T-symmetric
due to symmetry of the geometry.

There are many open questions with this work. Here are just a few of them (see also Section 2.12).

iv) First, it would be nice to obtain criteria on the index material/geometry ensuring that the
spectrum of By is discrete outside of oess(By). In 1D, we have been able to prove rather general
results. In higher dimension this is quite open.

v) On the other hand, could we show that By has always real eigenvalues corresponding to reflec-
tionless modes, at least for PT-symmetric problems?

vi) The question of the approximation of the spectrum of By is a field of research in itself, the
reason being that By is a non selfadjoint operator. Indeed, the theory of perturbations of non
selfadjoint operators is not well developed and many phenomena can occur. Here it is easy to see
in the situation where the waveguide contains only (Neumann) horizontal cracks. In that case
we explained before Figure 2.65 that o(By) fills a whole sector. However when we truncate the
domain at some distance L, we can show that the corresponding spectrum is discrete. This seems
particularly pathological. But even when o(By) \ 0ess(Bp) is discrete, proving that the spectrum
of the problem in the truncated waveguide converges to the one of By when L tends to +oo is a
challenging task. Additionally, it would be interesting to prove that spurious eigenvalues, which
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Figure 2.74: Examples of reflectionless modes in waveguides with sound hard walls (Neumann).

would converge to some non physical values, do not exist. In practice, we not only truncate the
domain but also approximate the problem by working in finite dimension with finite elements.
This is also an approximation which has to be studied. In this context, it seems that the notion
of pseudo-spectrum, see e.g. [459], which has been developed to understand the properties of
non normal operators, may provide useful information. This is a direction that we are currently
investigating.

We end this chapter concerning wave propagation in waveguides by two studies which are not
related to invisibility questions.

2.10 Wave propagation in unbounded strips for thin plate models

In the article [101], with L. Bourgeois and S. Fliss, we studied the propagation of elastic waves
in time-harmonic regime in waveguides which are unbounded in one direction and bounded in the
two other (transverse) directions. Assuming that the waveguide is thin in one of these transverse
directions, this leads us to consider a Kirchhoff-Love plate model in a locally perturbed 2D strip.
The corresponding problem writes

A2y —Kk'u = f inQ
u=Cu = 0 ondQ\9do
Mu=Nu = 0 ond0
u satisfies (RC)

(2.89)

Let us describe this system. Here € :=R x (0;1) \ @ where 0 is a €1! bounded domain such that
0 C R x (0;1). From a physical point of view, the first line of (2.89) comes from the equation of

motion of the strip
2

0“u
2
DA u—i—phat2

in time-harmonic regime. Here, we have D = Eh3/12(1 — v?), where E is the Young’s modulus,
v € [0;1) is the Poisson’s ratio and h is the thickness of the strip. Moreover, p refers to the density

=D
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per unit of volume and p corresponds to the pressure applied to the strip. Hence the wavenumber
k is defined by k* = phw?/D and the volume source f by p/D.

In the third equation of (2.89), M and N are the boundary differential operators defined by

0 0
Mu = vAu+ (1 — v)Mou, Nu = —%Au - (1- V)%Nou’ (2.90)

where n = (n,, ny) is the outward unit normal to 02 and s = (—n,, n;). Above, we use the notation

0 0 0 0 0 0

n = nx%—#—nya—y, 95 = —ny%—l—ngga—y.

Moreover, in (2.90), the operators My and Ny are respectively defined by

0*u 0u 2u Pu , 4 9 Pu  0*u
Mou = 92"t 2mnxny + 53N Nou = m(”x —ny) — (8352 - 82/2)”9«"”74‘

The boundary condition Mu = 0 and Nu = 0 on 0€ correspond to a free obstacle, that is a hole.
Concerning the boundary conditions on 0f, i.e. the second equation of (2.89), we considered the
following two cases:

i) C'= M, which leads to impose u = Mu = 0 on 9f2. This models a simply supported strip.
i1) C' = Oy, which leads to impose u = d,u = 0 on 9. This models a clamped strip.

Finally in (2.89), (RC) stands for the radiation conditions which have to be specified and which
differ whether we consider the simply supported or the clamped case. The goal of [101] was to
study the well-posedness of Problem (2.89). We proposed two angles of attack, depending on the
boundary condition. In the case of the simply supported strip, we benefit from the factorization of
the transverse underlying differential operator to decompose any scattering solution in terms of the
modes of the waveguide. Then we prescribe the radiation conditions with the help of these modes
and introduce Dirichlet-to-Neumann operators — based on these radiation conditions — in order to
reduce the analysis to the one of a problem set in a bounded domain. Such strategy also offers
a method to compute the solution numerically. However this technique is not applicable to the
case of a clamped strip because we are not able to prove that the eigenfunctions of the transverse
operator form a Hilbert basis of the corresponding space (as in §1.3.2). For this problem, we
obtain the result of modal decomposition needed to express the radiation conditions at infinity
using the Kondratiev approach [312] (see also [353, 382, 314, 315]). As already said, it consists in
applying the Fourier transform in the unbounded direction. Then working in weighted Sobolev
spaces and using the residue theorem, we get our decomposition. In a second step, in order to
impose radiation conditions, we integrate them to the functional space in which we look for the
solution. To proceed, we work with spaces with detached asymptotics introduced in [381] (see also
the reviews [374, 371]). Finally we show that the corresponding scattering problem with radiation
conditions is well-posed in the Fredholm sense. We also prove that the solutions are the physical
(outgoing) solutions in the sense of the limiting absorption principle. Let us emphasize that the
methodology we follow to study the clamped problem can be used also to deal with the simply
supported problem and provides completely similar results.

The goal of [101] was first to investigate problems of thin plates in unbounded strips but also
to show that when the result of Hilbert basis in the transverse section is not available, we can
still use an alternative route. By presenting successively the two methods, our hope was to help
the reader to get familiar with the second approach which may be less known and which requires
a slightly longer analysis. For application of the technique to other situations, one may consult
[386, 69, 378, 65, 384]. In [368, 387], periodic problems are also considered. Let us mention that
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some analysis of modal solutions in a strip for various boundary conditions have already been
conducted (see for example [400, 279]). But a rigorous existence and uniqueness analysis of the
scattering problem, whatever the boundary conditions, was missing.

We worked with a hole in the waveguide. We could also have considered other types of per-
turbations (change of material, local perturbation of the geometry,...). On the other hand, our
article does not address the question of uniqueness of the solution. Can one find conditions on
the geometry and on the wavenumber k£ so that trapped modes are absent? Can one show the
existence of settings where trapped modes exist? These are interesting questions to study. A
natural direction after this analysis would be to investigate how to approximate the solutions. For
the simply supported case, the fact that we know explicitly the Dirichlet-to-Neumann operator
allows one to adapt the methods used to deal with the Helmholtz problem. In the clamped case,
another approach must be found. Could the technique of Perfectly Matched Layers be used and
justified?

2.11 Spectrum of the Dirichlet Laplacian in quasi 1D periodic
waveguides

Recently I have started to study periodic waveguides. In [171], with S.A. Nazarov, we were
interested in the lower part of the spectrum o(A*) of the Dirichlet Laplacian A® in a thin waveguide
IT¢ obtained by repeating periodically a pattern, itself constructed by scaling an inner field geometry
Q) by a small factor £ > 0. The Floquet-Bloch theory ensures that o(A¢) has a band-gap structure.
Due to the Dirichlet boundary conditions, the bands all move to +o0o as O(¢~2) when ¢ — 0.
Concerning their widths, the results depend on the dimension of the so-called space of almost
standing waves in € that we denote by X;. Generically, i.e. for most €2, there holds X; = {0}
and the lower part of o(A®) is very sparse, made of bands of length at most O(e) as ¢ — 07. For
certain €2 however, we have dim X; = 1 and then there are bands of length O(1) which allow for
wave propagation in IT°. In [171], we study the behavior of the spectral bands when perturbing
Q) around a particular Q, where dim X; = 1. We show a breathing phenomenon of o(A®): when
inflating € around €2, the spectral bands rapidly expand before shrinking. In the process, a band
dives below the normalized threshold, stops breathing and becomes extremely short as 2 continues
to inflate.

2.11.1 Setting of the problem

HE

Figure 2.75: Geometries of 2 (top left), w® (top right) and II (bottom).

Let Q C R? be a waveguide which coincides with the strip R x (—1/2;1/2) outside of a bounded
region (Figure 2.75 top left). For ¢ > 0, we consider the unit cell

wi={z=(z,9) €ER?*|z/e € Q and |z| < 1/2}
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and set dwi = {£1/2} x (—¢/2;¢/2). Finally we define the periodic waveguide
II° == {z € R?| (z — m,y) € w* U, m € Z}.

We assume that 2, w® and II¢ are connected with Lipschitz boundaries. In II°, we consider the
spectral problem for the Dirichlet Laplacian

—Aut = XNy inll¢

ut = 0 on OII¢. (2.91)

We denote by A® the unbounded selfadjoint operator of L2(II¢), with domain D(A%) C H{(IIF) ==
{p € HYII®) | ¢ = 0 on OII¢}, associated with (2.91). Since the geometry is periodic, the Floquet-
Bloch theory ensures that the spectrum of A® has a band/gap structure:

o(A%) = U T (2.92)
peN*={1,2,... }

where the T are compact segments. Our goal is to study the behavior of o(A®) as ¢ — 0.

2.11.2 Near field problem and first result

The analysis developed in particular in [243] shows that the asymptotic behavior of the T, with
respect to € depends on the features of the Dirichlet Laplacian A in €. Its continuous spectrum
occupies the ray [r2;400). To set ideas, we assume that A% has exactly N, € N == {0,1,2,...}
eigenvalues (counted with multiplicity) in its discrete spectrum, that we denote by

0</L1<M2§M3§-~§,LLN.<7T2. (2.93)

Of particular importance in the study are the features of the inner field problem with a spectral
parameter coinciding with the bottom of the continuous spectrum of A%:

AW +m2W = 0 inQ

W = 0 on0f. (2.94)

To simplify the exposition, assume that the only solution of (2.94) in L2(2), i.e. which decays at
infinity, is the null function.

Definition 2.11.1 Let X; denote the space of almost standing waves in Q defined as the set of
bounded solutions of (2.94).

Using techniques of dimension reduction on the spectral problem depending on the Floquet param-
eter obtained when applying the Floquet-Bloch transform to (2.91), we show the statement:

Theorem 2.11.2 For p € N*, let Y3 = [a;,_; a5, ], with a;,_ < ag, be the spectral band in (2.92).
There are some constants c,— < cpy, Cp, Bp, €p > 0 and 6, > 1 such that we have
Forp=1,...,N,:

05 — (e 2y + 72 P )| < Cp e

Forp= Ng+m, m e N*:

i) if Xy = {0}, a5y — (672 7% + mPn® + ecpr)| < G £%;
i) if dim Xy = 1, a5y — (67272 + cpx)| < Cper;
i) if dim Xy = 2, a5 — (67272 4+ (m — 1)27% + ecps )| < Cped.

Each estimate above is valid for all € € (0;ep| and the p, are the ones introduced in (2.93).
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Let us comment on these results. First, as already mentioned, when ¢ — 07, the whole spectrum
of A% goes to +oo as e 2. Besides, the first N, spectral bands of A° become extremely short, in
O(e_c/ ¢) for some ¢ > 0 which depends on the band. Concerning the next spectral bands 15,
p = No +m with m € N*, the behavior depends on the dimension of X;. When the latter is zero
(the generic case) or two (cases i) or 7ii)), the spectral bands are of length O(g). Moreover, between
T, and Y7, there is a gap, that is, a segment of spectral parameters A° such that waves cannot
propagate, whose length tends to (2m + 1)7? (resp. (2m — 1)72) in case i) (resp. iii)). In other
words, for these two cases, the propagation of waves in the thin lattice II° is hampered and occurs
only for very narrow (closed) intervals of frequencies. When the dimension of X; is one (case i1)),
the situation is very different. Indeed, asymptotically the spectral band T} is of length ¢,y — ¢,
with in general ¢,y > ¢,—. As a consequence, waves can propagate in II* for much larger intervals
of frequencies than in cases i) and #iz).

2.11.3 Breathing of the spectral bands

Now assume that the inner field geometry Q = Q(H) depends smoothly on a parameter H.
We denote by X;(H) the corresponding space of almost standing waves. Consider some H, such
that dim X;(H,) = 1 (see [171, Prop. 7.1] for the proof of existence of such geometries) and work
with H = H, +¢ep, p € R. Let T)< stand for the spectral bands of the operator A° defined in the
II¢ constructed from Q(H, + ep). Computing an asymptotic expansion of the THe as e — 0T, we
get results depending on the parameter p. By varying p € R, this provides a model describing the
transition of o(A°) when inflating the inner field geometry around Q(H,). With this model, we
proved that the spectral bands above the normalized threshold e =272 first expand and then shrink
(see [171, Thm. 6.1]). This is what we call the breathing phenomenon of the spectrum of A°. In
the process, in o(A®) a band dives below ¢~ 272, stops breathing and becomes extremely short as
the inner field geometry continues to inflate.

In Figure 2.76 we illustrate this phenomenon with some numerics on a particular case. The
inner field geometry Q(H), with a step of height H, is the one appearing at the top right. We
shrink Q(H) by a factor ¢ = 0.05 to create a thin periodic waveguide. Then we compute the
spectrum of (2.91) with a finite element method. To proceed, we exploit the Floquet-Bloch theory

which ensures that
oA =U U MM
pEN* nel0;27)

where the Aj(n) are the eigenvalues of a spectral problem set in the unit cell with quasi-periodic
boundary conditions depending on the Floquet parameter n € [0;27). In Figure 2.76 we display
the spectrum o(A®) for H varying in [1.5;3.5]. On the other hand, by solving a problem in Q(H)
with adapted transparent conditions (see [170, §6.2] for more details), we can compute the so-called
threshold scattering matrix and identify the values of H = H, such that dim X;(H,) = 1. The
latter are marked by vertical dashed lines in Figure 2.76. In accordance with the above theory, we
indeed observe a rapid expansion of the spectral bands around these particular H,. In the process,
as expected, a very thin band (in magenta) dives below the normal threshold 72/¢? (the horizontal
red dashed line).

Finally, let us mention that in [170, 175], we showed results concerning the features of AL
the Dirichlet Laplacian in €2, for 3D geometries {2 such as the one of Figure 2.77 right. In partic-
ular, we identified the number of eigenvalues below the continuous spectrum and studied in detail
the dimension of X;. As we have seen above, this is important to understand the properties of the
spectrum of the Dirichlet Laplacian in the corresponding thin periodic waveguide (see Figure 2.77
left). The proofs in [170, 175] rely on classical arguments of spectral theory such as the max-min
principle. The main originality lies rather in the delicate use of the features of the geometry.
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2.12 Future directions and open questions

Over the preceding paragraphs, we already presented open problems and future possible direc-
tions. We discuss here additional questions which would be interesting to consider.
i) Invisibility has been obtained for well-chosen geometries/wavenumbers. In practice, it is impor-

tant to have some robustness with respect to the parameters of the problem, in particular to k. As
already mentioned, it is in general impossible to have invisibility for a continuum of k. But can we
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get small reflection for an interval of k7 How to proceed?

i1) Invisibility has been studied in time-harmonic regime. What can be said for time dependent
problems? How does it relate to questions of identifiability in control theory?

i7i) The whole theme of invisibility above has been developed for simple scalar problems, mainly for
the Helmholtz equation with Dirichlet/Neumann boundary conditions. In the PhD of A. Parigaux,
we are currently investigating closed waveguide problems for Maxwell’s equations, in particular
how to write transparent conditions to truncate the domains for numerics. This is not a direct
adaptation of the existing techniques to deal with the Helmholtz equation and the literature is little
developed. But we are making progress and now we have a method to compute the corresponding
fields, even in the difficult case where the permittivity and the permeability vary in the transverse
section (while being constant in the longitudinal direction). From this work, it would be interesting
to study if our techniques to exhibit situations of invisibility could be adapted to electromagnetism.
It would also be worth investigating the plate model described in Section 2.10.

iv) Some of the techniques presented in the first sections rely on the perturbation of a setting where
there exist embedded eigenvalues in the continuous spectrum. It is well-known how to create such
geometries for the Helmholtz problem, in particular by using min-max arguments and by playing
with symmetries. In electromagnetism or for plate problems, these ideas do not work directly and
the theory must be developed.

v) In sections 2.7 and 2.8, we played with complex resonances to obtain interesting scattering prop-
erties. This has been done in closed waveguides here. It is not clear if this could be adapted in open
waveguides or in free space where one can also create resonators giving birth to complex resonances
located very close to the real axis.

vi) In Section 2.9, we defined a new spectrum of reflectionless modes. As we observed in 1D in some
study not presented here, trying to obtain a spectrum of perfect invisibility, i.e., without phase shift
for the transmitted field, is not very relevant because this happens only in rare circumstances. How-
ever the zero transmission phenomenon, the fact that an incident field is completely backscattered
in energy, seems to be much more common (see in particular the two results of robustness of §2.6.6
and Theorem 2.7.2). It is easy to define this spectrum in an abstract way but for the moment, we
fail to find a method, for example using modified Perfectly Matched Layers, to compute efficiently
the frequencies such that one has zero transmission for particular incident fields.

vii) In Section 2.11, we studied the spectrum of the Dirichlet Laplacian in quasi 1D periodic waveg-
uides. For Neumann boundary conditions, it is well-known that the picture is completely different.
In particular, the right transmission conditions to impose at the junction points of the 1D model
are Kirchhoff conditions (continuity of the field and continuity of the flux). It is not clear what hap-
pens for Maxwell’s equations which somehow mix problems with Dirichlet and Neumann boundary
conditions.

viii) For frequencies in the spectral bands, waves can propagate in periodic waveguides. Therefore,
we can study scattering problems in such structures. Can we create local defects of the periodicity
such that we have zero reflection, perfect transmission or zero transmission? During the summer
of 2025, with Z. Moitier, we started to consider these questions in 1D by supervising the Ensta 2A
internship of T. Creuset. Besides, in the literature, some works appear (see e.g. [199]) concerning
topologically invisible defects. It would be interesting to study in more detail the mathematical
aspects of these techniques.



CHAPTER THREE

TOPICS RELATED TO INVERSE
PROBLEMS

As mentioned in the introduction, I have started to get interested in inverse problems during my
PhD when A.-S. Bonnet-Ben Dhia noticed that there is a close relation between the transmission
problems with sign-changing coefficients presented in Chapter 1 and the so-called Interior Trans-
mission Problem (ITP) which appears in the justification of certain imaging methods in inverse
scattering. Then I continued to learn about this field of research during my post-doc and after.
Retrospectively, I would not pretend to have worked directly on inverse problems. However I have
been involved in topics appearing in the analysis or justification of methods developed in the theory
of inverse problems.

3.1 Study of the Interior Transmission Problem

Let us start by presenting this ITP. Consider a reference medium, occupying say R%, d = 2, 3,
and presenting a defect (penetrable inclusion) localized in some bounded domain 2. This reference
medium can be the human body, a cable, the sea, ... and the perturbation, a clot, a crack, a
submarine. Generating incident plane waves and measuring the resulting far field pattern of the
scattered fields (the only available information far from ) at a given frequency, one can try to
reconstruct the features of the defect in the reference medium. In particular, the classical inverse
scattering problem is to determine the support of the inclusion. In view of this aim, many methods
have been developed [426, 119], as for example, the Linear Sampling Method (LSM) [188, 194].
Without modifications and a priori knowledge, the LSM only works at frequencies which are not
Transmission Eigenvalues (TEs), the latter being defined, roughly speaking, as the frequencies
such that there is an incident field whose scattered field by the defect vanishes outside of €2. The
Interior Transmission Problem (ITP) precisely characterizes these frequencies that one should
avoid. This, and the fact that nice questions of spectral theory appear in its study, explains why
the interior transmission eigenvalue problem has been so intensively investigated for 40 years now
(see [303, 190, 437] and the review paper [123]).

The terminology “ITP” actually covers a family of spectral problems. Let us formulate the
ITP in a particular situation which is relevant in acoustics or in electromagnetism (note that the
ITP appears in other contexts, for example in elasticity, see [42, 252, 44]). Consider a penetrable
inclusion located in some bounded domain ©Q of R, d = 2, 3. Introduce some coefficients A, n,
valued respectively in C?*?¢ R, such that A — Id, n — 1 are supported in Q. Assume that the
propagation of waves is governed by the equation

div (AVu) + k*nu = 0 in R?

123
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where k > 0 is the wavenumber. We consider the scattering of an incident field u; solving
Au; + kQ’U,Z' =0 in Rd

by the inclusion. Classically, we impose that the scattered field us := u — u; satisfies the radiation

condition 5
- u
lim 77 ( : ——ikus> =0
r—+00 or
where r := |z|. Now, let us write what happens when u; does not scatter. Assume that R?\ Q is

connected and that its boundary 952 is Lipschitz continuous. In €2, we have div (AVu) + k*nu = 0
and Au; + k*u; = 0. The total field satisfies the transmission conditions

[u]log = [V - AVu]laq =0

where []|po stands for the jump on 9. Since us = 0 in R?\ Q (we look for an incident field which
does not scatter), we deduce that we have

U= u; and v-AVu=v-Vu; on 0f.

Here v stands for the outward unit normal vector to 92. To avoid writing the index ;, we denote
by w the restriction of the incident field to 2. The pair (u,w) then solves the ITP

Find (u,w) such that

div (AVu) +k*nu = 0 inQ

Aw + k*w = 0 inQ (3.1)
u—w = 0 ondQ2

v-AVu—v-Vw = 0 on 0.

Let us emphasize that in this problem the two functions u, w are defined in the same domain 2
while the transmission conditions are written on the whole boundary of the domain.

The first studies of (3.1) focused on the case where the inclusion is characterized by one sin-
gle parameter: A # Id,n = 1 or A = Id,n # 1. The scalar problem has been studied in
[190, 437, 192, 193] and its corresponding vectorial version in [254, 126, 121]. The situation with
both A # Id and n # 1 has been investigated later in [120, 305, 128]. However we start by present-
ing this case because it is the one where the connection with sign-changing problems appears most
clearly.

3.1.1 A first T-coercivity approach for the ITP

Assume additionally that A € L°(Q, C9*4) is such that A(zx) is hermitian for almost all & € €,
that n € L>°(Q,R) and that these two parameters satisfy

A_ = inf inf ¢ A(x)€ > 0; Ay = sup sup &-A(x)€ < oo;
zeQl  ¢eCd,[¢]=1 () * zeQ  £eCd |¢|=1 (®)
(3.2)
n_ = inf n(x) > 0; n4 == sup n(x) < oo.
e el

When A # Id, as we will understand below, it is natural to look for solutions of (3.1) which are in
X = {(u,w) € H(Q) x HY(Q) |u —w € H{(Q)}, which leads to consider the problem

Find (u,w) € X such that
div(AVu) + k*nu = 0 inQ
Aw + k*w = 0 inQ
v-AVu—v-Vw = 0 on 0f.
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Definition 3.1.1 Values of k € C for which Problem (3.3) admits non zero solutions (u,w) are
called transmission eigenvalues.

Classically, one shows that the pair (u,w) satisfies (3.3) if and only if (u,w) solves

Find (u,w) € X such that, for all (v/,w’) € X,

ap((u,w), (u',w")) == (AVu, Vu')g — (Vw, Vu')q — k% (nu, v')q — (w,w’)q) = 0. (38.4)

Here (-, -)q stands for the inner product of L2(Q) or (L?(2))? according to the case. With the Riesz
representation theorem, define the operator Ay : X — X such that

(-Ak(uv w)a (ulv w,))Hl(Q)XHl(Q) = ak((uv w)v (u,a w/))’ V(’LL, w)? (ul7 w/) e X. (3'5>

Note that ai(-,-) is not coercive in X nor of the form “coercive+compact”, like the form appearing
in (1.3) in Chapter 1. In the article [71], with A.-S. Bonnet-Ben Dhia and H. Haddar, we explained
how to work with the T-coercivity to study (3.4). In particular, we obtained criteria involving only
the values of A, n in a neighborhood of 92 to ensure that the set of transmission eigenvalues is
discrete. Let us explain how we proceeded.

Again, the starting point of the T-coercivity is to observe that when T is an isomorphism of
X, the pair (u,w) € X satisfies

ag((u,w), (W, w')) =0, V@, u')eX
if and only if it solves
af((u,w), (W', w') =0, V(' u')eX,

where
ai((u) w)v (ulv w/)) = ak((u’ w)’ T(ul’ w/))'

Then we have to find some T such that ai(-,-) is coercive or of the form “coercive+compact”.
The main difference with what was done in Chapter 1 is that here u and w are defined in the
same domain. Therefore we do not need to work with the transfer operators based on geometrical
constructions (see e.g. the Ry in (1.15)).

Case A< A*Id < Id in Q
To set ideas, consider the case where Ay < 1 and ny < 1in (3.2). Define T such that
T(u,w) == (u — 2w, —w). (3.6)

Note that T is indeed an isomorphism because we have To T = Id. Using Young’s inequality, one
finds for k& = ik with x > 0, for , 8 > 0 and for all (u,w) € X,

|ak ((u, w), (u, w))]

[(AVu, Vu)g + (Vw, Vw)g — 2(AVu, Vw)g + £2 ((nu, u)g + (w, w)ao — 2(nu, w)g)|

> (AVu, Vu)g + (Vw, Vw)g + &2 ((nu, u)q + (w, w)q) — 2 [(AVu, Vw)q| — 262 |(nu, w)q|

> (1—a)(AVu,Vu)g + (1 —a 1AL (Vw, Vw)g + k2 (1 — B) (nu, u)g + (1 — B ng ) (w,w)q) .

By choosing « and 8 such that A} < a < 1 and ny < B < 1, this estimate proves that a} is
coercive in X. From the Lax-Milgram theorem, and since T is an isomorphism of X, we deduce that
Ay, is an isomorphism of X for k = ix with x > 0. But since the embedding of X in L2(Q) x L(Q)
is compact, for all & € C, A, — A; is a compact operator. Consequently, the analytic Fredholm
theorem guarantees that when A4 < 1 and ny < 1, the set of transmission eigenvalues is discrete
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and countable in C.

From this first result, we explained in [71] how to weaken the assumptions made on A and n
to ensure discreteness of transmission eigenvalues. In Chapter 1, we mentioned that the transmis-
sion problem between a positive material and a negative one is well-posed in the Fredholm sense
as soon as the contrast is larger or smaller than —1 in a neighborhood of a ¢! interface. For the
ITP, the boundary 92 plays the role of the interface. Quite naturally we established in [71] that
the ITP is well-posed in the Fredholm sense when A is larger or smaller than the identity, in the
sense of hermitian matrices, in a neighborhood of 9€2. Moreover, since u, w are defined in the same
domain, this is true for boundaries 92 which have only Lipschitz regularity. Below we present the
main results proved in [71].

Case A < A*1d < Id in a neighborhood of 052

Assume that there is a neighborhood V of 92, i.e. an open set of R? such that 9Q C V, and a
constant A* such that, in the sense of hermitian matrices, A < A*Id < Id a.e. in 2NV. By working
with an ad hoc cut-off function in the definition of T in (3.6), we established in [71] the following
result.

Lemma 3.1.2 Assume that A < A*Id < Id and n < n* < 1 a.e. in QNYV. Then there exists
k =ik, with k € R, such that the operator Ay : X — X is an isomorphism.

Remark 3.1.3 In this lemma, we do not make any assumption concerning the sign of A —1Id and

n—11in Q\V.

Consider kg € R such that A, : X — X is an isomorphism. Since Ay — Ajx, is a compact operator
of X for all k£ € C, by using the analytic Fredholm theorem, we obtain the following statement.

Theorem 3.1.4 Assume that A < A*Id < Id and n < n* < 1 a.e. in QN V. Then the set of
transmission eigenvalues is discrete in C.

From Lemma 3.1.2, we also deduce in a straightforward way the following proposition.

Proposition 3.1.5 Assume only that A < A*Id < Id a.e. in QNYV. Then for all k € C, the
operator A : X — X is Fredholm of index zero.

Now, let us state a result of localization of the transmission eigenvalues (see an illustration with
Figure 3.1).

Theorem 3.1.6 Assume that A < A*Id < Id and n < n* < 1 a.e. in QN V. There exist two
positive constants p and § such that if k € C satisfies |k| > p and |Rek| < § |Sm k|, then k is not a
transmission eigenvalue.

With a stronger assumption on A, we can weaken the condition on n. By taking v/ = w’ =1 in
(3.4), we remark first that transmission eigenfunction (u, w) satisfy k? [, nu—w de = 0. This leads
us to introduce the space Y = {(u,w) € X| [, nu —wdx = 0}. Now assume that [, n —1dx # 0.
By proceeding by contradiction, one proves the existence of a constant Cp > 0 (which depends on
) and also on n through Y) such that

lullg + wl§ < Cr(IVullg, + IVwlly),  ¥(u,w) €Y. (3.7)

Moreover, one can verify that k # 0 is a transmission eigenvalue if and only if there exists a non
zero pair (u,w) € Y such that ag((u,w), (v/,w")) =0 for all (v/,w') €Y.
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Figure 3.1: Localization of transmission eigenvalues in the complex plane when A < A*Id < Id and
n<n*<lae inQNV.

Theorem 3.1.7 Assume that an —ldx # 0 and Ay < 1. Then the set of transmission
eigenvalues is discrete and countable in C. Besides, if k € C* satisfies the estimate |k|?> <
(A_(1-+A41))/(Cp max(ny, 1) (1+/nT)), with Cp defined in (3.7), then k is not a transmission

etgenvalue.

Let us mention that one has similar results when A is larger than the identity in a neighborhood
of 09 (see [71]). Note that this tool of the T-coercivity was new in the study of the ITP and this
result of discreteness of transmission eigenvalues under local assumption on A, n in a neighborhood
of 002 was not known. Since then, other approaches have been proposed in [321, 393] leading to
refined criteria on A, n ensuring discreteness of transmission eigenvalues.

In a subsequent work [150], I adapted the technique to deal with Maxwell’s equations. We
will not present these results here.

3.1.2 Interior transmission problem with strongly oscillating singularities

In the article [65], with A.-S. Bonnet-Ben Dhia, we consider Problem (3.3) in situations where
A — 1d changes sign on 0f2, cases which had not been studied before. In a first step, under some
assumptions on the parameters, we extended the variational approach of the T-coercivity to prove
that the transmission eigenvalues form at most a discrete set. In the process, we also provide
localization results similar to the ones of Theorem 3.1.6.

Then, we studied what happens when these assumptions are not satisfied. The main result is
that oscillating singularities similar to the ones met in §1.3 can exist. In this case, the operator Ay
defined in (3.5) in the H' framework is not of Fredholm type.

To simplify the presentation of the approach, let us work on a model problem.

Setting of the model problem
Denote by (r,6) the polar coordinates centered at the origin O and for ¥ € (0; ), define the sets

rcosf,rsinf) |0 <r<1,0<6<d};
rcosf,rsinf) |0 <r<1, ¥<6<m}
rcosf,rsinf) |0 <r <1, 0<6<m};
rcosf,rsinf)|r=1, 0<6<n};
rcosf,rsinf) |0 <r <1, =1}

—1;1) x {0};

o~ o~~~ ~
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Figure 3.2: Geometry of the domain 2.

(see Figure 3.2). In particular, the boundary of Q satisfies 92 = I' UX. We introduce the function
A:Q — Rsuch that A = A; in Q; and A = Ay in Q9. Here 0 < A7 < 1 and Ay > 1 are two
constants. Our objective here is to understand the properties of the following problem

Find (u,w) € HY(Q) x H'(Q2) such that

div (AVu) = f inQ

Aw = g inQ (3.8)
U — W = 0 on?2, u = 0 onl

v-AVu—v-Vw = 0 onX, w = 0 onl.

In (3.8), v denotes the unit outward normal vector to 92. Moreover, f and g are two source terms
which belong to some functional spaces which will be specified later. Compared to (3.3), in (3.8)
the transmission conditions are written only on the part ¥ of the boundary. Moreover we work at
k = 0 to consider only the principal part of the associated operator.

Define the space Xy = {(u,w) € HL(Q) x HL(Q)|u — w = 0 on ¥} where HL(Q) = {p €
HY(Q)|¢ = 0onT}. In the sequel, we will also use the space HL(Q2) = {¢|a, |¢ € HL(Q)}.
Denote by b(-,-) the sesquilinear form associated with (3.8) such that

b((u,w), (v, w")) = (AVu, Vu')q — (Vw, Vu')g
and consider the variational problem

Find (u,w) € Xy such that, for all (v/,w’) € Xg,
b((u, w), (u,’ w/)) = F((u,7 w/))7

where F' is a continuous antilinear form in Xy. With the Riesz representation theorem, we define
the operator B : X5, — Xy such that, for all (u,w), (v/,w’) € Xy,

(B(U, w>7 (ul7 w/))Hl(Q)XHl(Q) = b((u7 ’LU), (ulv wl)) (3'9)

Again, the study of B is not simple because b(-,-) is not coercive in Xy, nor of the form “coer-
cive+compact”.

Analysis via the T-coercivity approach

In this paragraph, we explain how to study the operator B using the variational approach of the
T-coercivity. However, since we have neither A > 1 nor A < 1 on X, the computations presented in
§3.1.1 fail. We must work with a different isomorphism T : Xy, — Xy If ¢ is a measurable function
on , we denote 1 = ¢|q,, Y2 = ¢|a,. Set

(U1 — 2w + 2Rows, —wq + 2R2U2) on

. / / . ! AN
T(u,w) = (v,w'), with (v, w')= (u2, —ws + 2us) on .

(3.10)
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In this definition, Ry is the operator such that, on €y, (Rap2)(r,0) = pa(r, ﬂ%@ + 7) for @9 €
H%(Qg) First, notice that Rops = @9 on II for all oy € H%(Qg) As a consequence, one can check
that u' € HL(Q2) and w’ € HL(2). Then, one can verify that v’ — w’ € H}(2) so that the operator
T defined in (3.10) is indeed valued in Xy. Finally, noticing that T? is equal to the identity of Xy,
we deduce that T is an isomorphism. For all (u,w) € Xy, we find

b((u,w), T(u,w)) =  (AVu,Vu)q + (Vw, Vw)g
+2(A1VU1, V(—w1 + RQwQ))Ql — 2(Vw1, V(R2U2)>Q1 — Q(ng, V’U,Q)QQ.

Let us introduce «, 8,7, n four strictly positive parameters. Using Young’s inequality and setting

| Ral| = sup IV (Rap2)ll
02€HL.(Q2), [Veozlla,=1

we can write

12(A1Vuy, V(—w1 + Raws))oy, |
< Ai(a+ B)(Vur, Vur)o, + Ara™H(Vwr, Vg, + A1 R[> (Vws, Vwa)g,,

12(Vwy, V(Rauz))oy |
|2(Vw2, VU2)92 ’

Y(Vwi, Vw)a, + 77 Ra||*(Vug, Vug)a,,

<
< n(Vws, Vwa)a, + 11 (Vug, Vug)g,.

We deduce

b((u,w), T(u,w)) > A1(1 —a —B)(Vur, Vur)a, + (A2 —y | Ra|> — 07 1)(Vug, Vuz)g,
+(1 —a tA; — ) (Vuwy, Vwi)a, + (1 — A1B7 YRy ||? — 1) (Vwa, Vwa)q,-

In [66], we obtained || Ra||? = Ty where

-9 Y ) (3.11)

Tﬁ::max( 5 —g)

Notice that there holds YTy > 1 with Ty = 1 if and only if ¥ = 7/2. Exploiting this result, we
proved in [65] the following proposition.

Proposition 3.1.8 Assume that Ay, Ay satisfy

1 1+7T
and A t 1o

A < > )
ST, 27T A1+ YY)

(3.12)

where Yy appears in (3.11). Then the operator B : Xy, — Xy, defined in (3.9) is an isomorphism.
Remark 3.1.9 Thus, when Ay < min(9/m, (r —9)/x), B is an isomorphism for As large enough.

Now, the question we propose to investigate is the following. Are the conditions of Proposition 3.1.8
necessary? In other words, what happens for the operator B when A does not meet the assumptions
(3.12)7 To answer this question, we have to compute the singularities of the problem. To facilitate
the calculus, we will work not directly on the simplified interior transmission problem (3.8) but on
an equivalent formulation. This equivalent problem is obtained from (3.8) by unfolding the domain
Q. First we explain this unfolding procedure. Then we compute the singularities in the unfolded
domain.
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The unfolding procedure

Figure 3.3: Initial domain 2 and unfolded domain w.

Define the sets

w1 = {(rcosf,rsinf) |0<r<1,0<86 <9}
wo = {(rcosf,rsinf) |0 <r<1, ¥v<6<m}
wg == {(rcosf,rsinf) |0 <r <1, m<0<2rm};
w = {(rcosf,rsinf) |0 <r <1, 0<60<2r};

(see Figure 3.3 right). Let o denote the function such that o(f) = o1 for 6 € (0;9), o(0) = o2 for
0 € (¥;7) and 0(f) = 03 = —1 for 6 € (m;27). Here 0 < 01 < 1 and o2 > 1 are two constants.
Now, we consider the problem

Find v € Hj(w) such that

3.13
div (cVv) = h inw, (313)

where Hj(w) := {p € H(w)| ¢ = 0 on dw}. Problem (3.13) can be seen as a transmission problem
between a positive composite material filling the region w; U wy and a negative material in ws.
Let us assume that the source terms in (3.8) and (3.13) are such that f € L2(Q), g € L%(Q)
and h € L?(w). Moreover, let us assume that h satisfies h(z,y) = f(z,y) a.e. in w; Uwy and
h(z,y) = —g(z,—y) a.e. in ws.

* Consider (u,w) a solution, if it exists, of the simplified interior transmission problem (3.8).
Then define the function v such that v = v on w; Uws and v(z,y) = w(z, —y) a.e. on ws. It is easy
to check that v solves the transmission problem with a sign-changing coefficient (3.13) for o7 = 4,
and g9 = AQ.

* Conversely, if v satisfies the transmission problem with a sign-changing coefficient (3.13),
define the functions u and w such that v = v in Q, w(z,y) = v(z, —y) a.e. in Q. Then, one can
check that the pair (u,w) is a solution of the simplified interior transmission problem (3.8) for
A1 =01 and A2 = 09.

The variational problem associated with (3.13) writes

Find v € H}(w) such that, for all v’ € H}(w),

(oVu, V'), = L"), (3.14)

where /(-) is an antilinear continuous form in H}(w). The main difficulty in the investigation of the
properties of (3.14) comes from the triple point O: at this point, the solutions can be very singular.
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Description of singularities

Let us look for functions of the form s(r,8) = k(r)¢(0) (with separated variables in polar coordi-
nates) which satisfy

div (oVs) = r2 (U¢(T8r)2/€ + m(@gd@g)qh) =0.

The above equation has been obtained by noticing that o depends only on 8. Then we find that x,
¢ must satisfy

(r0,)%k = A2k on (0;4+00) and (9godp)p = —A20¢ on T :=R/(2rZ),

for some constant A € C. For A = 0, one gets (r) = A Inr + B whereas for A\ # 0, one obtains
k(r) = Ar> + Br~=*, A, B being two constants. On the other hand, one finds that (), $) must be
an eigenpair of the spectral problem

Find (A, ¢) € C x HY(T) \ {0} such that
9 (02
00\ 00
The study of this problem leads us to consider the symbol .Z such that for all A € C,

) = —X2o¢ on T. (3.15)

Z(A\): HY(T) — HY(T)*
¢ = 0p(00p9) + N 0¢.

We say that A € C is an eigenvalue of . when there exists a non trivial ¢ € H!(T) such that
Z(AN)¢p = 0. We denote by A the set of the eigenvalues of . This set is also called the set
of singular exponents associated with O. As for the interior transmission eigenvalue problem, the
study of (3.15) is not standard because the sign-changing parameter o appears both in the principal
and in the compact part of the equation. However, now it is only a 1D problem. Proceeding as in
[153, Lem. 4.9], we can prove the

Proposition 3.1.10 Assume that o1 # 1 and o9 # 1. Then, the set A is discrete. Moreover, there
exist two positive constants p and 0 such that if X € C satisfies |A\| > p and [Re X\| < §|Sm A|, then
A is not a singular exponent.

Generally speaking, we can decompose the solutions of the source term problem (3.14) as the sum
of a finite number of singularities and a regular term. The computations of the beginning of this
paragraph show that for A # 0, the singularities are of the form

(r,0) = r6(0), (3.16)

where (A, ¢) corresponds to an eigenpair of problem (3.15). Therefore, the regularity of the solutions
of problem (3.14) only depends on the set A. For our study, we are particularly interested in the
set AN Ri\ {0}, the reason being that for A € Ri \ {0}, as seen in §1.3, the singularity (3.16) is
strongly oscillating and responsible for the loss of Fredholmness in the H! framework.

Explicit computation of the singularities in the case ¥ = 7/2

In [65], we were able to compute explicitly the set A in the particular case
v =m/2.

We simply present the results here. Define the region

R = F1U DR UR3U Ry,
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with %1 = {(01,02) R} xR% |0y >1 and o2 <2—o01}
Ky = {(01,02) e RYL xR% |0y >1 and 20?1_ T <02 < 1}
Kz = {(01,02) ERL xRi|og>1 and 01 <2—o02}
Ky = {(01,02) eRL xRi |op >1 and 20202_ [ <o1< 1}

(see the representation of Figure 3.4).

02

1/2

. . 01

1/2 1
Figure 3.4: Representation of the set Z = %1 U %2 U %3\U %, in orange. For (01,09) € Z, strongly
oscillating singularities exist for Problem (3.13).

We established the following statement.

Proposition 3.1.11
For (01,02) € R% x RY \ #, one has ANRi = {0}.
For (01,02) € #, one has ANRi = {0, +in} for some real number n > 0.

Re A
Figure 3.5: Set A for (01,02) = (1/4,2) € R% x R* \ Z.
Sm A
[ J [ J [ J [} [ ] [ ]
—6 —4 -2 2 4 6
= = = = = = Fe \
° ° ° l ° ° °
+in

Figure 3.6: Set A for (01,02) = (4,2) € R% x R% \ Z.
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Sm A
° ° +in ° ° °
—6 —4 —2
° ° o o2 o2 ol > Re A
° ° —in ° ° °

Figure 3.7: Set A for (01,02) = (3/4,2) € Z. Notice the two non trivial singular exponents on Ri.

Next steps of the analysis

When (01,02) € %, strongly oscillating singularities exist for Problem (3.13). As a consequence,
the associated operator is not Fredholm in H}(w). Using the equivalence schematized in Figure
3.3, we deduce that the operator B : Xy, — Xy defined in (3.9) is not of Fredholm type when
(A1, As) € Z (and ¥ = 7/2). Above we focused our attention on Problem (3.8) to underline the
connection existing with Problem (3.13) with a sign-changing coefficient. The results are similar
for the true ITP (3.3). In the article [65], we then explained how to take into account the strongly
oscillating singularities in the functional framework to obtain a Fredholm operator. The approach
is the same as the one presented in §1.3.2 and we will not detail it. Let us emphasize that exhibiting
a framework where Fredholmness holds is the first step to apply the analytic Fredholm theorem
and prove that the set of TEs is discrete. To complete the proof, it is necessary to exhibit at least
one k which is not a TE. However for now, we have not been able to obtain this result.

With A.-S. Bonnet-Ben Dhia and F. Monteghetti, we are currently continuing the study. Working
with Perfectly Matched Layers (PMLs) as in §1.3.3, Florian has written a code based on a finite
element method to compute in a robust way the spectrum of TEs. It is important to emphasize
that if we do not use the PMLs, the computed eigenvalues do not converge as the mesh is refined.
Therefore it is crucial to take into account the oscillating singularities to avoid spurious eigenvalues.
The eigenfunctions we obtain in this setting may have singular behaviors which are not expected for
the solutions of the direct problem (note that the composite material filling € is a classical positive
material). We are investigating what happens for the LSM, the initial reconstruction technique, at
these frequencies.

3.1.3 A bilaplacian with a sign changing coefficient

In §3.1.1, we considered cases where A — Id is positive or negative in a neighborhood of 9f).
Then in §3.1.2, we investigated situations where A — Id changes sign on 9. In the article [151], I
studied the properties of (3.3) when A = Id. Then the ITP writes

Au + k*nu = 0 inQ
Aw + E2w = 0 inQ
U—w = 0 onoQ2 (3.17)

v-Vu—v-Vw = 0 on 0f.

According to the analysis presented in §3.1.2; this situation is similar to the case of a contrast equal
to —1 for the transmission problem with a sign-changing coefficient. In that case, the corresponding
operator is not of Fredholm type in the H! framework (see Theorem 1.2.4). This is the reason why
people have considered a different setting. For Problem (3.17), one usually adopts the following
definition for the transmission eigenvalues.

Definition 3.1.12 The k € C for which (5.17) admits non zero solutions (u,w) € L2(Q) x L2(2)
such that u — w € H3(Q) are called interior transmission eigenvalues.
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Here and below HZ(2) denotes the closure of €5°(f2) for the H?-norm. Note that in Definition
3.1.12, the fields are only in L2(£2) but their difference is smooth. Now, following [437], we rewrite
(3.17) as a fourth order equation. Consider (u,w) an eigenpair of (3.17). Define v := u — w. Notice
that v is nothing else than the scattered field inside the inclusion. It satisfies the relation

Av + E*nv = —k*(n — Dw in Q. (3.18)

Assume that n : @ — R is an element of L>°(£2) such that n > 0 and n # 1 in Q. Assume also
that (n — 1)~! belongs to L°°(Q2)*. Dividing on each side of (3.18) by n — 1 and using the equation
Aw + k*>w = 0, we obtain, in the sense of distributions,

(A + k?) (n 1 (Av + k2nv)> =0 in Q.

We deduce that if the pair (u,w) satisfies (3.17) then v = v — w solves the problem

Find v € H3(Q) such that
(3.19)

1
/Q — (Av + k*nv) (AV + k*0') dx = 0, Vo' € H3(Q).

Conversely, one shows (see [437, Lem. 3.1] for the details) that if v is a solution of (3.19) then the
pair (u,w) = ((n — 1)~ (Av + k?nv) — k?v, (n — 1)~ (Av + k?nv)) satisfies Problem (3.17). In
H2(Q), for k € C, we define the sesquilinear form ay(-,-) such that

ap(v,v") = ((n— 1" Av + k?nv), (Av' + k*0'))q, Yo, v" € HZ(Q).

With the Riesz representation theorem, let us introduce the bounded operator Ay, : H3(Q) — H3(Q)
associated with aj such that

(A, v")2(q) = ar(v, V), Vo, v € HE(Q). (3.20)

Above (-, ~)H(2)(Q) stands for the inner product of HZ(2) such that

(0,2 = (Ap, Ao, Vo,¢' € H3(9Q).

Observe that contrary to (3.4), (3.19) is not linear in k? but quadratic. Assume that there exists
ko € C such that Ay, is an isomorphism of H3(Q). For all k € C, it is easy to see that A — Ay,
is a compact operator of H3(£2). With the analytic Fredholm theorem, we deduce, since Ay, is
injective, that Ay, is an isomorphism of HZ(Q2) for all k € C\., where . is a discrete or empty set
of C. In other words, to prove that the set of transmission eigenvalues is discrete, it is sufficient to
establish that there exists ko € C such that Ay, is an isomorphism of HZ((2).

When n > C > 1 in Q for some constant C, the bilinear form ag(-,-) is coercive in HZ(f2).
This allows one to prove that Ag is an isomorphism of H% (©), and as a consequence, that the set of
transmission eigenvalues is discrete or empty. The case 0 < C; < n < (5 < 1, where C'1, C5 are some
constants, is similar because —ag(,-) is coercive in H3(£2). These results have been known since
[437]. When n — 1 changes sign in 2, the form ag(+,-) is no longer coercive nor “coercive+compact”
in H3(Q2). Is the set of transmission eigenvalues still discrete in this case? And before that,
what are the properties of Ay in such configurations? This was the motivation of the study [151]
that we summarize now. Let us emphasize that this does not correspond to a particular exotic
configuration. Indeed, one meets this problem simply when considering the scattering of waves
by an inclusion made of two different materials: one with an index n > 1, the other such that n < 1.

'For the study of the Interior Transmission Eigenvalue Problem when n is smooth, one may consult [322, 435].
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Let us focus on the principal part of Ap, the part which contains the derivatives of highest
order. To simplify the notation, set o := (n—1)~! € L>(Q2). We assume that o is real valued. Our
goal is to investigate the features of the following problem

Find v € H3(Q) such that
(o Av, Av')g = £(v), Vo' € HE(Q),
where £(-) is a continuous antilinear form in HZ(2). Let us introduce the sesquilinear form b(,-)

such that
b(v,v") = (cAv, Av')q, Yo, v € HE(Q)

and the continuous operator B : H3(Q2) — HZ(Q) defined by
(Bv,’u')Hg(Q) = b(v,?), Yo, v’ € H3(Q). (3.21)

The goal of [151] was also to compare the features of the operators div (oV-) : H}(2) — H=1(Q)
and A(cA-) : H3(2) — H™2(). Has the change of sign of o the same consequences in each case?

Bilaplacian with mixed boundary conditions

Before investigating the properties of the operator B, let us study the problem obtained by replacing
in (&) the boundary condition “v - Vv = 0 on 09" by the condition “cAv = 0 on 9Q”. Thus,
consider the problem with mixed boundary conditions

Find v € H}(Q) N H%(Q) such that

A(cAv) = f inQ (3.22)

ocAv = 0 on Q.

Problem (3.22) is equivalent to the following variational formulation

() Find v € H{(Q) N H%(Q) such that
(cAv, Av)q = (f,V)q, Vo' € H{(Q) N H2(Q).
With these mixed boundary conditions, one can solve (9’7) in two steps. Assume that f belongs
to H™1(€2). There exists a unique p € H}() satisfying —(Vp, Vp')a = (f,p)q for all p’ € H{(Q).
Let v € H}(2) be the function such that Av = o~ !p € L2(). If the domain Q is of class €2 (236,

Thm. 8.12]) or convex ([249, Thm. 3.2.1.2]), we know that v belongs to H?(Q2). Moreover, there
holds, for all v’ € H§(Q2) N H2(Q),

(O'A’U, AU/)Q = (p7 Av/)Q = _(vp7 V’U/)Q - <f7 /U/>Q .

We deduce that v is a solution of (). Notice that, to obtain this result, the only assumptions for
oare o € L°(Q) and 0= € L°(f2). Thus, o can change sign. Let us refine the study of ().

With the Lax-Milgram theorem, we can show that the sesquilinear form (v,v') — (v,v’ )HS(Q) =

(Av, Av')q is an inner product in H{(Q) N H2(2). Moreover, if  is of class 42 or convex, in
H(Q) N H3(Q), the map v |Av[12(q) defines a norm which is equivalent to the H2-norm.
Therefore, Hj(€2) N H2(Q2) endowed with the inner product (-, ')H?J(Q) is a Hilbert space. Let us

introduce the sesquilinear form b(-,-) such that
b(v,v") = (cAv, Av')q, Vo, v’ € Hy(Q) NH(Q),
and the continuous operator B : H{(Q) N H?(Q) — H}(Q) N H2(Q), defined by
(BU,U/)HS(Q) = b(v,7"), Yo, v’ € Hy(Q) NH2(Q). (3.23)
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Theorem 3.1.13 Assume that the domain Q C ERd, d > 1, is of class €% or convex. For all
o € L®°(Q) such that o=1 € L>°(Q), the operator B : H{(Q) N H2(Q) — H () NHZ(Q) defined in
(3.23) is an isomorphism.

Proof. To establish this result, let us work again with the T-coercivity. Introduce the operator
T : H{ () NH2(Q) — H{(2) N H2(Q) such that, for all v € H{(Q) N H2(2), Tv is defined as the
unique solution of the problem “find Tv € H{(Q) satisfying A(Tv) = o~ Av”. Notice that since (2 is
assumed to be of class 42 or convex, Tv is indeed an element of H2(£2). For all v,v" € H}(Q)NH?(Q),
we can write

(B(Tv), v')HS(Q) = (6 A(Tv), Av')q = (Av, Av')q.

Therefore, the operator BoT is equal to the identity of H}(Q) N H2(Q). Since B is selfadjoint, we
deduce that B is an isomorphism with B~ = T. [

The operator B defined in (3.23) is an isomorphism of H}(Q) N H%(Q) when o € L>(f) satisfies
o=t € L*(Q) and when € is such that A : H}(Q2) N H2(Q) — L2(f2) is an isomorphism. But what
if this last assumption on € is not met? What happens for example if € is a 2D domain with
reentrant corners? It is proved in [151, §2.2] that in this case, B is not always an isomorphism.
According to the values of the parameter o, a kernel and a cokernel, both of finite dimension, can
appear.

Bilaplacian with Dirichlet boundary condition
Let us come back to the study of the operator B : H3(Q2) — H3(Q) introduced in (3.21).
Configurations where ¢ has a constant sign on the boundary

In this paragraph,  is a domain of R%, with d > 1. We prove that B is Fredholm of index zero when
o has a constant sign in a neighborhood of 0€). More precisely, consider the following assumption:

o € L®(Q) is such that o~! € L>(£2). Moreover, there holds ¢ > C; > 0 a.e. in Q\O
(H5) | or o0 < Cy < 0ae. in O\O, where Cy, Cy are constants and O is an open set such that
O cq.

Figure 3.8: o is assumed to be uniformly positive or uniformly negative in the region Q\O.

Let us emphasize that in (J%;), there is no assumption concerning the sign of o in 0. To prove
that B is a Fredholm operator of index zero, we build a right parametrix for B, i.e. we build a
bounded operator T such that BoT = Z + K where Z : H3(Q) — H3(f) is an isomorphism and
K : H3(Q) — H3(Q) is a compact operator.

Theorem 3.1.14 Assume that o satisfies condition (7#,). Then the operator B : H3(Q) — HZ(Q)
such that (Bwv, v’)Hg(Q) = (0 Av, Av')q for all v,v' € H3(RY), is Fredholm of index zero.

Remark 3.1.15 Adapting the approach presented below, we can prove that for all m € N* :=
{1,2,3,...} the operator A™(cA™.) : H3™(Q) — H~2™(Q) is Fredholm of index zero when o
satisfies condition (). Here, H3™(Q) denotes the closure of 65°(Q) for the H*™-norm.
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Proof. Let us give the proof in the case where ¢ > C7 > 0 in a neighborhood of the boundary 0f).
The configuration where ¢ < Cs < 0 in a neighborhood of 92 can be deduced easily by working
with the operator —B. Let us introduce ¢ € 65°(12, [0; 1]) a cut-off function equal to 1 in O. Notice
that 1 — ¢ is an element of €*°(Q, [0;1]) which is equal to 1 in a neighborhood of 9. Now, let
us consider v an element of H2(€2). The function (1 — ¢)v belongs to H3(2) and, by definition, we
have, for all v’ € H3(Q),

(@A((1 = ¢v), Av)g = b((1 = ¢)v,v') = (B((1 = ¢)v), v')u2(q)-

0

This allows us to write, expanding A((1 — ¢{)v),
(1= Qohv, Av)g = (B((1 = ()v),v )uz(q) + (0(2Vv - V¢ +0A(), Av')q.

On the support of (, we must proceed differently because we allow o to change sign. Let us
denote by 1 the unique element of H{(Q2) such that Ay = o~ 'Av € L3(€Q). Classical re-
sults of interior regularity indicate that, for all x € €5°(Q), x¢ € HZ(Q) with the estimate
HXi/JHHg(Q) < Cllo 1 Avllizg) < CHvHHg(Q). In particular, the function (3 belongs to H3(2) and
depends continuously on v. Since (cA(CY), Av')q = (B(CY), v’)Hg(Q), we obtain, expanding A(Cv),

(CAv, Av')g = (A, A g = (B(CW), o)z 0y — (0(2V9 - VC +PAC), Av')g.

Let us define the operator T : H3(2) — H3(£2) such that Tv = (1 + (1 — {)v for all v € HZ(Q). With
the Riesz representation, we introduce the operators Z : H3(Q) — H2(Q) and K : H3(Q) — H3(Q)
such that, for all (v,v’) € H3(Q) x H3(Q),

2 = (((+ (1 =¢)o)Av, Av)g
(Ko, )m2) = (0Q2V(Y =) V(+ (¢ = v)AQ), Av')q.

With these definitions, we have the relation BoT = Z+K. One checks easily that 7 : H2(Q) — H2(Q)
is an isomorphism because the sesquilinear form (v,v") — ((¢ + (1 — {)o)Av, Av')q is coercive in
H2Z(Q). On the other hand, classical arguments guarantee that K : H3(Q) — HZ(2) is a compact
operator. Therefore, the operator T constitutes a right parametrix for B. Since B is selfadjoint, we
deduce that it is a Fredholm operator of index zero. [

Recall that we denoted Aj the operator associated with the original interior transmission problem
(see the definition in (3.20)). For all k € C, Ay — B is a compact operator. Since the index of an
operator is stable under compact perturbations, we have the

Corollary 3.1.16 Assume that o satisfies condition (). Then, for all k € C, the operator Ay
defined in (3.20) is Fredholm of index zero.

In a quite surprising way, this result indicates that Fredholmness for the operator A(cA-.) :
H2(Q) — H2(Q) does not depend on the changes of sign of o which occur inside the domain 2. As
we have seen in §1.2, this property is not true for the operator div (¢V-) : H{(Q2) — H~1(Q). On the
other hand, Corollary 3.1.16 is not sufficient to guarantee that the set of transmission eigenvalues
is discrete when o satisfies (). To obtain such a result with the analytic Fredholm theorem, one
has to exhibit one k such that Ay is injective. This is not simple due to the expression of A but
this has been established in [457, 306].

Fredholm property can be lost when ¢ changes sign on the boundary

Finally in [151], I studied configurations as described in Figure 3.9 where 0 = n — 1 changes sign
on Jf) and proved that Fredholm property can be lost in certain situations. More precisely, during
the Ensta 2A internship of J. Firozaly, we proved that singularities of the form

s(r,0) = rp(),  with n € R, (3.24)
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Figure 3.9: Example of configuration where o changes sign on 0f).

can exist for the operator B in configurations as described in Figure 3.9, depending on o1, o2 and
the angle ¥. Here (r,0) are the polar coordinates associated with O. In that case, similarly to
Theorem 1.2.6 for the operator div (oV-) : H}(Q2) — H~1(Q) in §1.2, we established that the range
of B : H3(2) — H3() is not closed which shows that B is not of Fredholm type. By working as in
§1.3, we could take into account certain of the singularities (3.24) to obtain an operator which is of
Fredholm type. This has not been done in [151].

3.1.4 Concluding remarks concerning the analysis of the ITP

Above we studied the ITP in various frameworks. A noteworthy point of that problem is that
depending on the assumptions made on the physical coefficients of the inclusion that one wishes to
identify, different tools and approaches must be used. Let us mention that we have this flexibility
in the framework because Herglotz waves, i.e. generalized combinations of plane waves, which are
the waves we assume that the observer can produce, are dense in different functional frameworks.
In the setting involving strongly oscillating singularities, we explained how to obtain Fredholm
operators. However, to prove discreteness of TEs, one must find one k where the operator is
injective. This is not simple and for the moment this remains an open question when A — Id
changes sign on 0f2 as well as in the case where A = Id and n — 1 changes sign on 0{2. Besides, we
focused our attention on results of discreteness of TEs. As we will see below, TEs can also be used
to obtain information on the material index of the inclusion. For this reason, people have proved
results of existence of real TEs in certain situations (see e.g. [412, 127, 125]). However the cases
where A — Id or n — 1 change sign on the boundary have not been studied.

Let us come back to an inaccuracy we made in order to simplify the presentation. At the
beginning of this section, we first introduced TEs as frequencies k& > 0 such that there is an
incident field whose scattered field vanishes outside of the inclusion. Then we explained that they
correspond to values of k > 0 such that there is a non zero pair (u,w) which solves the ITP (3.1).
In general these two notions do not coincide. More precisely, in the literature, the £ > 0 such that
there is an incident field, defined in R?, which does not scatter, are usually called non-scattering
frequencies. The k > 0 such that the I'TP admits a non zero solution are the TEs. A non-scattering
frequency is always a TE but the converse is often false. Actually, it is easy to see that a TE is
a non-scattering frequency if and only if the corresponding w can be extended as a solution to
the homogeneous Helmholtz equation in R?. It has been established that certain scatterers with
non-smooth geometries (with corners in 2D or conical tips/edges in 3D) have an infinite number
of TEs while their spectrum of non-scattering frequencies is empty [56, 411, 221, 222]. In the
recent article [160] with H. Haddar, H. Li and J. Xiao, we gave examples of defects, including some
domains with corners or cusps, for which there exist non-scattering frequencies, which finally seems
a rather rare phenomenon. Adapting an example proposed by J. Eckmann and C. Pillet in [216],
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we also gave situations where the incident non-scattering fields can be extended in a neighborhood
of the inhomogeneity but not in the whole space.

3.2 Invisibility in free space with a finite number of measurements

We mentioned that the Linear Sampling Method (LSM) can be used to recover the support
of a defect embedded in a homogeneous background if the frequency is not a Transmission Eigen-
value (TE), i.e. if the only solution of the ITP (3.1) is zero. This theory supposes that we
can produce incident plane waves in all directions 8; € S% ! and measure the far field pattern
of the associated scattered fields for all @, € S !, where S%! denotes the unit sphere in R
However, this is not quite realistic. Some works have been devoted to the study of the LSM in
partial aperture (see [117] and [186, 187, 191] for the corresponding numerical experiments), that
is when the observer knows only the restriction of the far field operator on a non empty open
set of S¥~1. Thanks to the analytic dependence with respect to the wavenumber, the theory can
be developed as in the case of full aperture. But again, this is not completely satisfactory for
applications because in practice, one cannot access this continuum of information. Very often, for
example in the numerical implementation of the LSM, one can produce incident plane waves and
measure the far field pattern of the associated scattered fields only in a finite set of directions.
It is this setting that we decided to investigate in [72] with A.-S. Bonnet-Ben Dhia and S.A. Nazarov.

We assume that the propagation of acoustic waves in time harmonic regime in the reference
medium R?, d = 2,3, is governed by the Helmholtz equation Au + k%u = 0. Again, the localized
perturbation in the reference medium occupies the bounded open set Q@ C R¢ with Lipschitz
boundary 0€2. To represent the physical properties of the penetrable inclusion €2, we introduce
A € L®(RY R™?) and n € L*®(R%,R), two parameters such that A =Id and n = 1 in R?\ Q. We
assume that A(z) is symmetric for all & € 2, such that A(x)¢-¢ > C[¢|? for all x € R, ¢ € R? and
that n satisfies n(x) > C for all x € R%, for some constant C' > 0. The scattering of the incident
plane wave u; = e**9:® of direction of propagation 8; € S*1, by €, is described by the problem

Find w such that
—div (AVu) = k*nu in RY,
u = u;+us inR% (3.25)

lim ro7 (%us — ik%) =0.

r—-+00 r

It is known that for all k£ > 0, Problem (3.25) has a unique solution in HL (R¢), the Sobolev space of
measurable functions whose H'-norm is finite on each bounded subset of R?. We denote by us(-, 8;)
the associated scattered field. Using Green’s representation formula and computing explicitly the
asymptotic behavior of the Green’s function for the Helmholtz equation far from 2, one proves (see
[189, Thm. 2.6]) the expansion

us(,0;) = e T (ug(05,0) + O(1/7) ), (3.26)

as r — 400, uniformly in 8, € S%'. Here 6, is the direction of observation. The function
ul®(,0;) : S%-1 — C, is called the far field pattern associated with u; == e**®®_ In other words, at
infinity, us(-, 0;) behaves at the first order like a cylindrical wave in 2D or like a spherical wave in

3D. The far field pattern is given by the following integral representation
u(05,0;) = ca(Ouf (-, 0;), e %) 50 — (0, (7T u(-, 0;)) 002 (3.27)

In this expression, (-,-)sq stands for the duality pairing (without complex conjugation) between
H-Y/2(9Q) and HY/2(9Q). On the other hand, v denotes the unit normal vector to 9 oriented
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toward the interior of Q and d,uf (-,0;) refers to the normal trace of wu(-, 0i)|Rd\§' Finally, the

constant ¢q is such that ¢y = €™/*/\/87k and ¢3 = 1/(4n). In particular when A = Id in R%, we
deduce from (3.27) that

(00,6 = cal? [ (n=1(usl 63) + €0 M0 (3.28)
Q
We assume that one has a finite set of emitters and receivers located at the same positions so that
we can produce incident plane waves in some given directions 61, ...,0y € S*! and measure the
far field pattern of the resulting scattered field only in the directions —61, ..., —0y (backscattering
directions). This corresponds to knowing all elements of the relative scattering matrix .Z (k) €
CN*N such that
Mon (k) = U (=01, 0,,).

In this context, we shall say that k£ > 0 is a non-scattering wavenumber if .Z (k) is not injective,
equivalently, if there is a non trivial incident field, combination of the plane waves of directions of
propagation 61, ..., 0y, such that the far field pattern of the associated scattered field vanishes in
the directions —@1,...,—0x. Let us emphasize that in this case, unlike in the continuous setting,
the scattered field has no reason to be identically null outside of the defect.

3.2.1 Discreteness of non-scattering wavenumbers

In the first part of [72], by working with energy identities and by exploiting the meromorphic
dependence of .Z (-) with respect to k, we provided criteria on the physical parameters of the inclu-
sion to guarantee that the non-scattering wavenumbers, defined by means of the relative scattering
matrix, form a discrete set. One of the results we proved is as follows.

Assumption 3.2.1 There is a neighborhood of 0X), denoted V, such that Id — A is nonnegative
definite in QNYV. Moreover, there exists a constant C' such that there holds 0 < C < 1—n in QNV.

Assumption 3.2.2 There is a neighborhood of 052, denoted V, such that A — Id is nonnegative
definite in QNYV. Moreover, there exists a constant C' such that there holds 0 < C <n—1in QNV.

Proposition 3.2.3 Assume that A and n satisfy Assumption 3.2.1 or Assumption 3.2.2. Then the
set of non-scattering wavenumbers for Problem (3.25) is either empty or discrete.

3.2.2 Construction of non-scattering inclusions

In the second part of [72], imposing A = Id in R?, for a given k > 0 and a given domain €, we
adapted the method presented in §2.2 to construct, both theoretically and numerically, inclusions
supported in © for which the corresponding relative scattering matrix .# (k) vanishes. The main
result is as follows.

Proposition 3.2.4 Let k > 0 be a given wavenumber and ) refer to a given Lipschitz domain.
Consider 01, ...,0n, N vectors of S¥™1 such that the N(N + 1)/2 elements of the family {6, +
01 }i<m'<n'<n are all non null and all different. There exists an infinite family of parameters n,
with n — 1 supported in Q, such that the relative scattering matriz # (k) associated with (3.25)
(for A = 1d) satisfies # (k) = Onxn. As a consequence, for such inclusions, for any incident
field combination of the plane waves e*01 _  *ONT the far field pattern of the scattered field
vanishes in the directions —0+,...,—0y.

Remark 3.2.5 In dimension two, the assumptions of this proposition can be slightly simplified.
Indeed, we can see that if 01,...,0Nn denote N vectors of S', then the elements of the family
{0 + 0, bi<py<n<n are all different as soon as they are all non null.
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In Figures 3.10-3.12, we give an example of defect which produces zero far field patterns in three
directions when enlightened from the left.

Let us underline that here we consider only non dissipative isotropic inclusions, the result be-
ing simpler to establish for dissipative or anisotropic inclusions. This indicates in particular that
the data of the relative scattering matrix does not uniquely determine the defect. Note that in the
continuous setting, this construction is impossible. Indeed, the knowledge of the far field operator
on S?1 x S%! uniquely determines the parameter of the inclusion (see [189, Thm. 10.5] and the
references therein: [363, 458] in 3D, [107, 285] in 2D).

.374836
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- 1.2
T |

1.1

Il
0.915801

Figure 3.10: Example of parameter n which produces zero far field patterns in the directions
corresponding to the angles 90°, 180°, 225° and for an incident direction at 0°. The domain
represented here is Bg, the ball of radius 8, and the defect €2 is located in Bj.
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Figure 3.11: Restriction of the coefficient n of Figure 3.10 to 2. Here we have been able to construct

n such that n|g € €°°(2). The domain represented here is Bj.
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Figure 3.12: Absolute value of the scattered field in logarithmic scale associated with an incident
plane wave of incident angle 0°. As desired, we see that it is very small far from 2 in the directions
corresponding to the angles 90°, 180° and 225°. The domain represented here is equal to Bg.

3.2.3 The case of the scattering direction coinciding with the incident direction

In the statement of Proposition 3.2.4, we assume that 65 # 6;. When 0; = 0, (see Figure
3.13), the approach we proposed cannot be implemented. To cope with this problem, one could
consider a complex valued parameter n or an anisotropic material characterized by some matrix
valued coefficient A. But imagine that we want to use non dissipative isotropic materials with
A =1d only. For a given wavenumber k& > 0, can we find a real valued parameter n for the inclusion
Q such that the far field pattern associated with the incident plane wave u; = %% vanishes in
the direction 8;? In the sequel, we shall assume there is only one scattering direction (N = 1).

Incident direction 6; Scattering direction 85 = 6;
> Q —
Figure 3.13: Scattering problem with 85 = 6;.

According to (3.28), we know that the far field pattern in the direction @, of the scattered field
solution of the problem

—Au = kK’nu in R?,
uw = wuj+us inRY (3.29)
lim r% Ous —ikus | =0
r——+00 87‘ s o

is given by

ug®(0s,0;) = cq k> / (n—1) e ks gon
Q
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When 6, = 6;, we find, using the relation —Au, — k*nus = k? (n — 1) u;,
u(0;,0;) = cqk? / (n—1) (u; + us) w; de
Q

= cde/(n—1)|ui|2d:c—cd/usAus—i—anusda: (3.30)
Q Q

— ak? / (n = 1) Jusl? d + cq / Vsl — Knlus|? da + cq Byitg, us)r-
Q Q

Let us work on the last term of the right-hand side of the previous equation as in the proof of [189,
Thm. 2.5]. We take R large enough such that Q is contained in the ball By = {x € R? ||z| < R}
and apply Green formula in Bg \ € to obtain

<8VUS7US>F = _<auus’us>8BR +/

|Vus|? — k?|us|? de.
Br\Q

On 0Bpg, v refers to the unit outward normal to Bgr. But u, satisfies the radiation condition of
(3.29) and admits the decomposition (3.26). Therefore, there holds

Sm (O, us, us)r = k:/ [u°(6,6;)|* db. (3.31)

§d-1

Using (3.31) in (3.30), we conclude

Sm (c;' u(8;,0;)) = k/ [uS°(8,6;)* de.
gd—1
According to Rellich’s lemma, this proves what is called the optical theorem in the literature and
which was originally discovered independently by W. Sellmeier and Lord Rayleigh in 1871.

Proposition 3.2.6 Let us refer to the scattered field, defined by Problem (3.29), associated with
the incident plane wave u; = k0@ Then the far field pattern of us vanishes in the direction 0; if
and only if there holds us = 0 in R\ Q.

This shows that it is much more complicated to impose far field invisibility in the direction 6
than in other directions. In particular, if £ > 0 and n are such that the far field pattern of wug
vanishes in the direction 0;, according to Proposition 3.2.6, we must have us = u — u; = 0 and
Oyus = Oy(u —u;) = 0 on I'. This implies that the pair (u,u;) = (u; + us, u;) satisfies

Au+k’nu = 0 inQ,
Au; + k2ui = 0 in €,
U — Uy = 0 onl, (3.32)
dy(u—u;) = 0 onTl.

This is nothing but a transmission eigenvalue problem with a strong hypothesis on u;. Compared to
the classical transmission eigenvalue problem where the restriction of the incident field to €2 belongs
to L2(Q2), here we additionally impose u; = e*0:T - Ag a consequence, for a given n which satisfies
0 <c<n<C <1inaneighborhood of I' or 1 < ¢ < n in a neighborhood of I'; we know according
to [457] that the set of wavenumbers for which (3.32) has a non trivial solution is either empty or
discrete. However, we cannot use the results of existence of transmission eigenvalues (see [412, 125])
to conclude the existence of non trivial solutions to (3.32) because here, we impose a very restrictive
condition for u;. More interesting for our configuration are the results of [56, 411, 221, 222]. In these
articles, situations where the support of n—1 has corners or edges are considered. In this context, the
authors provide sufficient criteria on n which ensure that all non trivial incident Herglotz functions
(i.e. all non trivial generalized combinations of plane waves), for all wavenumbers k > 0, produce
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non trivial scattered field. For such coefficients n, the only solution of (3.32) is zero. For more
general n, for example such that the support of n — 1 is smooth, even assuming u; = %% we do
not know any result showing that (3.32) has only the trivial solution. Nevertheless, in any case,
and this is the important message of this discussion, it seems particularly delicate to impose far
field invisibility in the direction 8;.

3.3 ITP and artificial background

We mentioned that the Linear Sampling Method (LSM) fails at frequencies coinciding with
Transmission Eigenvalues (TEs) which, we remind the reader, are defined as the eigenvalues of the
Interior Transmission Problem (ITP). This is the reason why substantial efforts have been made
to prove discreteness of the set of TEs. On the other hand, from the work [122], it has been proved
that TEs can be determined from measured data and then can be exploited to get additional
properties of the defect. Roughly speaking, the idea is to work in two steps. First, one recovers the
support of the defect by applying the LSM at a frequency which is not a TE. Then one uses the
spectrum of TEs to obtain information on the material constituting the inclusion (below we shall
assume that this material is characterized by an index n). Since [122], the determination of TEs
from measured data has been improved using the framework of the Generalized Linear Sampling
Method (GLSM) in which exact knowledge of the support is no longer needed [29, 123] (see also
[307] for a different approach).

Although mathematically appealing, relying on transmission eigenvalues to determine quanti-
tative features on n is difficult. The reason is twofold. First, information is lost in complex
eigenvalues, which generically exist and cannot be measured in practice. Second, it is difficult to
establish sharp estimates for real TEs with respect to n due to the complexity of the I'TP.

In [24], with L. Audibert and H. Haddar, we explained how to work with another far field operator
F2> corresponding to an artificial background (reference medium) for which the associated TEs
have a more direct connection with n. Put differently, working with F2P, our goal is to simplify
the solution of the inverse spectral problem consisting in determining n from the knowledge of real
positive TEs. Important in the analysis is the fact that F2P is given by the formula F?P = F — F
where F' can be obtained via a rather direct numerical computation. Therefore, in practice FaP
can also be considered as a data. We will see that our approach does not require a priori knowledge
of the exact support of the inhomogeneity. It is sufficient to know that the defect in the reference
medium is located in a given bounded region.

Close to our study are the articles [237, 124, 23]. In the first one, the authors reformulate
the I'TP as an eigenvalue problem for the material coefficient. In the second and third ones, it is
explained how to identify n from the knowledge of F(k) — F(k,~) at a single wavenumber k and
for a range of 4. Here F(k) — F(k,v) can be seen as the far field operator corresponding to a
background depending on an artificial parameter . In comparison with our approach, this method
is interesting because it requires knowing F' at a single wavenumber (F(k,’y) can be computed
numerically). However, the relation between associated TEs and n is a bit more complex than in
our case.

3.3.1 Setting

Again, the localized perturbation in the reference medium is modeled by some bounded domain
Q C R? and a real valued refractive index n € L>®(R?). We assume that n = 1 in R\ Q. The
scattering of the incident plane wave u;(-, 8;) = ¥ of direction of propagation 6; € S~! by Q
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is described by the problem
Find u = w; 4+ us such that

Au+knu = 0 inR%
) a1 (Ous .
rginoor 2 (87’ —zkus) =0,
with u; = u;(+,0;). As in (3.26), the scattered field us(-, ;) has the expansion

(3.33)

us(, 0;) = eikrr*d%l (ugo(es,ai) + 0(1/7“)),

as 7 — oo, uniformly in 8, € S9!, The function u(-,0;) : S' — C, is called the far
field pattern associated with u;(-,6;). From the far field pattern, we define the far field operator
F:L2(S%1) — L2(S?1) such that

(Fo)0) = [ 0(6)ux(6..6,)ds(0) (3.34)
The function Fg corresponds to the far field pattern for the scattered field in (3.33) with u; =
ui(g9) = fsi-1 9(0;)e™®® ds(6;) (Herglotz wave function). Define the operator H : L*(S¢1) —
L2(Q) such that Hg = u;(g)|o and the space Hin(Q) := {v € L2(Q); Av + k*v = 0in Q}. Tt is
known that Hi,.(Q) is nothing but the closure of the range of the operator H in L?(£2). Observing
that Aug + k*nus = k%(1 —n)u;(g) (in particular us depends only on the values of u;(g)|o), we can
factorize F' as F' = GH where the operator G : Hiy(Q) — L2(S?1) is the extension by continuity
of the mapping u;(g)|o — u3°. The real transmission eigenvalues coincide with the values of k € R
for which G is not injective. In such a case, there is a (generalized) incident wave v € Hij,o(€2) such
that the associated far field is zero and therefore, by Rellich’s Lemma, the scattered field u, is zero
outside of €. As already seen, this leads to the equivalent definition of TEs as the values of kK € R
for which the problem

Aug + k*nus = k*(1—n)v  inQ

Av+k2v = 0 in (3.35)

admits a non trivial solution (us,v) € H3(Q) x L(2). One of the main troubles with TEs is that
their link with the index of refraction n is not explicit nor easily accessible. Some monotonicity
results have been obtained in [125] but only for some of the TEs. We hereafter explain how by
modifying the far field operator, one can obtain new transmission eigenvalue problems for which it
is easier to get information on n.

3.3.2 Transmission eigenvalues with a Zero-Index Material background

Assume that one has a priori knowledge of a Lipschitz domain €, such that Q C . We
emphasize that we do not require to know exactly the support € of the defect in the reference
medium. Consider the scattering problem

Find @ = u; + s such that
Al +k*pi = 0 inRY

_ a~s )
lim r% ( au —zk:ﬂs> =0

r—400 r

(3.36)

where p is the function such that p = 0 in , and p = 1 in R?\ . This artificial medium is referred
to as Zero-Index Material (ZIM) because we choose p = 0 inside €. This choice greatly simplifies the
structure of the associated interior transmission problem as we shall see. For u; = u;(-,6;) = etkbi-z
with 8; € S9! as for (3.33), this problem admits a unique solution in H}OC(Rd). We denote
by iis(-,8;) the associated scattered field and @°(-,8;) : S¥™! — C the corresponding far field
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pattern. From the far field pattern, we define the far field operator F : L2(S* 1) — L2(S41)
such that (Fg)(0s) = [sa 1 g i) U°(0s,0;)ds(0;). Finally we define the artificial far field operator
Fab LQ(Sd 1 _) L2 §

Fab = F — F. (3.37)

From a practical point of view, notice that F' is given by the measurements while ' has to be
computed, which is achievable because Problem (3.36) does not involve n (and €, is known).
Therefore, we can consider F2P as a data for the inverse problem of determining n. Let us denote

ub(g) = / 9(6:)i(-.6;) ds(6;) (3.38)
gd—1

for given g € L?(S?!) where (-, 0;) is the solution of (3.36) for u; = u;(-,6;) == %%, Define
the operator H* : L2(S%1) — L2(Q) such that H*Pg = u?"(g)|a,. Set also Hine(Qp) = {v €
L2(Q); Av = 0in Q). Observing that A(us — i) + k2 “n(us — @s) = k%(p — n)uib(g), we can
factorize F2P as F*P = G*PH3P where the operator G : Hine () — L2(S?71) is the extension by
continuity of the mapping u? b(g ), — ug®—uge. Slmllarly as above, we now define the transmission
eigenvalues as the values of k for which the operator G® is not injective. Denoting w = us — s,
this is now equivalent, due to Rellich’s Lemma, to define the transmission eigenvalues as the values
of k for which the problem

Aw+Eknw = —k*nv in Q

Av = 0 in (3.39)

admits a non trivial solution (w,v) € H3(Q) x L?(€). We observe that k = 0 is an eigenvalue of
infinite multiplicity of (3.39). Now we consider the case k # 0. Then we find that (3.39) admits a
non trivial solution if and only if there is w # 0 such that (A + k%n)(n~!Aw) = 0 in §, that is, if
and only if (w, k) is a solution of the problem

Find (w, k) € H3(%) \ {0} x R such that

3.40
An~'Aw) = —k?Aw in Q. (3.40)

In contrast to Problem (3.35) which is quadratic in k2, one ends up here with a well-known linear
eigenvalue problem similar to the so-called plate buckling eigenvalue problem. We can use classical
results concerning linear self-adjoint compact operators to show that the spectrum of (3.40) is made
of real positive isolated eigenvalues (no more complex eigenvalues) of finite multiplicity 0 < A; <

A2 < - <\, < ... such that lim, 4 A, = +00. Moreover, we have the simple min-mazx formulas
“TAw, Aw
Ap = min  ma (n 5 Juz(c) (3.41)
Epeép weEp\{O} vaHLQ(Qb)

Here &, denotes the sets of subspaces E, of H3({) of dimension p. Observe that the charac-
terisation of the spectrum of Problem (3.39) is much simpler than the one of Problem (3.35).
Moreover, it holds under very general assumptions for n: we just require that n|g, € L°>°(€;) with
essinfgn > 0. In particular, n can be equal to one inside € (thus, as already mentioned, we do not
need to know exactly the support Q of the defect in the reference medium) and n — 1 can change
sign on the boundary. In comparison, the analysis of the spectrum of (3.35) in such situations is
much more complex and the functional framework must be adapted according to the values of n
as seen in §3.1.3. The second advantage of considering Problem (3.39) instead of Problem (3.35) is
that the spectrum of (3.39) is entirely real.

Now we provide a Theorem which justifies a method to identify eigenvalues of the modified
ITP from the knowledge of F. To state the result, we need to introduce some notation. Set
Fy = |F + F*| + |F — F*|, where F* is the adjoint of F, and define for a > 0, g, ¢ € L2(S*"1), the
functional

Ja(9,0) = a(Fig, 9)12si—1) + |19 = @l[F2(ga-ry-
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Notice that in the penalty term, we use the operator Z*:'ﬁ and not Fﬁab defined similarly as F'ﬂ. The
reason is that we do not know if g (Fﬁabg,g)Lg(qu) is equivalent to |]ui(g)Hi2(Qb). We then
consider for z € R? a function g2 € L%(S?"!) such that

Jolof 6F) Sat il | Ja(9,67)

where ¢2°(8) := e*9s'% is the far field associated with a point source at the point z.

Theorem 3.3.1 Assume that the far field operator F2P has dense range. Then k? is an eigenvalue
of (5.40) if and only if the set of points z for which (FygZ,gs)12(sa-1y is bounded as o — 0 is
nowhere dense in €.

This theorem guarantees that peaks in the curve

k— I(k, n) = / (Fﬁgg7 QS)LQ(Sd—l) dz (342)
QoCQb

for small values of a correspond to k? which are eigenvalues of (3.40). Therefore, from the knowl-

edge of FP for real k € (0;4+00), we can identify all the spectrum of (3.40).

Formula (3.41) is interesting because it guarantees that the ), have monotone dependence with
respect to n. If we denote by A,(7) the p—th eigenvalue of Problem (3.40) with n replaced by 7,
then we have A,(n) < A,(A) if n > 7. This estimate can be useful to derive qualitative information
from a reference situation: for a given setting where the \,(n) are known, if n is changed into 7,
one can have an idea of the nature of the perturbation. From (3.41), we can also write

ess ifrllfn < Ap(1)/Ap(n) and esssupn > A\p(1)/Ap(n).
b Qp
Note that the A,(1) can be explicitly computed with a numerical code because they do not depend
on n and {2 is known. In particular, when n is constant and €, = €2, we have the formula

n = Ap(1)/Ap(n). (3.43)

Thus, in this case, from the knowledge of the far field operator FP on an interval of wavenumbers
k containing an eigenvalue of Problem (3.40), we can identify the value of n.

Let us discuss other possibilities to determine simple spectral signatures associated with the
index of refraction by modifying the background.

3.3.3 A modified background with a non penetrable obstacle

First, we consider a background with a non penetrable obstacle €2, such that 2 C ;. On
€Y, we prescribe the boundary condition B(@) = 0 where B is a given boundary operator. The
construction is similar to above where (3.36) is replaced by

Ai+ka = 0 inRY\Q,

(3.44)

B (ﬂ) = 0 on 891,.
We investigate here only the cases B(@) = @ and B(@) = 0u/dv + & which respectively correspond
to Dirichlet and Robin scattering problems, with v € R being a fixed impedance parameter. The
normal unit vector v to 0§, is chosen directed to the exterior of ;. We redefine respectively F2P,
u2P(g) as in (3.37), (3.38) from @ introduced in (3.44). Then by adapting the definition of F} in
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(3.42), we showed that by modifying the data F' by some computed quantities, one can access the
eigenvalues of the cavity problem

Aw+knw = 0 in

B(w) = 0 on 0. (345)

For this problem, we obtain similar conclusions as in the previous section on the determination
of n from TEs. Let us emphasize that one can combine the information provided by the different
spectra to determine n.

3.3.4 Other choices of artificial backgrounds

For the artificial background in (3.36), we are not obliged to choose p such that p = 0 in €
and p = 1 in R%\ Q. Consider an arbitrary real valued p € L*°(R%) such that p — 1 is compactly
supported. Let Q be a domain such that supp(n — p) C €. For such a p, setting w = u — v, the
corresponding transmission eigenvalue problem reads

Aw+E*nw = K} (p—n)v in
Av+k2pv = 0 in £

with (w,v) € H3(%) x L2(Q). And if p is such that n — p # 0 in €2, this leads to the problem

Find (w, k?) € H3() \ {0} x C such that
(3.46)

(A +k2p)( (Aw + E*nw)) = 0 in 2,

n—p
All the game with these artificial backgrounds consists in choosing p such that TEs of (3.46) give
interesting or simply usable information on n. One can also vary the boundary condition in the
case discussed in Section 3.3.3 by varying the Robin parameter v. A natural question then would
be to ask whether these spectra provide unique determination of the refractive index.

When n is complex valued, the spectra of Problems (3.40) and (3.45) are complex. In partic-
ular when n is constant with a non-zero imaginary part, real eigenvalues do not exist. In that case,
we cannot identify transmission eigenvalues from the knowledge of F2P for real k and therefore
we cannot retrieve information on n. We do not know if one can find a well-chosen artificial
background such that the knowledge of the corresponding FP for k € (0; 4-00) would allow one to
get information on complex valued n.

3.3.5 Numerical illustrations

We provide here a simple numerical example showing how the algorithm of determining constant
n using the ZIM background would work. The inclusion €2 is a kite shape as depicted in Figure
3.14. First, we generate the far field matrices for 200 incident directions @; and 200 observation
directions @4 by solving Problem (3.33). This is done for a range of wavenumbers k. Thus we obtain
a discretization of the far field operator F' defined in (3.34) which in practice would be given by
measurements. We consider two cases: n = n; = 2 in Q and n = ny = 4 in 2. Then we choose
Q = Q and we build a discretization of the artificial far field operator F# introduced in (3.37).
This allows us to compute the indicator function I(k,n) defined in (3.42) with Qo = Q. In Figure
3.14, we display the curve k — I(k,n1) for k € (3.5;7). On the other hand, using the FreeFem++
software, we solve the eigenvalue Problem (3.40) for n = ny in 2. We observe that the square roots
of the eigenvalues of (3.40), marked by dashed lines on Figure 3.14, correspond to the k for which
k +— I(k,n;) has some peaks. This is coherent with the result of Theorem 3.3.1. Therefore, from
the measurements, we can assess the \,(n) in (3.43). Computing \,(1) (solving (3.40) with n = 1),
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we can recover n when n is constant using Formula (3.43). In Figure 3.14, we also display the curve
ks I(k/\/2,n2) for k € (3.5;7). We see that the peaks of this curve coincide with the ones of
k — I(k,n;). This is in accordance with the theory which guarantees that ng/n; = Ap(n1)/Ap(n2)
for all p > 0. Numerically |na/n1 — Ap(n1)/Ap(n2)| is of order 1072
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Figure 3.14: Curves k — I(k,n1) and k — I(k/v/2,n2) for k € (3.5;7). The vertical dashed lines
correspond to the eigenvalues of Problem (3.40) computed with n = n; in  (the quantities we
want to retrieve in practice). The kite shaped domain represents the inclusion (.

3.4 Inside-outside duality with artificial background

We continue our study of the problem consisting in retrieving information on the material index
n of a penetrable inclusion embedded in a reference medium from far field data associated with
incident plane waves. As mentioned above, (classical) Transmission Eigenvalues (TEs) can be used
as qualitative spectral signatures of n. The first step consists in identifying TEs from far field
data known for a range of frequencies. To proceed, two main approaches exist. The first class of
methods exploit the failure of sampling methods at these special frequencies to reconstruct them
[122, 22, 29]. They require some a priori knowledge on the inclusion location and size. Another
class of methods exploit the inside-outside duality revealed in [212, 216, 211, 217] that relates TEs
to spectral properties of the far field operator. These methods have been introduced to identify TEs
in [307] and further developed in many subsequent works [323, 332, 330, 287, 331, 422, 421, 309]
both theoretically and numerically. These approaches only use the far field data and do not need
a priori knowledge on the shape or location of the inclusion. Let us describe the main idea.

Consider the same scattering problem as in (3.33), say in R® (d = 3). Let F : L2(S?) — L2(S?)
denote the far field operator introduced in (3.34). From F', define the scattering operator
S : L2(S?) — L%(S?) such that
S =1d+ &F i
27

It is known that S is unitary (SS* = §*S = Id) and that F' is compact. Therefore, for all k& > 0,
the eigenvalues of S are located on the unit circle and only accumulate at 1. Now, if the material
index n in (3.33) satisfies n —1 > ¢ > 0 in 2, one can show that the eigenvalues of S accumulate
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at 1 only in the upper half complex plane {z € C|Sm z > 0} (see the illustration of Figure 3.15).
As a consequence, if we denote by €%, with

2W2512522"'25j2"'>0,

the eigenvalues of S, then there holds lim;_, ., 0; = 0t.

103

702

€i6*

Figure 3.15: Eigenvalues of S in a situation where n — 1 > ¢ > 0 in €.

The phase d; plays a particular role in the analysis and we set d, := §;. Moreover, note that the
phase of the eigenvalues of S depends on k. The main result of [307] can be summarized as follows:
under certain additional assumptions on n, the number ky > 0 is a TE if and only if there holds

kl}n]go 0x(k) = 2m,

see Figure 3.16 (the notation k ko means that k tends to kg by increasing values).

i, (k)

Figure 3.16: Illustration of the behavior of k — ¢®*(*) when k 7 ko where ko is a TE. Here we
consider a situation where n —1 > ¢ > 0 in .

There exists a similar statement in the case where 1 —n > ¢ > 0 in ). In that case, eigenvalues
of S accumulate at 1 in the lower half complex plane and under additional assumption on n, one
shows that kg > 0 is a TE if and only if an eigenvalue of S converges to 1 with a positive phase as
k \ ko. Let us emphasize that the mathematical justification of these results only applies to some
simplified asymptotic configurations of the material properties, namely small perturbation of large
enough or small enough constants.

On the other hand, as said above, one of the main troubles with classical TEs is that their
link with the index of refraction is not explicit nor easily accessible. This is why in the previous
section, we explained how to work with artificial backgrounds for which the associated TEs have a
more direct connection with the material index of the inclusion (see [124, 23, 185, 24]).

In the article [25], with L. Audibert and H. Haddar, our goal was to show how to develop
and justify the inside-outside duality for identifying TEs associated with artificial backgrounds.
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We investigated cases where the modification of the background consists in introducing an artificial
inhomogeneity with index n; that contains the targeted inclusion. As in (3.37), we first defined
a relative far field operator as the difference between the far field operator from data and the
far field operator associated with the background. Scaling this difference with the adjoint of the
scattering matrix for the artificial background, we obtained an operator that admits a symmetric
factorisation in terms of Herglotz wave operators (see [365, 248, 320, 247]). The spectrum of this
operator was then exploited to identify TEs. In the case when n; is constant, one is faced with
the same difficulties as for classical TEs (n, = 1, see [307]) for the theoretical justification. To
overcome this problem, we exploited that the artificial background is a numerical tool that can be
adapted at wish and proposed to use some ny scaling like p/k? where p is an arbitrary constant and
where k is the wavenumber. For this particular choice, we have been able to obtain a necessary and
sufficient condition for the identification of TEs from the behavior of the phases of the eigenvalues
of the modified far field operator. The main property that made this result possible to prove is that
with this scaling, the space of generalized incident waves is independent from the wavenumber k.
In addition to this characterization, we also showed that one can recover the generalized incident
wave which does not scatter. This result holds for any continuous dependence of n;, with respect
to k and may be useful for the inverse spectral problem consisting in determining n from the TEs.

3.5 Detection of cracks via the ITP with artificial background

- — Cracks
—Probed region

Figure 3.17: Imaging of a simulated damaged background with the indicator of the so-called Factor-
ization Method. The reconstruction uses far field data generated at the wavelength A := 27 /k = 0.3.
The resolution of the image is set by the sampling points step equal to 0.01 here.

During the PhD of Kevish Napal [366] that I have supervised with L. Audibert and H.
Haddar, we considered the problem of identifying a set of cracks embedded in some ho-
mogeneous background from measured far field data generated by acoustic plane waves.
This type of problem has been extensively studied in the literature and we refer to
[308, 118, 316, 7, 45, 289, 286, 478, 10, 342, 61, 102, 43, 46, 250] for an overview of some
non-iterative methods that have been employed in this context. In the PhD of Kevish, we were
interested in cases where the cracks form a relatively dense network that causes failure of most
of these methods (due to important multiple scattering effects). In general, the above techniques
provide an indicator function that only reveals a volumetric domain encompassing the cracks
network as illustrated in Figure 3.17. In our work, we proposed and studied two approaches to
remove this limitation and provide indicator functions that are sensitive to local densities of the
cracks inside the network.

These two methods belong to the family of so-called sampling methods (see e.g. [190, 304])
and make use in particular of the Generalized Linear Sampling Method (GLSM) [29, 123]. In the
case of inclusions with non empty interior, sampling methods fail if the interrogating frequency



152 Chapter 3. Topics related to inverse problems

coincides with so-called Transmission Eigenvalues (TEs) (that coincide with resonant frequencies in
the case of non penetrable obstacles). As we have seen in the previous two sections, exploiting the
failure of these methods at TEs, it has been shown that TEs can be computed from far field data,
and moreover that the knowledge of these quantities can be used to infer qualitative information on
the material. However, recovering sharp information from TEs is not an easy task for penetrable
inclusions because they cannot be viewed as the spectrum of a selfadjoint operator. To overcome
this difficulty it has been suggested to consider a modified spectrum that we refer to as Relative
Transmission Eigenvalues (RTEs) and that can still be computed from far field data (see §3.3).
The original proposed idea consists in the introduction of an artificial background that can be
chosen by the observer. Then RTEs correspond to wavenumbers such that there exists an incident
field for which the far field resulting from the effective background and the one resulting from the
artificial background are arbitrarily close. The advantage of using RTEs is that they depend on
the artificial background which can be fit as desired, in accordance with the problem under con-
sideration. Hence choosing the appropriate setting for the artificial obstacle, such as the position,
the geometry, whether the obstacle is penetrable or not and the corresponding refractive index or
boundary conditions, can greatly simplify the link between the RTEs and the parameters of interest.

In the PhD of Kevish, that led to the articles [26, 27], we adapted the idea of RTEs for crack
monitoring perspectives. Note that cracks have an empty interior and therefore TEs do not exist
(according to their definition for volumetric inclusions). However, one can still define RTEs as
long as the artificially included background contains inclusions with a non empty interior. This is
what we exploited to build indicator functions that are sensitive to the density of cracks inside the
artificial inclusion. Considering the latter to be a non-penetrable obstacle Q (with some prescribed
boundary conditions), the RTEs then coincide with the eigenvalues of the Laplace operator with
the boundary conditions on 92 and the boundary conditions on the cracks intersecting 2. This
indicates that these RTEs are sensitive to the number of cracks contained in 2. We have shown for
instance that RTEs are monotone with respect to the crack (for the inclusion order). As for TEs,
we proved that RTEs can be determined from the multi-frequency data using an adaptation of the
GLSM [29]. This led to a first algorithm where the domain (2 is swept over the interrogated region
and for each position, the computed RTEs are compared with RTEs associated with a crack free
inclusion 2. The desired resolution of the method is determined by the size of €2 which is in turn
limited by the frequency band of the data (since it should contain at least the first RTE associated
with ).

A weak point of this first method is the relatively high numerical cost of the computations of
RTEs associated to one artificial background. Since increasing the resolution, or equivalently, re-
ducing the size of 2, requires increasing the number of artificial backgrounds considered, obtaining
high resolution images may be prohibitive. To bypass this drawback, we suggested a second method
which uses far field data at only one fixed wavenumber k.

This alternative approach mixes the notion of artificial background with ideas from the Dif-
ferential Linear Sampling Method [28]. We consider the same 2 as previously but instead of
comparing RTEs, we compare the solutions of the corresponding transmission problems. We
showed that a measure of the difference between these solutions can be obtained using the GLSM.
This measure is indeed sensitive to the presence of cracks but we were unable to prove monotonicity
results as for the first indicator function. The numerical results however suggest that the obtained
indicator function depends on the density of cracks inside €2. Then, varying 2 over the probed
domain provides an image that reflects how badly the material is damaged.

We illustrate the principle of the first method in Figures 3.18-3.20 in a simplified 2D setting.
In Figure 3.21, we compare the performances of the two approaches with the ones obtained with
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the classical Factorization Method. Numerically we observe the superiority of the second method
for relatively sparse networks. When the crack network becomes denser, only the first method
provides an indicator function that shows variations with respect to local crack densities.

ey,
—r

Figure 3.18: Plot of the indicator function (left) computed with the artificial obstacle 2 represented
on right. The peak of the curve coincides with the known eigenvalue of the problem in Q without
crack (indicated by the vertical line): we deduce that there is no crack inside €.

—T

: 71\:
Figure 3.19: Plot of the indicator function (left) computed with the artificial obstacle €2 represented
on right. The peak of the curve does not coincide with the known eigenvalue of the problem in (2
without crack (indicated by the vertical line): we deduce that there is some crack inside €.

—r

Figure 3.20: Left: collection of artificial disks used to identify the crack. Right: reconstruction
provided by the first method. The amplitude of the indicator function gives an idea of the density
of cracks inside the corresponding square.
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Figure 3.21: From left to right: exact configuration of the cracks, first method, second method
and classical Factorization Method indicator functions. From top to bottom, additional cracks are
added to the medium. The synthetic data is corrupted with 1% random noise.
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In my work, I have been mainly interested in topics related to inverse wave scattering theory. But
I have also considered a question appearing in Electrical Impedance Tomography (EIT).

3.6 Construction of indistinguishable conductivity perturbations
in EIT

EIT is a noninvasive imaging technique with applications e.g. in medical imaging, process
tomography, and nondestructive testing of materials [90, 148, 460]. The aim of EIT is to reconstruct
the conductivity distribution inside the examined bounded physical body © C R%, d > 2, from
boundary measurements of current and potential. From the purely theoretical standpoint, the
inverse problem of EIT, also known as the inverse conductivity problem, corresponds to determining
the strictly positive conductivity o : 2 — R in the elliptic equation

div(oVu) =0 in Q (3.47)

from knowledge of the corresponding Neumann-to-Dirichlet (or Dirichlet-to-Neumann) map at the
object boundary 9. This formulation corresponds to the idealized continuum model (CM), which
is mathematically attractive in its simplicity but lacks a straightforward connection to practical
EIT measurements that are always performed with a finite number of contact electrodes. On
the other hand, it is widely acknowledged that the most accurate model for real-life EIT is the
complete electrode model (CEM), which takes into account electrode shapes and contact resistances
at electrode-object interfaces [149, 452].

Instead of the CM or the CEM, in [164], with N. Hyvonen and S. Staboulis during my post-
doc at Aalto University in Helsinki, we decided to work with the point electrode model (PEM).
The latter treats the current-feeding electrodes of EIT as delta-like boundary current sources and
models the potential measurements as pointwise evaluations of the corresponding solution to (3.47)
at the electrode locations [262]. Note that to make such a model well defined, relative potential
measurements need to be considered due to the singularities induced by the localized current inputs
(see below). The PEM is a reasonably good model for practical EIT measurements - in particular,
superior to the CM, see [280] - if the electrodes are small compared to the size of the imaged
body. In [164], we adapted the method presented in §2.2 to construct invisible perturbations of a
given reference conductivity for an arbitrary but fixed electrode configuration modeled by the PEM.

To put this work into perspective, let us briefly review the main results on the unique solv-
ability of the inverse conductivity problem, which was proposed to the mathematical community
by Calderén in [129]. For d > 3, the global uniqueness for -conductivities was proven in [458]; an
extension of this result to the case of Lipschitz conductivities can be found in [253]. The first global
uniqueness proof in two spatial dimensions was given by [364] for 4-conductivities; subsequently,
[21] proved uniqueness for general L*>°-conductivities. All these articles assume the Cauchy data for
(3.47) are known on all of 92, but the partial data problem of having access only to some subset(s)
of 002 has also been tackled by many mathematicians; see e.g. [284, 296] and the references
therein. From our view point, the most important uniqueness results are presented in [281, 444]
where it is shown that any two-dimensional conductivity that equals a known constant in some
interior neighborhood of 0f2 is uniquely determined by the PEM measurements with a countably
infinite number of electrodes. Our article [164] complements [281, 444] by constructively showing
that for an arbitrary, but fixed and finite, electrode configuration there exists a perturbation of
the unit conductivity that is invisible for the EIT measurements in the framework of the PEM.
For completeness, it should also be mentioned that the nonuniqueness of the inverse conductivity
problem has been studied for finite element method (FEM) discretizations with piecewise linear
basis functions in [324]. Take note that we restrict our attention exclusively to isotropic conduc-
tivities because it is well-known that the inverse conductivity problem is not uniquely solvable for
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anisotropic conductivities; see e.g. [20, 456] and the references therein.

Following what has been presented in §2.2, our constructive proof for the existence of “invisi-
ble conductivities” is based on introducing a small perturbation of a given reference conductivity
and applying a suitable fixed point iteration. Although the technique is, in principle, applicable
in any spatial dimension d > 2 and for an arbitrary smooth enough reference conductivity, a
necessary intermediate result about linear independence of certain auxiliary functions is proved in
[164] only for d = 2 and the unit reference conductivity, making the main theoretical result of this
work two-dimensional. In [164], we implemented the constructive proof as a numerical algorithm
that is capable of producing conductivities that are indistinguishable from the unit conductivity
for a given set of point electrodes. We also numerically demonstrated that such conductivities are
almost invisible for small electrodes within the CEM as well.

It should be emphasized that the existence of invisible conductivity perturbations for a finite
number of electrodes is not very surprising: the space of admissible conductivities is infinite
dimensional whereas EIT measurements with N + 1 electrodes include only N (NN +1)/2 degrees of
freedom. Be that as it may, we were not aware of any previous works providing examples on this
nonuniqueness that is of importance in practical EIT.

Setting

Let Q ¢ R% d > 2, be a simply connected and bounded domain with a ¥*°-boundary. In-
troduce a real valued reference conductivity ¢ € €*°(Q) such that ¢° > ¢ > 0 in Q. Here and
below C, ¢ > 0 denote generic constants that may change from one occurrence to the next. Consider
the Neumann boundary value problem

div(c°Vu®) =0 inQ, v-0'Vu'=f on a0 (3.48)

for a current density f in
HZ(09) == {g € H*(99) [ (g, 1)o = 0}, (3.49)

with some s € R. Here and in what follows, v denotes the unit normal vector of 952 oriented toward
the exterior of 2. We observe that the dual of H5(09) is realized by

H™*(0Q)/R = H*(99Q) /span{1}, s eR. (3.50)

It follows from standard theory of elliptic boundary value problems that (3.48) has a unique solution
u® € H*+3/2(Q) /R, which is smooth away from d€ due to the interior regularity for elliptic equations.
In particular, for any domain w C €2 such that @w C €, it holds that

cllu? i wy/r < N llgersr2iym < CllF s o),
where ¢ = ¢(s,w) and C' = C(s) [341]. Let us next consider a perturbed conductivity

£

0° =0 + ek, (3.51)

where k € L*°(Q) is compactly supported in Q and ¢ > 0 is such that ¢ > ¢ > 0 in Q. The
corresponding perturbed Neumann boundary value problem

div (c°Vu®) =0 in Q, v-o°Vu® = f on 09, (3.52)

with f € H5(09) for some s € R, has a unique solution in (H*+3/2(Q) N HL _(Q))/R (cf. e.g.
[341, 263]). We note that the relative Neumann-to-Dirichlet map

A=A f e (0 —O)an,  Z5(09) — Z(0Q)/R
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is well-defined. Here, the mean-free distributions 2. (9€2) and the quotient space of smooth bound-
ary potentials 2(99Q)/R are defined in accordance with (3.49) and (3.50). This regularity result
can be deduced from standard elliptic theory (cf. e.g. [341, 263]) and follows from the fact that
A% and AY are pseudodifferential operators with the same symbol on 99 because ¢ — ¢ vanishes
in some interior neighborhood of 9. One can also prove the following symmetry property for the
relative Neumann-to-Dirichlet map (see e.g. [444, Thm. 2.1]).

Proposition 3.6.1 For all ¢, ¢’ € 2,(0N), we have

(. (A7 =A%) )an = (¢, (A = A)p)aqn = /Q(UO — 0%)Vug, - Vuy, de,

13
where ug,

ug, denote respectively the solutions of (3.52), (3.48) with f equal to ¢, ¢'.

Now, consider an observer who can impose currents between pairs of (small) electrodes located at
xo, ...,y € 00 and measure the resulting voltages for both conductivities ¢” and o. According
to the PEM [262], this corresponds to knowing all elements in the matrix of relative measurements

M (0°) € RV*N defined via
Mij(0%) = (5; — do, (A° — A°)(6; — &0))oq,  i,j=1,...,N,

where J,, € H_(d_l)/Q_”((?Q), n > 0, stands for the Dirac delta distribution supported at x,. It
follows from Proposition 3.6.1 that .# (0c¢) is symmetric and, furthermore,

Mis(0%) = / (0° — o)V - Vil i, (3.53)
)
where u), v, € (H=(@=9/2=1(Q) N HL .(2))/R, 1 > 0, are the solutions of the Neumann problems
div (6°Vu®) =0 in 9, v-o'Vu® =6, — dy on 9Q (3.54)
and
div (6°Vu®) =0 in Q, v-o°Vu® =4, —d on 01, (3.55)

respectively. The goal of [164] was to find 0 # o such that .# (c¢) vanishes.

Main result

Let w € © C R? be a nonempty Lipschitz domain such that @ C . We recall the decom-
position ¢ = ¢% + ex and require that x € L>() satisfies supp(x) C @. Let us compute an
asymptotic expansion for .# (o). To this end, we write

u, = ul + i, (3.56)
where S, u) € (H-(4=9/2=1(Q) N HL (Q))/R are defined by (3.55) and (3.54), respectively. Plug-
ging (3.56) in (3.55), we see that @S, must satisfy the Neumann problem

div (0°Vis) = —div (kVul) inQ,  v-0°Vas =0 on 0Q. (3.57)

Since div (kVu?) defines a compactly supported source in H=1(£2), by applying the Lax-Milgram
theorem to the variational formulation of (3.57), we see that (3.57) has a unique solution a5, €
HY(Q)/R. Inserting (3.56) in (3.53), we deduce that

Mij(0°) = —6/

KV - Vu? dx — 52/ AR Vu? dx. (3.58)
Q

Q
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The representation (3.58) demonstrates that .# (o) is of the order €, which was to be expected as
A (0°) is the null matrix and 0° — 0¥ = ex. It is relatively easy to find a nontrivial x such that
M (0°) is of the order £2. To cancel the higher order terms in & which depend less explicitly on &,
we introduce a suitable fixed point problem. To proceed, we redecompose  in the form

N J
K= Ko+ Z ZTij Kij (359)

j=14i=1

where 7;; € R are free parameters. Moreover, kg, ki; € L>(Q) are fixed functions that are supported
in W and assumed to satisfy the conditions

/ Ko Vug - Vulde =0  for 1<i' <j <N (3.60)
Q

and
1 if (4,5) = (¢, 5') or (4,4) = (¢, 5'),

3.61
0 else. ( )

/ Kij v - Vu?, dx =
Q

Establishing that such x;; exist is the main difficulty in the analysis. In [164] we showed that this
is the case when ¢ = 1 and when € is a simply connected domain of R? with a ¢* boundary.
Our proof exploits conformal maps and we have not been able to extend it to 3D. Note that it is
reasonable to assume that the N(IN + 1)/2 free parameters 7;; in the perturbation s are enough
to cancel out the symmetric matrix .# (o) € RV*¥ (cf. Proposition 3.6.1). Substituting (3.59) in
(3.58) and using (3.60)—(3.61), we obtain the expansion

M(0°) = —eT — &2 //ZE(T)

where

//43(7)://2;(7)2/Qwa§-vugdm, 1<i<j<N,

and 7 € RV*N ig the symmetric matrix defined by the parameters 7;5. Thus imposing .#(0°) = 0
is equivalent to solving the following fixed point problem:

Find 7 € SV such that 7 = F¢(7), (3.62)

where SV denotes the space of symmetric N x N matrices and F¢ : SN — S is defined by
Fe(1) = —e M(7).

In [164] we showed that for any fixed parameter v > 0, there is € > 0 small enough such that the
map F*° has the invariant set
B, = {r € SV ||r| <~} (3.63)

on which it is a contraction. In (3.63), |- | denotes an arbitrary norm of S¥. As a consequence, the
Banach fixed point theorem guarantees the existence of g = £¢(y) > 0 such that for all £ € (0; ],
the fixed point problem (3.62) has a unique solution in B, enabling the construction of ¢ for which
A (0°) =0 via (3.59) and (3.51).

Theorem 3.6.2 Assume that 0° = 1. Let Q C R? be a simply connected and bounded domain with
a €°°-boundary. For any Lipschitz domain w C € such that W C 2, there exists a conductivity
0 € L>®(Q), with 0 > ¢ > 0, such that 0° — o # 0, supp(c® — o°) C @ and

Mij(0°) = (6 — 8o, (A° = A°) (8 — Go))on = 0

foralli,j=1,...,N.
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It is important to notice that the constructed x defined by (3.59) satisfies k # 0 whenever kg # 0
by virtue of the orthogonality conditions (3.60)—(3.61). In other words, if kg Z 0, then also 0 # o
as required. Moreover, for given oV, kg, kij and v > 0, the upper bound g9 > 0 can be tuned to
ensure that the perturbed conductivity corresponding to x of (3.59) satisfies 0° > ¢ > 0 for all
e € [0;e0] and 7 € B, which guarantees that all conductivities involved in the fixed point iteration
are admissible.

In Figures 3.22, 3.23, we give examples of conductivities which provide the same measurements
as the reference conductivity ¢® = 1 for different numbers N and positions of electrodes. As N
increases, the values of € such that we have convergence for the iterative procedure used to solve
the fixed point problem (3.62), become smaller and smaller. As a consequence, the amplitude of

the indistinguishable conductivities is small for large V.
1.35 1.07 1.015 1.0030
1.20 1.04 1.009 1.0018
1.05 1.01 1.003 1.0006
0.90 0.98 0.997 0.9994
0.75 0.95 0.991 0.9982
0.60 0.92 0.985 0.9970

Figure 3.22: Examples of invisible conductivities for N = 5,7,9,11 (recall that N 41 is the number
of electrodes). The black dots represent the electrodes.

1.7 1.2
1.44 1.13
1.18 1.06
0.92 0.99
0.66 0.92
0.4 0.85
(a) (©)
1.4 12 1.25
1.26 1.13 1.13
1.12 1.06 1.01
0.98 0.99 0.89
0.84 0.92 0.77
0.7 0.85 0.65
(d) () (f)

Figure 3.23: Other examples of invisible conductivities. The black dots represent the electrodes.
The right picture is a surface plot of the conductivity (a).

3.7 Future directions and open questions

In this section, we gather a few open problems and possible directions of research related to the
topics of that chapter.

i) The Interior Transmission Problem (ITP) introduced in (3.1) is a fertile ground of open questions
and we already mentioned several of them in §3.1.4. In addition, it would be interesting to study
more TEs which are complex but not real. Numerically they seem rather common. Some proofs
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of existence have been obtained in simple configurations (in particular for 1D problems). How to
show their existence in 2D/3D? for Maxwell’s problem? And what can one say concerning their
influence on reconstruction methods? In practice, one works with real k > 0 but what happens for
example to the LSM at a real & > 0 such that there is a complex TE close to it?

ii) In §§3.2 and 3.6, we explained how to construct invisible inclusions for two inverse problems
with a finite number of measurements. The consequence of the existence of these indistinguishable
defects for the corresponding reconstruction methods is not clear and would deserve to be studied
further.

ii1) The idea of working with artificial backgrounds to improve reconstruction methods as studied
in §3.3 looks very promising. The main point here consists in exploiting more cleverly the given
data by comparing/modifying them with computed quantities. For the artificial background, there
are many possibilities and finding the right choice for a given problem is a vast field of research.
In his PhD [427], Fabien Pourre considered this question in the acoustic case for media with many
small scatterers.

iv) The inside-outside duality considered in §3.4 allows one to characterize TEs via the behavior of
the eigenvalues of the scattering matrix. This has been done in R%. Is there some similar property
for the scattering matrix defined in waveguides as in Chapter 27

v) In the previous chapter, we saw that in waveguides, complex resonances located close to the real
axis have a strong influence on scattering properties for real frequencies in a neighborhood of the
resonance. We can imagine that this is true in R? as well (think of an almost trapping domain).
How do imaging techniques behave for these types of objects? Does the presence of the complex
resonance destroy or improve the reconstruction?

vi) We mentioned in §3.6 that the most accurate model for real-life EIT is the complete electrode
model (CEM) which takes into account electrode shapes and contact resistances at electrode-object
interfaces. We tried to construct indistinguishable conductivities for this model, with again a finite
number of electrodes, but we were unable to justify the method. This deserves to be studied.



CHAPTER FOUR

MISCELLANEOUS PROBLEMS

In this chapter, we present briefly four works which are not directly connected to the themes
developed in the previous chapters. The first two ones are related to problems of asymptotic
analysis. The other two concern questions of singular behaviors for solutions of boundary value
problems.

4.1 A numerical approach for a problem with a small inclusion

Figure 4.1: Domain Q5 with a small obstacle.

In the article [155], with X. Claeys, we considered the Poisson equation in a domain with a
small hole of size §. We presented a simple numerical method, based on asymptotic analysis, which
allows one to approximate robustly the far field of the solution as § goes to zero without meshing
the small hole.

Let w,Q C R? be two bounded Lipschitz domains such that @ C . For § > 0, define
ws = {x € R?, /6 € w} and Q5 = Q\ ws (see Figure 4.1). Given a data f € L2(Q), we
are interested in devising a robust and accurate numerical method for approximating, for small
values of ¢, the far field of the function satisfying

us € H5(Qs) and  — Aus = f in Q5. (4.1)

In (4.1), H}(Q25) denotes the subspace of the elements of the Sobolev space H!({2s) vanishing on
0Qs. On the other hand, we call far field of us the restriction of us to Q \ B,, where B, :== B(0,r)
is the disk with fixed arbitrary radius > 0. Problem (4.1), or variants of it, arises as a simple but
relevant model in many applications ranging from electrical engineering [52, 431] to flow transport
around wells [147, 414]. This kind of problem also appears when considering wave scattering by
small impenetrable inclusions [136].

In order to solve numerically Problem (4.1), a crude but rather natural idea would consist in
neglecting the influence of the small inclusion on the total field us. Indeed (see for example [352]),
as § — 0 the function us converges toward ug the solution to the limit problem where the inclusion
has disappeared

up € HH(Q) and — Aupg=f inQ.

161
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However, in general (more precisely when up(0) # 0), the convergence turns out to be very slow:
for any arbitrary radius 7 > 0 such that B, C Q, we have ||us — UOH}Il(Q\BT) > C|Iné| 7| fllrz),
for some constant C' > 0 independent of §. To give an idea |In |~ ~ 0.0434 for § = 1071, Thus,
neglecting the presence of the small inclusion is not satisfactory and a reasonable approach for
approximating the solution of (4.1) should reproduce accurately the perturbation induced by the
presence of the small inclusion ws.

Most of the numerical approaches that could be considered for dealing with this problem suf-
fer from a numerical locking effect [31]: performances deteriorate as § — 0. Admittedly, robust
methods already exist in the literature, like the multi-scale finite element method coupled with some
mesh refinement strategy [219], or the boundary element method (see e.g. [14]). These techniques
provide very good results in many cases, but they require careful and thorough implementation
efforts, and/or rely on strong assumptions such as homogeneity of the coefficients of the equation
under consideration. Other methods are based on an approximation of us of the form “wg +
corrector”, where both terms of this sum are computed separately (see for example [203, 60]).
These approaches may induce substantial additional computational cost in a real life simulation as
we explain below. In many practical situations, small inclusions are not the main subject of concern
and it seemed to us desirable to devise a simple, general purpose and implementation friendly
method that does not rely on any kind of mesh refinement technique while remaining robust as §
tends to zero.

In [155], we proposed an approach based on the following methodology. First, we computed
an asymptotic expansion of us with respect to §. To state the result which is interesting for our
study, we have to introduce a few objects. Let GG, P denote respectively the Green function and
logarithmic capacity potential, defined in normalized geometries, such that

—-AG = 0 in Q\{0} ~AP = 0 in 2:=R?>\@
G = 0 on 00 P = 0 on 0=
1 1
G(z) = —In(1/]z)) + O (1) P(§) = 5—In(1/[g)+ O (1).
27 |z|—0 27 |¢|—o0

Classically, there exist constants Gy, Py that depend only on the domains €2, w such that

G(z)— 2m) tlnjz|™' - Gy =O(|z|)  for |z| — 0,
P(§) - (2m) " In[g]™ = Ry = O(§]™")  for [¢] = +oo.

Next, define the gauge function

) 2

= 4.2
1n(5—|—27r(P0—G0) ( )

and the approximation
vs(x) = uo(x) + uo(0) A(9) G(x).

We proved the following result.

Proposition 4.1.1 For any disk B, C €2, there exist constants C,., dg > 0 independent of & such
that
s = w5 s gy < Cr 611001 [ F ooy, 0 € (053] (43)

This last result shows that vs = up+uo(0)A(d)G provides a reasonable approximation (for example
§|Iné| ~ 2.3 107 for § = 10710) of us at any fixed distance from the small hole. Thus, the far
field of us appears as the superposition of the limit field ug and a field “radiated” by a point source
located at the center of the hole.
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Numerically, ug, G can be approximated by functions u}, G" using a standard finite element
method (here, h refers to some mesh size) and define v? = ul + ul(0)A(6)G". Then, (4.3) ensures
that vgl is a good approximation of the far field of us. This procedure is rather simple to implement
and it has been proven for slightly different problems that it gives good results. However, it requires
solving two problems (plus the knowledge of the constant G) which we would like to avoid because
it may be time consuming. Adapting this approach to the case of N inclusions would lead to NV + 1
numerical solves. Similarly, looking for an approximation of us as sharp as the first M terms of
its asymptotic expansion would lead to M numerical solves when there is one inclusion. From this
perspective, for practical computations, a method involving only one numerical solve would be
much more interesting.

This is why we then derived an approximate model whose solution has the same far field asymptotics
as ug, up to a remainder in O(§'17%), for all € > 0. Let us decompose G under the form

_ 1 ~
G =s10g + G with Slog () = o x(x)In(1/]z]) and G € HY(Q)NE(Q),

where x € 65°(2) is equal to one in a neighborhood of O. This allows us to write vs as
v = ws + uo(0)A(S) Siog

with ws = ug + up(0)A(8)G. Let us express the coefficient uo(0)A(8) by means of ws. According to
the definition of ug and G it is clear that ws belongs to H}(£2) N € (). Moreover, observing that
G = Gy+G for some function G € H'(Q2)N€°(Q) vanishing at 0, we find ws(0) = uo(0)(14+A(8) Go)
and so ug(0)A(0) = ws(0)A(6)/(1 + A(6) Go). Using Definition (4.2) of A(§), we deduce that

27 ws(0)

Vs = Ws + Ind + 27 Py Slog:

Let us emphasize that this expression for v; is interesting because it involves only one unknown func-
tion, namely ws. Now, we need to derive a problem characterizing ws. In the sense of distributions
in €, there holds

27 ws(0)

 Ind+ 21 P AG

—Aws = —A(ug + ug(0)A() G) = f
with )
AG(@) = (2m) 7 ((Ax) (@) In[2] + 2V x(=) - V(In |2])).

Of course the term wg(0) is annoying to write a variational formulation in H(Q2) because the func-
tional ws — ws(0) is not defined in this space. So it cannot be exploited directly for discretization
and then numerical computation. This is the motivation for considering a regularized counterpart
where we replace ws(0) by (2md)~! f| zj=s Ws do. Finally, this leads us to examine the following
approximate model

Find s € H}(Q2) such that

2 1
Vi - Vo dz + T

o1 (4.4)
Q Ind + 27TPO 21 ||=5

ﬁ)(gda/Aévdw:/fvdsc Vo € H(Q).
Q Q

We emphasize that Problem (4.4) is set in € and not in Q5. As a consequence, when discretizing it
with a finite element method, we do not have to adapt the mesh to the small obstacle. Moreover
(4.4) requires only one numerical resolution. After that, we established a result of consistency for
the Galerkin discretization of (4.4) which is quasi-optimal and, this is important, uniform with
respect to 0. This led us to the following result



164 Chapter 4. Miscellaneous problems

Proposition 4.1.2 Consider a finite dimensional space V' C H{(Q) and denote by wgl the solution
of the variational formulation (4.4) in V". For any disk B, C Q and for any € > 0, there exists a
constant C > 0 depending on r, € but not on 6 and h such that, for § small enough,

2m 1
(T P d —
lus = (g + Ind+2mPy 276 J)p)=s by o s1og) HHI(Q\Br)

1-¢ -1 5 h . h
<C(67° +[Ind] w*}g{/h 1G — " lar ) 1 fllL2@) + Cgp}}gfjh luo — ¢ [l11 (-

In [155], we also implemented numerically the approach and indeed observed that it does not
deteriorate as § tends to zero.

In theory, it should be possible to adapt the method to obtain higher-order models that can
be solved with only one numerical resolution. However this has to be written properly and tested
numerically.

4.2 Small obstacle asymptotics for a 2D semi-linear problem

With X. Claeys and S.A. Nazarov, we continued our investigations concerning asymptotic anal-
ysis in presence of small objects by considering in [159] a 2D non-linear equation in a domain with
a small Dirichlet obstacle of size 6. Let 25 C R? be as in the previous section. For f € L?(Q) and
some fixed integer m € N, we are interested in the following semi-linear problem

Find us € H}(s) such that

4.5
—Aug + (u(§)2m+1 =f in Q. ( )

First, we remind the reader how to prove that (4.5) admits a unique solution. For any Lipschitz
domain O C R?, the Rellich-Kondrachov embedding theorem ensures that H!(Q) C LP(O) for all
p > 1. As a consequence, the form (u,v) — f% Vu-Vo+ (u)*™uv dz is well-defined and continuous
in Hj(Qs) x H(25). Introduce the continuous operator As : H{(Q2s) — H™H(Qs) :== H{(Qs)* such
that

(As(u),v) = Vu - Vo + (u)*™uv de Yu,v € Hy(Qs).
Qs

Classically, one finds that us € H}(€25) satisfies (4.5) if and only if it solves the problem
Find us € Hj(s) such that

<A5(U5),v> = /Q fvdx Yv € H(l)(Q(s)

(4.6)

Simple differential calculus shows that As(u) — f is the Fréchet differential evaluated at u of the
cost functional J; : H{(Qs) — R defined by

1 1 -
() = 5 Vel + 5 g 1010ty = [ fodn Ve eHi(@),
é

One can check that us is a minimum of Js if and only if it satisfies Problem (4.6). Since Js is
continuous, strictly convex and coercive, it admits a unique minimum (see e.g. [295, Chap. 3]).
Therefore (4.6) (as well as (4.5)) has a unique solution. From the convexity of the map t ~ t?m+2
on R, we obtain (s?™+! — ¢?m+1)(s —¢) > 0 for all s, € R. This implies (As(u) — As(v),u — v) >
llu — ’UH%I%(Q(;) for all u,v € Hj(€2s) and leads to the stability estimate

lu = vlly,) < 1As(w) = As() a1,  Vu,v € Hy(Qs).
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Here we use the notation || - ||H(1)(Q5) = [V |l2(04)2- To sum up, for all § € (0;1], the operator As :
H}(Q5) — H1(Q) is a uniformly continuous bijection, and its inverse Ay ' : H§(Qs) — H™1(Qs)
is also uniformly continuous. The same conclusion holds for the operator Ay : Hj(2) — H™1(Q)
defined by

(Ag(u),v) = /QVU Vo + (u)*uv da Vu,v € Hy(Q).

The goal of [159] was to construct an asymptotic expansion of the solution us to Problem (4.5)
as 0 — 0. For the usual Dirichlet Laplacian, as mentioned in the previous section, neglecting the
small obstacle, that is considering the solution of the problem without the obstacle, is a very crude
approximation of order |Iné|~!. Such an estimate also holds for the above non linear problem.
Therefore, it is essential to compute a corrective term.

While literature concerning asymptotic analysis for linear elliptic PDEs is very rich (see e.g.
the classical monographs [462, 298, 283, 352]), for non linear PDEs, it seems that there are much
less references, especially if one looks for error estimates. The problem we consider has been
studied in [12] in the context of topological sensitivity analysis. In [12], the author provides an
error estimate in o(|In§|~!). The first outcome of [159] was an improvement of this result. More
precisely, we showed an estimate in o(6'~¢) with any ¢ > 0. In [282] (see also the related papers
[439, 213]), the authors study the same equation as in (4.5), but in 3D for a Dirichlet obstacle and
in 2D for a Neumann obstacle. We emphasize that the asymptotic expansion is very different for
the 2D Dirichlet obstacle. Compared to the case of the Neumann condition in 2D, at least two
remarkable differences in the analysis can be pointed out. For the Dirichlet case, the matching
equation is non trivial and requires a solution procedure (based on a fixed point argument), whereas
the matching condition is totally explicit in the Neumann case. Another remarkable difference
lies in the magnitude of the first corrector term that is O(|In§|7!) in the Dirichlet case, whereas
it is only O(J) for the Neumann case. Moreover, in [282], the compound method is used and
error estimates are proved in Holder spaces. In [159], we work with different tools, employing the
method of matched asymptotic expansions and showing error estimates in Sobolev spaces (Holder
estimates are available in our case, too). In the literature, it seems that people prefer to use
the compound method to derive asymptotic expansions for non linear PDEs (cf. e.g. [352, §5.7]
where the equation —Augs + |us|?> = fs with various boundary perturbations is discussed under the
smallness assumption on the source term fs). The second objective of [159] was to investigate the
method of matched asymptotic expansions for non linear PDEs.

For this technique, the general scheme is the following. First we compute an expansion of
the solution with respect to ¢ far from the obstacle ws. There, we search for an approximation of ug
under the form vs = up + A(0)uy,5 where the functions ug, u; s have to be determined and where
the gauge function A(9) (independent of &) is supposed to vanish as 6 — 0. Formally plugging this
expansion into Equation (4.5) and retaining the first order terms as 6 — 0, we find that uy must

be a solution to the problem
Find ug € H}(2) such that

—Aug + (U0)2m+1 =f in Q.

Using that Ag : H(Q) — H™'(Q) is a continuous bijection, we can define ug as ug :== Ay*(f). In
other words and quite naturally, we postulate that at first order, far from the origin, us does not
see the small obstacle.

To derive the correction term u; s we impose that

—A(ug + A()uy,s) + (uo + A()ug 6)*™t = f inQ\ {0}
up+ A(d)urs = 0 on ON.
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Since Ag : H{(2) — H™1(Q2) is a bijection, we have to look for u; s in a larger space than H{(Q)
(otherwise, we would conclude u; s = 0 which is not interesting). Denote by G the Green function
for the Laplace operator with homogeneous Dirichlet boundary condition such that —AG = dp
in 2, G =0 on 002 (6o is the Dirac distribution centered at O). To simplify the notation, we
write G(-) instead of G(-,0). By analogy with the more classical asymptotics for the 2D Dirichlet
Laplace problem with a small obstacle (see for example [352, Chap. 2]), we impose the condition
u1,s—G € HY(Q) (as a consequence, u;, s admits a logarithmic singularity at the origin). Expanding
(4.7), we find that u; s must be solution to the problem

Find u;, s such that u; 5 — G € HY(Q) and
—Auy 5+ (2m + 1) (ug)*™u1, 5

2m+1 m (4.8)
+A@) > (2 . 1><ua>2m“’“k<6>“<ul,a>’“ = 0 inQ\{0}
k=2

ur,s = 0 on 90

In (4.8), (2";:1) denotes the binomial coefficient. Here, we already observe one consequence of the
fact that we are dealing with a non-linear problem. We proved that (4.8) admits a unique solution
for A(0) € R such that |A(d)| is small enough.

Then, and we will not detail the rest of the analysis, we construct an expansion close to the
obstacle where we expect a rapid variation of the field. Finally, we match the two expansions in an
intermediate region to define completely the unknown terms of the far and near field expansions.
The main novelty appearing in the study of the non linear PDE occurs during the matching step
which leads us to solve a non linear (and non explicit) equation to define the gauge functions of
the expansion.

In [159], we justified this formal asymptotic procedure by proving an error estimate between
ug and our expansion as ¢ tends to zero. Moreover, we constructed an approximate model which
admits a solution corresponding to the first two terms of the far field expansion of us. From a
practical point of view, it is much simpler to discretize this approximate model than to compute
separately each of the terms appearing in the expansion of us. The derivation of this problem was
the third main outcome of the paper.

Admittedly, in this work we considered a rather academic problem. A possible direction to
continue this study would be to consider other types of non linear PDEs that could be more
relevant for applications. Note that in [58, 13], stronger non linearities are dealt with in the field
of topological sensitivity analysis. Besides, considering higher order expansions seems a difficult
problem with this approach.

4.3 Quasi-reversibility methods

In the article [99], with L. Bourgeois, we were interested in an ill-posed Cauchy problem for the
Laplace equation for which uniqueness holds. Let us start by presenting this problem. Consider a
bounded Lipschitz domain Q@ C R¢, d > 1, the boundary 99 of which is partitioned into two sets I'
and . More precisely, I and [ are non empty open sets for the topology induced on 92 from the
topology on R% 9Q =TUT and TNT =0 (see Figure 4.2). The Cauchy problem we are interested
in consists, for some data (go,g1) € H/2(I') x H~Y/2(I"), in finding « € H'(Q) such that

Au = 0 inQ
u = go onl (4.9)
du = g1 onl,
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=

Figure 4.2: Examples of domains 2. The thick blue lines represent the support of measurements.

where v is the outward unit normal to dQ. This kind of problem arises when some part I' of
the boundary of a structure is not accessible, while the complementary part I' is the support of
measurements which provide the Cauchy data (go, g1). It is important to note that in practice, those
measurements are contaminated by some noise. Due to Holmgren’s theorem, the Cauchy problem
(4.9) has at most one solution. However it is ill-posed in the sense of Hadamard: existence may
not hold for some data (go, g1), as for example shown in [41]. A possibility to regularize Problem
(4.9) is to use the quasi-reversibility method, which goes back to [325] and was revisited in [310].
The original idea was to replace an ill-posed Boundary Value Problem such as (4.9) by a family,
depending on a small parameter e, of well-posed fourth-order BVPs. Much later, L. Bourgeois
introduced the notion of mixed formulation of quasi-reversibility for the Cauchy problem of the
Laplace equation [95]. This notion was extended to general abstract linear ill-posed problems in
[104]. The idea is to replace the ill-posed second-order BVP by a family, again depending on a
small parameter e, of second-order systems of two coupled BVPs: the advantage is that the order
of the regularized problem is the same as the original one, which is interesting when it comes to
the numerical resolution. The price to pay is the introduction of a second unknown function A in
addition to the principal unknown u.. Such mixed formulation of quasi-reversibility is the following:
for e > 0, find (ue, Ae) € Vg X Vo such that for all (v, ) € Vo X Vo,

s/Vug-Vvda:—k/Vv-V)\gdm =0
2 Q (4.10)
/QVua -Vypdx — /Q Ve -Vude = <91,M>H_1/2(F)’ﬁ1/2(p)7

where Vg, = {u € H'(Q), ulr = g0}, Vo = {u € H(Q), ulr = 0} and Vo = {\ € H'(Q), Az = 0}.
In (4.10), the brackets stand for duality pairing between H='/2(T") and H'/2(I"). We observe that
in view of Poincaré inequality, the standard norm of H!(Q2) in the spaces Vo and Vo is equivalent
to the semi-norm || - HHé(Q) defined by || - ”%{é(ﬂ) = Jo|V - [*dx. Let us denote by (-, ')H(l)(Q) the
corresponding scalar product. We remark that the weak formulation (4.10) is equivalent to the
strong problem

Au, = 0 inQ
A, = 0 inQ
U = go onl

Oyue — Oy e = g1 oOn lj
A = 0 on F
edye + 0N = 0 onl,

where we observe that the two unknowns u. and A; are harmonic functions which are coupled by
the boundary 9. We have the following theorem.

Theorem 4.3.1 For all (go,91) € H'Y/2(T') x H-Y2(I"), Problem (4.10) has a unique solution
(ue, Ae) € Vg, x Vo. Moreover, there exists a constant C which depends only on the geometry
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such that

Ve € (0:1],  Velluellm (o) + IXellm@) < C(lgollarzwy + llgrla-12(r))-

If in addition we assume that (go, g1) is such that problem (4.9) has a (unique) solution u (the data
are said to be compatible), then there exists a constant C which depends only on the geometry such

that
N [ Al ()

NG

Ve >0, [luellm (o) < Cllullg o)

and
lim [Jue — ullgr(q) = 0.

To prove such theorem, we need the following lemma, which establishes an equivalent weak formu-
lation to Problem (4.9) and which is proved in [104].

Lemma 4.3.2 For (g9, g1) € H/2(I') x H-Y/2(T), the function u € H'(Q) is a solution to Problem
(4.9) if and only if ulr = go and for all € HY() with p|p = 0, we have

/QVu Vpde = (g1, ) g-1/2(ry /2y (4.11)

Proof of Theorem 4.3.1. Let us begin with the first part of the theorem. There exists a
continuous lifting operator gg +— U from HY/2(I') to H'(Q) such that Ulp = go. Let us define
e = us — U € Vy. By replacing in (4.10), we obtain that (@.,Ac) € Vo X Vo satisfies, for all
(v, 1) € Vg x Vp, the system

8/ VﬁE-Vvdaz—i—/ Vo -Vi.de = —5/ VU -Vvdx
Q Q Q
/ Vi - Vudx — / Ve -Vpdr = (g1, 1)y 1/2(D),f1/2(1 / VU - Vyde.
Q Q
Well-posedness then relies on the Lax-Milgram Lemma applied to the coercive bilinear form
az((u, ), (v,p)) = 5/ Vu - Vvdx +/ Vou-Vidx —/ Vu-Vydx +/ VA Vypdx
Q Q Q Q
in Vg. Choosing v = 4. and p = \; and subtracting the two above equations, we obtain
/|Vu5|2dac—|—/ |V e y2dm——e/VU Vi dz — (g1, A\ /VU V. de.
The Cauchy-Schwarz inequality implies
ellielIfs ) + 1Al 0y < lU i@ llie gy + gl lIAe ey + 1T g o) el )

The equivalence of the norm || - HH(1) (o) and the standard H'(Q) norm in the spaces Vo and Vg, the
continuity of the trace operator and the continuity of the lifting operator gg — U yield

ellellfn ) + IAellfn ey < Cellgollayllelar @) + (e lgrlla-12) + Cllgollm ) IXell o)

Using Young’s inequality to deal with the right-hand side of the above inequality, the result follows.
Let us prove the second part of the theorem. In the case when the Cauchy data (go, g1) is associated
with the solution u, then u satisfies the weak formulation (4.11). By subtracting (4.11) from the
second equation of (4.10), we obtain that for all u € Vg,

/ V(ue —u) - Vude — / VA - Vudx =0. (4.12)
Q Q
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Now setting v = u. — u € Vg in the first line of (4.10), 4 = A\. € Vg in (4.12) and subtracting the
two obtained equations, we get

5/VuE-V(u€—u)dm+/ VA2 dz = 0.
Q Q

We deduce that the term (ue, us — U)H}) () in the above sum is nonpositive, which from the Cauchy-
Schwarz inequality implies ||ua||H(1)(Q) < ||U||H3(Q) and then ”)‘EHH}J(Q) < \@HuHHé(Q). Hence there
exists a constant C such that

[uella @) < C llullm (o) and [Xelli o) < OVe ulluq)-

It remains to prove that u. — u in H'(Q) when ¢ — 0. The sequence (u.) is bounded in H!().
Therefore, there exists a subsequence, still denoted (u.), such that u. — w in H(Q) when ¢ — 0,
with w € H!(£2). Since the affine space V, is convex and closed, it is weakly closed. This guarantees
that w € V,,. Besides, by passing to the limit in the second equation of (4.10), we obtain that w
satisfies the weak formulation (4.11). Uniqueness in Problem (4.9) then implies that w = u, so that
(ue) weakly converges to u in H'(2). But

lue — UH2H(1)(Q) = (ue,ue — U)H(l)(Q) — (u,ue — u)Hé(Q) < —(u, ue — U)Hé(Q)?

so that weak convergence implies strong convergence. Lastly, a standard contradiction argument
enables us to conclude that the whole sequence (u.) strongly converges to u in H!((2). ]

Remark 4.3.3 Another type of mized formulation of quasi-reversibility was introduced in [205], in
which the additional unknown lies in Hai, (Q) instead of HY(Q). In addition, a notion of iterative
formulation of quasi-reversibility was introduced and analyzed in [204]. However we believe that the
quasi-reversibility formulation (4.10) is the easiest one to handle to establish regularity results of
the weak solutions.

The estimates of Theorem 4.3.1 involve H'(€2) norms of the regularized solution (ue, A:) in the
case of a Lipschitz domain © and for the natural regularity of the Cauchy data (go,g1), that is
H'/2(I') x H~'/2(T"). These estimates were derived in two different cases: the data (go,g1) are
compatible or not.

The main concern of [99] was to analyze, when the domain 2 and the Cauchy data (go,g1)
are more regular than Lipschitz and HY/2(T') x H~1/2(I), respectively, the additional regularity of
the solution (ue, \:), whether the data (go,g1) are compatible or not. We also wanted to obtain
estimates in the corresponding norms. In order to simplify the analysis, the additional regularity of
the data (go, g1) is formulated in the following way: we assume that (gg, g1) is such that there exists
a function U in H3(Q) with (Ul|r,8,U|r) = (go,91) and that we can define a continuous lifting
operator (g, g1) + U. Denoting f = AU € L?(Q2) and considering the new translated unknown
u — U — u, the initial Cauchy problem (4.9) can be transformed into a homogeneous one (however
still ill-posed): for f € L2(Q), find u € H'(2) such that

—Au = f inQ
u = 0 onT (4.13)
ou = 0 onl.

We emphasize that this regularity assumption made on the data is not an assumption of regularity of
the solution w. It is simple to construct smooth data in the sense above such that the corresponding
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w is only in H'(€2) and not in H2(Q2). The mixed formulation of quasi-reversibility for Problem (4.13)
takes the following form: for € > 0, find (ug, Ac) € Vg X Vg such that for all (v, u) € Vo x Vo,

5/Vu5-Vvdw+/Vv-V)\gdm =
Q Q

0
/Vug-v,udm—/vx\a'v,udw = /fud:c.
Q Q Q

Note that the strong equations corresponding to Problem (4.14) are

(4.14)

—(1+¢e)Au, = f in Q
—(14+e)AX; = —ef inQ
us = 0 on I’

Optte — A = 0 onT
X = 0 onT

edus +0,A. = 0 onT.

The analog of Theorem 4.3.1 is the following.

Theorem 4.3.4 For all f € L2(Q) and ¢ > 0, Problem (4.14) has a unique solution (uc,\s) €
Vo x Vg. There exists a constant C' which depends only on the geometry such that

Ve € (0:1],  Velluellm(o) + Aellme) < Cllfllz@)- (4.15)

If in addition we assume that f is such that Problem (4.13) has a (unique) solution u, then there
exists a constant C which depends only on the geometry such that

At (@)
e

Ve >0, |uellm o) + < Cllull g (4.16)

and
lim [ue = ullgr(q) = 0.

The goal of [99] then was to study the regularity of the solution (us, Ac) to Problem (4.14) and to
complete the statements (4.15) and (4.16) of Theorem 4.3.4 by giving estimates in stronger norms.
One objective was the following. In practice, one has to solve Problem (4.14) with two additional
approximations. Firstly, the data f is altered by some noise of amplitude §. Secondly, Problem
(4.14) is discretized, for instance with the help of a Finite Element Method based on a mesh of
size h. It is then desirable to estimate the error between the approximated solution and the exact
solution as a function of €, § and h. Such error estimate for the H!() norm needs the solution to
be in a Sobolev space H*(Q2), with s > 1. Let us mention that in [115] (see also [110, 111, 112, 114]),
a discretized method was proposed in order to regularize the Cauchy problem (4.9) in the presence
of noisy data without introducing a regularized problem such as (4.14) at the continuous level.
In some sense, the method of [115] relies on a single asymptotic parameter, that is h, instead of
two in our method, that is € and h. However, we believe that from the theoretical point of view,
the study of regularity of quasi-reversibility solutions is an interesting problem in itself, which has
never been investigated. The difficulty stems from the fact that it leads to analyze the regularity
of the solution to a problem involving a small parameter £ which degenerates when ¢ tends to 0.
There are other contributions (see e.g. [302, 197, 156, 159, 384, 385]) where regularity results or
asymptotic expansions are obtained in situations where the limit problem has a different nature
from the regularized one. For example in [197], the authors study a mixed Neumann-Robin problem
where the small parameter ¢ is the inverse of the Robin coefficient. But while both the perturbed
problem and the limit one are well-posed in [197], only the perturbed problem is well-posed in our
case, the limit (Cauchy) problem being ill-posed (in any framework). Our contribution is original
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in this sense.

In our work, we proved regularity results of the solutions to these regularized problems which
hold uniformly in € when € tends to zero. We considered two situations: smooth domains and 2D
polygonal geometries. In presence of corners, due to the particular structure of the regularized
problems, classical techniques d la Grisvard do not work and instead, we applied the Kondratiev
approach (already used in §1.3, §2.10, §3.1.2). The main point was to write the procedure in detail
to keep track of the dependence in ¢ in all the estimates. With these results, we derived some
error estimates between the exact solution and the quasi-reversibility solution in the presence of
two perturbations: noisy data and discretization with the help of a Finite Element Method. Let us
give an idea of what they look like.

Consider Vg, and ‘707h finite dimensional subspaces approximating respectively Vy and Vp. For a
noise level § > 0, let f° € L2(Q) (the available data in practice) be a noisy approximation of f such
that

12 = fllz@) < 6.

The discretized version of the mixed formulation of quasi-reversibility (4.14) writes: for ¢ > 0, find
(ugh, Ag,h) € Vo, X Vo, such that for all (v, up) € Vo.n X Vo n,

6/ Vugh - Vo, dz +/ Vuy, - V)\gh dx
Q Q

0
(4.17)
/wgh-whdm—/wgh-whdm = /f%hda,-.
Q Q Q

We also denote by (up, \s) the solution to problem (4.17) associated with f instead of f0. In
practice, ug ;, is the only approximate function of the exact solution u which is accessible. Therefore,

our goal is to assess the norm of the discrepancy u‘g p, — u in the domain €. In this view, we write

4, = ull) < 1y — veplla) + s — uellma) + llue — ullm o), (4.18)

and estimate each term of this decomposition. The first one corresponds to the error due to the
noisy data. We proved the following lemma.

Lemma 4.3.5 There exists a constant C > 0 which depends only on the geometry such that

5
Hug,h — ue nllm() < C% . (4.19)

The second term of (4.18) represents the error due to discretization. By exploiting our regularity
analysis, the core of [99], we deduced the following estimate.

Lemma 4.3.6 There is a constant C > 0 which depends only on the geometry and on u such that

hs—l
e = vellin o) < € ——, (4.20)

for a certain s > 1 that we can characterize.

Estimating the third term in (4.18) is strongly related to the stability of the Cauchy problem for
the Laplace equation, a topic which has a long history. It is well-known that since such problem is
exponentially ill-posed, the corresponding stability estimate is at best of logarithmic type (see for
example [96]). To our best knowledge, an estimate of () := ||ue — ul|g1 (), which tends to 0 when
€ tends to 0, is unknown. However, a logarithmic stability estimate for |lu: —u||r2(q) can be derived
from Theorem 1.9 in [8].
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Lemma 4.3.7 There exists a constant C' > 0 which depends only on the geometry and on u and a
constant p € (0;1) which depends only on the geometry such that

1
l[ue = ullr2) < Co——7 -
T T (log(1/2)"
In conclusion, by gathering (4.18), (4.19) and (4.20), we end up with the final estimate

hs—l
£

)
19
Jugp, — vllme) < C T c +1(e), (4.21)
where n converges to 0 when ¢ tends to 0 at best with a logarithmic convergence rate in view of
Lemma 4.3.7. An important application of the estimate (4.21) is that when § — 0, we have to
choose € = £(0) and h = h(e) such that

hs_l(E)

lim =0, lim =0
5—0 5(5) e—0 c

in order to obtain a good approximation of the exact solution from noisy data and by using our
Finite Element Method.

An intriguing question around this topic concerns the derivation of an asymptotic expansion,
and not only a regularity study, of the solution u. with respect to € as € tends to zero. The main
difficulty for that lies again in the fact that the limit problems are Cauchy problems that are
ill-posed in any framework. Is it possible to propose an asymptotic expansion that can be justified
by error estimates? This is not clear at all and deserves to be studied.

4.4 Generalized impedance boundary conditions with vanishing or
sign-changing impedance

In the article [100], with L. Bourgeois, we considered a Laplace type problem with a Generalized
Impedance Boundary Condition (GIBC) involving a vanishing or sign-changing coefficient. GIBCs
are often used in the context of asymptotic analysis for partial differential equations to obtain
simplified models. Imagine for example that one is interested in the scattering of an electromagnetic
wave by an inclusion of perfectly conducting material coated with a thin dielectric layer of variable
thickness. One can show that the solution of the corresponding problem is well approximated by
the solution of a scattering problem for the inclusion alone supplemented with an ad hoc second-
order GIBC. In this model, the complexity of the initial geometry is incorporated in the boundary
condition. This can be useful in particular to reduce computational costs because it allows one
to avoid meshing the thin layer, see e.g. [19]. Note that this approach can also be exploited to
solve the inverse problem consisting in finding information on the obstacle from the measurement
of scattered fields [97, 98]. For modeling aspects and derivation of GIBCs in electromagnetism,
we refer the reader to [255]. Similarly, in aeroacoustics, the so-called Ingard-Myers boundary
conditions are used to model the presence of a liner located on the surface of a duct [348]. They
also consist of a second-order GIBC.

In order to describe the setting of our study, let us present in more detail another situation where
GIBCs arise. Let Q C R? be an open, connected, bounded set with a Lipschitz continuous boundary
9Q. Additionally, assume that there holds I' C 9Q with T' := (—1;1) x {0} and set 'y :== 9Q\ T
(see Figure 4.3 left). Now let us perturb slightly, in a smooth way, the boundary of Q. To proceed,
introduce some smooth profile function g supported in [—1; 1] satisfying g(—1) = g(1) = 0 and for
g > 0 small, define the domain 2¢ such that

00 =TouUT® with T°:={(z,e9(z))|z € (-1;1)}.
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Figure 4.3: Left: domain 2. Center and right: examples of perturbed domains 2°.

Examples of such geometries are given in Figure 4.3 center and right. In ¢, we study the model
problem

“AUE Ut = in QF
u® +u f in (4.22)

Opeu® = 0 on 00F,

where f is a given source term which vanishes in a neighborhood of I and v* stands for the outward
unit normal vector to 0€2°. Let us recall how to obtain formally an asymptotic expansion of u® with
respect to € small. Consider the ansatz

ut =wug+eur+ ... (4.23)

where wug, u; are functions to determine and where the dots correspond to higher order terms. On
I"®, we have the expansions

e _ 1 eg'(x) \ _( O g'(x)
o () () () e
. B . 02, uf(x,0)
Vus(z,eg(x)) = Vus(x,0)+eg(z) ( 8§zu5(x,0) ) +...
03y u (,0)
02 uf(.,0) + u(x, 0) ) L

Now we insert (4.23) in (4.22) and exploit (4.24), (4.25). Collecting the terms of orders £°, ¢!, we
find that ug, uy satisfy respectively the problems

(4.25)
= Vus(z,0) +eg(x) (

. —Aur +u; = 0 in
—Aug+uy = f inQ
Oyu; = 0 on I'g
Oyug = 0 on 99
Oyur = —0z(g9(x)0zup) + g(x)ug on I

Then by rectifying the boundary of 2¢ using “almost identical” diffeomorphisms to transform the
perturbed domain into the original geometry Q (see e.g. [294, Chap. 7,§6.5]), under additional
assumptions of regularity for f, one can prove the estimate, for € small enough,

[u® = (uo + eu) | m oz < C?,

where C' > 0 is a constant independent of € and w is a neighborhood of I'. In practice, as mentioned
above, instead of computing successively ug, u1, ..., very often one prefers to work with a model
problem (see also §4.1), whose dependence with respect to ¢ is rather explicit, which provides via
a simple calculation an approximation of u® up to a given order. In our case, to approach ug + euy
in one shot, one can consider the problem

—Au+u = f in
ou = 0 on I'g (4.26)
Ou = —e0y(g9(x)0pu) +eg(z)u onT.
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The condition on I' appearing in (4.26), which makes the analysis of this problem not straightfor-
ward, is a particular instance of the so-called Ventcel boundary conditions, which are themselves
a subclass of GIBCs. Ventcel boundary conditions are second order differential conditions which
have been named after the pioneering works of Feller and Ventcel [231, 465, 232, 466]. Since then,
there have been many studies concerning the Laplace operator with Ventcel boundary conditions
[230, 16, 201, 141, 202, 200, 59, 142]. For investigations in non smooth domains, one can consult
[334, 425, 396]. The value of € > 0 as well as the term egu play no major role in the well-posedness
in the Fredholm sense of (4.26) and to simplify, we work with the condition

Oyu = —05(g9(x)0zu) on T, (4.27)

where v is the outward unit normal vector to 9€2. Up to now, in most of the articles mentioned
above only the cases g = —1 or ¢ = 1 on the whole boundary have been considered. However, for
certain problems, as the one which led us to (4.26), it may be relevant to consider some g which
vanish or whose sign is not constant on I'. For instance, such situation arises in a water wave
problem where the small variation of the ocean bottom shape with respect to a reference flat depth
is approached by the boundary condition (4.27), like in [103]. In this case the function g coincides
with this shape variation and is likely to vanish or change sign. Then it is natural to wonder what
can be said concerning the well-posedness of the corresponding problem in that situation.

This is precisely the question we studied with L. Bourgeois in [100]. Let us mention that a
variable g is allowed in [241] but it does not vanish. Besides, note that degenerate elliptic problems
are studied in [399] in the context of modeling of resonant waves in 2D plasma. These problems
share similarities with ours but are nonetheless different.

To simplify, we focus our attention on two model problems. Let us divide I' into the two
segments

. :=(-1;0) x {0} and 't =(0;1) x {0}.

To study the case of a g which vanishes at a point (the origin), we work on the variational problem
whose strong formulation is

—Au+u = f in
ou = 0 on 9O\ T (4.28)
Ou = s0y(x*0yu) on Iy,
where s =1 or s = —1 and a > 0 is a real number. Moreover here and below, f is a given element

of L2(Q).

To address the situation where g changes sign in (4.27), we study the variational problem whose
strong formulation is

—Aut+u = f in 0
ou = 0 on I'y
u = —0(|x|*0pu) onT_ (4.29)
Ou = Oy(x*0yu) only,

with again o > 0. In (4.28) and (4.29), the coefficient a can be viewed as a simple polynomial
rate which characterizes how fast the impedance vanishes at the origin. The most relevant case is
probably a = 1, which in (4.29) corresponds to a smooth change of sign. The situation a = 0, i.e.
a jump of the impedance function which may seem less realistic because one needs smoothness in
the asymptotic expansion leading to (4.26), is also considered in our paper. We will see that the
value of «a plays a crucial role in the results of well-posedness.
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Definition of the problems

To consider the case of an impedance vanishing at the origin, we introduce the space
Vo(Q) = {v € H(Q) | 2°/20,0 € L2(T'4)}
and study the weak formulation
Find u € V4(Q) such that for all v € V()

4.30
/ VU'VU—I—uvdw—f—s/ Jro‘&ruaxvdx:/ fode. ( )
Q r, Q

Here the term z® is our impedance function. We denote by a(-,-) the sesquilinear form appearing
in the left-hand side of (4.30) and by #(-) the antilinear form of the right-hand side. For the space
Va(22), we have the following result.

Proposition 4.4.1 For all a > 0, V,(Q) is a Hilbert space when equipped with the inner product
(U, V)va(0) = / Vu - VU +uvdx + / % Oyu 0T dx.
Q I,

It is readily seen that the forms a(-,-) and #(-) are respectively continuous in V4 (2) x V4 (€2) and
Va(2). With the help of the Riesz representation theorem, hence we can define the bounded
operator A : Vo (2) — V4o (£2) and the element L € V,(£2) such that

(Au,v)v, ) = alu,v) and (L, v)v, @) = (v), Yu,v € Vqo(92).
With this notation, the weak formulation (4.30) is equivalent to find u € V() such that Au = L.

To investigate the case of an impedance which is both vanishing at the origin and whose sign
is non constant, we introduce the space, for o > 0,

Wa(Q) == {v e H{(Q) | |2]*/?0,v € L), 2°/%8,v € L2(T'})},
and consider the weak formulation

Find u € W () such that for all v € W, ()

4.31
/Vu-Vv—i—uvdcc—/ \a:|“8xu8$vdx+/ a:aaxuaxvda::/fvdaz. (4.31)
Q r_ . Q

We denote by b(, -) the sesquilinear form appearing in the left-hand side of (4.31). One shows that
W, (Q) is a Hilbert space for all @ > 0 when equipped with the inner product

(u, V)w, () = / Vu - VU + uv de + / |x|* Opu 0,0 da + / x* Opu 0,0 dx.
Q _ Ty
With the Riesz representation theorem, we define the bounded operator B : Wau(2) = W, () and
the element L € W, (Q) such that

(Bu, v)w, ) = b(u,v) and (L, v)w, @) = £(v), Vu,v € Wq ().

With this notation, the weak formulation (4.31) is equivalent to find u € W, (€2) such that Bu = L.
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Statement of the results

We start with the variational formulation (4.30). Concerning the relation with the strong problem
(4.28), we have the following result:

Theorem 4.4.2 For s = £1, for any o > 0, if u satisfies (4.30), then it solves (4.28) where the
GIBC on Ty holds in D'(T'y) (distributional sense).

Next we consider the well-posedness of (4.30). In the good sign case s = 1, we have the following
theorem, which is a direct application of the Lax-Milgram theorem since the bilinear form af(-,-) is
coercive.

Theorem 4.4.3 For s = 1, the weak formulation (4.30) has a unique solution for all o > 0.

The bad sign case s = —1 is more delicate to address because then the coercivity of a(-,-) in
Va(€) is not clear. The main achievement of [100] was to emphasize that the well-posedness (in the
Fredholm sense) of (4.30) depends on the parameter a. We proved a positive result for o € [0;1)
and a negative result for a = 1.

Theorem 4.4.4 For s = —1 and a € [0;1), the operator A : V4 () — Vo () is Fredholm of index
zero. As a consequence, Problem (4.30) admits a solution when A is injective.

Theorem 4.4.5 For s = —1 and o = 1, the operator A : Vo (2) — Vo (82) is not of Fredholm type.

Now we present the results for the variational formulation (4.31) with an impedance which is both
vanishing and sign-changing. They are very similar to the ones of Theorems 4.4.2, 4.4.4 and 4.4.5.

Theorem 4.4.6 For any o > 0, if u satisfies (4.31), then it solves (4.29) where the GIBC on Ty
holds in D'(T'y).

Theorem 4.4.7 For o € [0;1), the operator B : W,(Q) — W () is Fredholm of index zero. As a
consequence, Problem (4.31) admits a solution when B is injective.

Theorem 4.4.8 For oo =1, the operator B : Wy (2) — W4 (Q2) is not of Fredholm type.

Remark 4.4.9 Comparing all these results, we can say that the well-posedness of Problem (4.31)
is more affected by the fact that the impedance is vanishing than by the fact that its sign is non
constant.

Let us make a few comments. The proof of the positive results (Theorems 4.4.4 and 4.4.7) is based
on the reformulation as 1D problems by working with Dirichlet-to-Neumann operators. We proved
compact embedding results for the weighted Sobolev spaces involved in the analysis to show that,
roughly speaking, the volume terms in (4.30), (4.31) are only compact perturbations of the ones on
'y when « € [0;1). In the study of B, i.e. in the case of a sign-changing impedance, we also used
a T-coercivity argument a bit as in §1.2.1. The proof of the negative results (Theorems 4.4.5 and
4.4.8) relies on the computation of singularities and the construction of Weyl’s sequences similar
to what we did in the study of the plasmonic problem (1.1) with a corner in the interface. In
[100], we also worked on the equivalence between the strong and weak formulations, which is not
straightforward.

For s = —1 and a > 1, we expect that A and B are not Fredholm but unfortunately, we
have been unable to establish this result. This is due to the fact that then there are no singularities
with separate variables in polar coordinates at the origin. In our study, for s = —1, we did not
consider the question of injectivity of A and B. For a € [0;1), due to the Fredholm property, we
know that these operators have a kernel of finite dimension. However showing that this kernel
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reduces to the null function is an open question. We do not expect that this occurs in all geometries
but even finding a simple {2 where we can prove that this is true reveals complications because we
can not use separation of variables due to the form of the operators. Finally, in [100] we presented
simple numerical experiments corroborating the Fredholm/non Fredholm property of the operators
A, B according to the value of a. However there is no justification for this numerics. It would be
interesting to establish results of convergence for our numerical methods when the mesh is refined
and when A, B are isomorphisms.
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