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Abstract: We study a transmission problem for the time harmonic Maxwell’s equations between
a classical positive material and a so-called negative index material in which both the permittivity
¢ and the permeability p take negative values. Additionally, we assume that the interface between
the two domains is smooth everywhere except at a point where it coincides locally with a conical
tip. In this context, it is known that for certain critical values of the contrasts in € and in u, the
corresponding scalar operators are not of Fredholm type in the usual H' spaces. In this work,
we show that in these situations, the Maxwell’s equations are not well-posed in the classical L2
framework due to existence of hypersingular fields which are of infinite energy at the tip. By
combining the T-coercivity approach and the Kondratiev theory, we explain how to construct new
functional frameworks to recover well-posedness of the Maxwell’s problem. We also explain how
to select the setting which is consistent with the limiting absorption principle. From a technical
point of view, the fields as well as their curls decompose as the sum of an explicit singular part,
related to the black hole singularities of the scalar operators, and a smooth part belonging to some
weighted spaces. The analysis we propose rely in particular on the proof of new key results of
scalar and vector potential representations of singular fields.

Key words: Maxwell’s equations, negative index materials, Kondratiev theory, black hole singu-
larities, Mandelstam radiation principle, limiting radiation principle.
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1 Introduction

Recent progress in the conception of artificial microstructured materials with unusual effective
properties, related to exciting physical experiments, have led to the development of new fields of
research in applied mathematics. In particular, there has been a need to reconsider equations
of acoustics, electromagnetism and elastodynamics with material laws which do not fit into the
classical theories. In electromagnetism for example, it is generally assumed that the dielectric per-
mittivity € and the magnetic permeability u are real positive quantities or positive-definite tensors
for anisotropic materials. However, nowadays it seems possible to engine metamaterials which are
well-approximated in certain frequency ranges by effective e, y which are real negative functions
or negative-definite tensors. In practice, to obtain interesting devices for applications, one needs
to combine these non standard materials with classical ones to create interfaces where unusual
phenomena occur. For instance, as described by Veselago in his pioneering article [58], 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. This is the so-called negative refraction which may be useful to
create perfect lenses [52] and which has given the naming “negative index materials”. Mathemati-
cally, in time-harmonic regime, this leads to study non classical transmission problems which have
been the motivation for a series of articles that we present now.

In 2D, the Maxwell’s equations can be reduced to a scalar Helmholtz-type problem for which
the theory now is quite complete [5, 7, 9, 22, 47]. Let us give a brief summary of the main results.
In the analysis, the smoothness of the interface 3 between the so-called positive and negative
materials, as well as the contrast, defined as the ratio of the values of the negative coefficient over
the positive coefficient at 3, play a key role. When ¥ is of class €', there is no strong consequence
of the change of sign of the coefficients, except in the very critical case where the contrast is equal
to —1. The change of sign of the coefficients has a more striking effect when the interface has
geometric singularities. Thus, when 3 has corners, the operator associated with the problem in



the classical Sobolev space H! is not Fredholm for a whole interval of contrasts (the so-called crit-
ical interval) which contains —1. This is due to the existence of non classical singularities which
oscillates more and more when approaching the corner (see Figure 1 left).
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Figure 1: Left: real part of the radial behaviour of the hyper-singularity in 2D (Re r™ = cos(nInr)).
Right: schematic correspondence between the corner and waveguide problems.

To understand the phenomenon, it is convenient to rely on the analogy with a waveguide problem
which appears naturally when considering the change of variables (r,6) — (Inr, ), where (r,6)
are the polar coordinates centered at the corner. Observe that this map transforms the vicinity of
the corner into a semi-infinite strip (the waveguide) with the corner rejected to infinity (Figure 1
right). Moreover, singularities at the corner correspond to modes in the strip. Importantly, one
finds that propagating modes exist if and only if the contrast belongs to the critical interval. Back
in polar coordinates, propagating modes become what we call hyper-singularities or propagating
singularities. Their radial behaviour is of the form r= = ™" for some real n. Like for scatter-
ing problems in waveguides, it is necessary to impose a radiation condition at infinity in the strip,
or equivalently at the corner, to obtain a well-posed problem. This radiation condition allows one
to select the physically relevant solution in the sense that it is the limit of the solutions obtained
by adding some small dissipation to the medium, which corresponds to add a small uniformly
positive imaginary part to the sign-changing coefficient. This is the so-called limiting absorption
principle. Note that due to the sign-changing coefficient, the selection of the outgoing behaviour,
™ or r~" cannot be deduced from the sign of 1. Instead, one uses energy considerations: the
outgoing propagating singularity is the one which carries energy to the corner and for this reason,
it is sometimes called black-hole wave. Justifying rigorously all this formal analysis and providing
a framework taking into account the black-hole wave to recover a well-posed problem is a task in
itself, which has been realized in [9] thanks to the theory of detached asymptotics in Kondratiev
spaces (see the reviews [42, 41]).

While the 2D scalar case has been intensively studied, the 3D Maxwell’s equations with sign-
changing coefficients have received much less attention. One of the reasons, in addition to intrinsic
difficulties of the analysis of Maxwell’s equations, is that a good knowledge of the corresponding
3D scalar problems (with sign-changing coefficients) is necessary to address the problem. And this
is much more complicated than in 2D as soon as the interface is not smooth. This explains why, up
to recently, the only references were [8] and [48]. In [48], the authors consider in detail the case of a
smooth interface between a material with negative €, u and another one with positive , p. In [8], it
is proved that the Maxwell’s problem is well-posed in the classical framework, that is with electric
and magnetic fields E, H in L2, as soon as the contrasts in ¢ and in x are not critical. Note that
if the interface is not smooth, it is known that the latter condition is satisfied for contrasts outside
of a given interval which contains —1. In the existing literature, let us also mention [15] where the
authors derive a homogenized model for a composite medium with periodically distributed small
inclusions of negative material.

The goal of the present article is to complement the previous studies and more precisely to consider
the time-harmonic 3D Maxwell’s equations in configurations involving non smooth interfaces with
critical contrasts so that a solution cannot be found in general with E, H in L?. We focus our
attention on situations where the interface is smooth except at one point where it coincides with
a conical tip, which is the 3D configuration that most closely looks like the case of the 2D corner.



We also assume that the base of the conical tip is smooth, which excludes the possibility of having
edges.

The present study constitutes a follow-up to the article [10]. In that work, we addressed a part of
the difficulties by considering the case where ¢ is critical but p is not. Additionally, we assumed
that the scalar problem for e, which involves the differential operator div(¢V-), admits exactly
one propagating singularity, like for 2D corners. Let us mention here that in 3D, the propagating
singularity behaves like P l2EN with n € R. We proved that, due to the black-hole effect at the
tip, the electric field E must not be searched in L2 Instead, it must be a linear combination of
a L? function and the gradient of the propagating singularity. To prescribe this behaviour, we
adapted the theory of detached asymptotics in Kondratiev spaces to Maxwell’s equations, which
seems to be new. Note that even for the application of the more classical Kondratiev theory to
the standard Maxwell’s equations, there are only few works (see [21] and [55, 56]). Additionally,
it must be added that in the framework proposed in [10], curl E belongs to L? (because p is not
critical) while, as expected, H € L?, curl H ¢ L.

In this article, we extend the analysis of [10] in several directions. First, we suppose that both
and p are critical, so that in general E, curl E, H, curl H are not in L?. In addition, we take
into account the fact that they may exist several black-hole singularities for the two scalar prob-
lems involving the differential operators div(eV-) and div(uV-) respectively. Note that roughly
speaking, the smaller the cone aperture, the higher the number of black-hole singularities. We will
see in §3.3 that the black-hole singularities are defined from eigenvalues and eigenfunctions of a
non-selfadjoint problem. For this reason, for certain exceptional values of the contrasts in € or p,
Jordan blocks occur. With the Mandelstam principle, we will provide mathematical frameworks
where well-posedness holds even in this case that was avoided in [10]. Finally, the geometric set-
ting that we consider here is a bit more general than the one of the previous article because we
allow the conical tip to touch the boundary of the domain (see Figure 2 center). This might seem
a minor technical point but it forces us to write more systematic proofs for the vector potential
representations of singular fields (see the appendix).

Let us mention that time-harmonic Maxwell’s equations with sign-changing coefficients also ap-
pear in the study of magnetized plasma, however with an important difference compare to what
is done here. Indeed, cold plasma models lead to consider smooth ¢ which vanish when changing
sign (which never happens for € and p below). This is responsible for the phenomenon of hybrid
resonance near the interface where € is equal to zero (see [27, 49]). On the other hand, note that
there are several connections between the scalar operators with sign-changing coefficients and the
spectral theory of the Neumann-Poincaré operator. Indeed, the latter acts on functions defined on
a surface which plays a role similar to the interface in our work. It is known that when the surface
has corners in 2D [13] or tips in 3D [31], the spectrum of the Neumann-Poincaré operator contains
an interval of essential spectrum with possibly embedded eigenvalues [38, 11, 37]. This interval
of essential spectrum is in exact correspondence with our critical interval and is generated by the
same black-hole singularities. Similar results have been proved for the strongly singular volume
integral operator that describes the scattering of time-harmonic electromagnetic waves (see [18]
for 3D smooth interfaces and [19] for 2D Lipschitz interfaces).

The paper is organized as follows. We start by presenting the problem and the notation. In Section
3, we recall some properties concerning the scalar operators involved in the analysis of Maxwell’s
equations. In particular, we present how one should incorporate in the functional frameworks some
of the hypersingularities of the corresponding problems to get well-posedness. Section 4 constitutes
the heart of the article. There we propose a new functional framework to study the electric prob-
lem. The electric field decomposes on the hypersingularities associated with the scalar problem
for € while its curl decomposes on the hypersingularities associated with the scalar problem for u.



Additionally, we show that the new framework satisfies the limiting absorption principle as soon
as the two scalar problems do. In Section 5, we summarize the results for the magnetic problem.
In Section 6, we prove that the Maxwell’s equations are not well-posed in the classical L2 setting.
Then we give a few words of conclusion before proving crucial results of representation by potential
as well as results of compact embeddings in weighted Sobolev spaces in Section 8. The main results
of this work are Theorem 4.15 for the electric field and Theorem 5.8 for the magnetic field.

2 Setting of the problem

2.1 General notation

Let © be an open, connected and bounded subset of R® with a Lipschitz-continuous boundary
0. To simplify, we assume that  is simply connected and that 9€) is connected. When this
assumption is not satisfied, the results below can be adapted by working as in [8, §8.2]. For some
frequency w # 0, (w € R), the time-harmonic Maxwell’s equations are given by

curl E —iwpH =0 and curl H + iweE = J in Q. (1)

Above E and H are respectively the electric and magnetic components of the electromagnetic
field while J stands for some current density injected in 2. In this work, we suppose that € is
surrounded by a perfect conductor. This leads us to complete the previous system of equations
with the boundary conditions

Exv=0 and uwH -v =0 on Jf. (2)

Here v denotes the unit outward normal vector to 9€2. The dielectric permittivity ¢ and the
magnetic permeability p in (1) are assumed to be real valued functions such that ¢, u € L*(Q)
and 7!, p71 € L>(Q). However their signs change in Q as described below. As it is classical in
the study of Maxwell’s equations, we will work with the spaces

L2(Q) = (L*(Q))’
H'(Q) = (H'(2)’
HY Q) = {pcH (Q)|p=0o0ndN}
Hy@) = {peH @] [ pdr=0)
H(curl) {H c1L2(Q)| curl H c L*(Q)}
Hn(curl) {E € H(curl) | E x v =0 on 09Q}.

The density current J in (1) belongs to a subspace of L(Q) that will be specified later and satisfies
divJ =0 in Q\{O}. This leads us to introduce, for £ € L*°(12), the spaces

Xn(€) = {E €Hpy(curl)|div(¢E) = 0}

Xr(&) = {H € H(curl)|div(€H)=0,&H -v =0 on 00}. )

We denote indistinctly by (-, -)q the classical inner products of L%(2) and L?(Q). Moreover, || - [|o
stands for the corresponding norms. We endow the spaces H(curl), Hy(curl), Xy(&), X7 ()

with the norm
I lexeurty = (| - I3 + [leurl - [[&)*2.

Let us recall a well-known property for the particular spaces X (1) and Xz(1) (cf. [59, 1]).

Proposition 2.1. The embeddings of X (1) in L%(Q) and of X7(1) in L*(Q) are compact. More-
over there is a constant C' > 0 such that

lullo < C||curlu||q, Vu € Xy (1) UXyp(1).

Therefore, in Xn(1) and in X7(1), |[curl - ||q is a norm which is equivalent to || - |l e(curt)-



2.2 Description of the conical tip

In this paragraph, we detail the assumptions made on the geometry. We study a situation where
Q2 is partitioned into two non empty subdomains 2, and Q_ corresponding respectively to the
positive and negative materials. We assume that Q = Q, UQ_, Q. NQ_ = () and that both 0,
0€Q)_ are Lipschitz-continuous. The functions e, u are such that

ex >0 in Q4 . py >0 in Qp
e <0 inQ_, =l <0 mo.,

where €4, p+ are some constants. In the study of Problem (1)-(2), the contrasts x., , defined by

he = /ex, K= s

play a key role. Let us come now to the description of the conical tip. We assume that €2_ is of
class €2 except at some point O where Q_ coincides locally with a cone K_. More precisely, we
choose the system of coordinates such that O = (0,0,0) and we assume that there is p > 0 as well
as some smooth domain w_ (of class €?) of the unit sphere S* := {z € R®||z| = 1} such that

Q_NB(O,p)=K_NB(O,p) with X_ :={r@|r>0,0 € w_}. (4)

Here B(O, p) denotes the open ball centered at O and of radius p. Additionally, we assume that
the setting satisfies one of the two following assumptions:

Case 1: There holds O € © and so we can choose p such that B(O, p) C  (internal
conical tip, see Figure 2 left). In that situation, we set w := S°.

Case 2: There holds O € 90 (conical tip on the boundary). In that situation, to
simplify, we assume that ) also coincides with a conical tip in a neighbourhood of O: (5)

QN B(O,p) =KNB(O,p) with KX :={r@|r >0, 0 € w}

where @ is a smooth domain of S? such that @~ C w (see Figure 2 center).

Figure 2: Internal conical tip (left), conical tips on the boundary (center and right).

Remark 2.2. Admittedly, the case 2 above is rather academic. However it will force us to write
more systematic proofs. Note also that by rectifying the boundary with a diffeomorphism, adapting
for example the ideas of [39, §1.3.7, vol. 1], we could consider the case O € 92 where OS2 is smooth
in a neighbourhood of O (see Figure 2 right).

Now that the geometry is fixed, it remains to clarify the assumptions made on the contrasts x., £,
The study of the Maxwell’s system is directly related to the properties of two scalar operators that
we present now. In this document, for a Banach space X, X* stands for the topological antidual
space of X (the set of continuous anti-linear forms on X). We denote by (-,-) the corresponding
duality pairing. Define A, : H}(Q) — (HL(Q))* such that

(Acp, o) = /Q Ve Vidr, Vo € HM)Q) (6)



and A, : Hy () — (HL())* such that

(A, ) = /Q We Vddr, Ve € HY(Q). (7)

It is proved in [8] that when the functions €, p are such that A., A, are of Fredholm type (without
assumption of sign for €, u), then the Maxwell’s system is also well-posed in the Fredholm sense
in the classical L? framework (see Section 6 below for more details). In this work, our goal is to
study a situation where precisely A., A, are not of Fredholm type. When the sign of € and y is not
constant, determining if this holds or not is not straightforward. For a general Lipschitz-continuous
interface 0§24 N 02— between the materials, it is known that A. (resp. A,) is of Fredholm type
if and only if k. € R*\I. (resp. x, € R*\I,), where I. (resp. I,) is a bounded closed subset of
R* := (—00;0) called the critical interval.

As mentioned in the introduction, when the interface is smooth, one can show that I. = I, = {—1}
[22, 47]. When the interface is not smooth, the situation is different. This has been investigated in
details for the case of 2D interfaces with corners in [25, 7, 9] and for the case of 3D interfaces with
conical tips in [57, chapter 2]. In the latter works, it has been shown that in these configurations
I., I, are intervals with a non empty interior. In 2D for corners, the expressions of I, I, can
be derived explicitly. One finds that I, I, get even larger as the corner becomes sharp. For 3D
conical tips, there is a larger variety of situations and in general, we cannot get simple expressions
for I, I,,. However we can still give a characterization of I, I, and that will be done in the next
section where we recall how to study the scalar problems. Let us mention that for wedges, which
will not be considered here, one may consult [7] and the more recent work [26].

3 Study of the scalar problems

3.1 Kondratiev spaces

We start by introducing weighted Sobolev spaces adapted to the kind of singularities we want to
handle. For # € R and m € N, we define the Kondratiev space (see [33, 39, 34]) V'(2) as the
closure of 65°(Q\{0}) for the norm

1/2
lellvm @) = ( > H7°a|m+ﬁaﬁ<ﬂH?2> :

laj<m

Here r = |z| and %5°(Q2\{O}) denotes the space of infinitely differentiable functions which are
supported in Q\{O}. For m € N* := {1,2,...} and 8 € R, we have the inclusion

VE(Q) € VEH(Q). (8)

Clearly there holds V'(2) C VI'(Q2) when 8 <. Additionally, the elements of Vi'(€2) belong to
H™ of any region excluding a neighbourhood of O. Furthermore, we have the following compactness
result (see e.g. [34, Lemma 6.2.1]).

Lemma 3.1. For m € N* and 8 < v, the embedding V' () C Vg”_]l (Q) is compact.

It is obvious that V{(Q) ¢ H'(Q). Moreover, since 2 is bounded, a classical Hardy inequality (see
e.g. [34, Theorem 7.1.1]) guarantees that H'(Q) = V}(Q) (note that this is not true in 2D).

To study problems with Dirichlet boundary conditions, introduce the space Vé(Q) defined as
the closure of 65°(2\{O}) for the norm || - HVLI%(Q) (note that in case 2 where O € 052, see (5), one

gets 65°(Q\{0}) = €5°(2)). We have the characterization
VE(Q) = {p € V5(Q) | = 0 on 00}



There holds H}(€2) = V§(€) and for 8 > 0, one has the inclusions
Vig(Q) CHH(Q) c VE(Q)  andso  (VE(Q)* C (HH(Q)* € (V)"
On the other hand, for 0 < § < 1, from (8), one gets H}(Q) C VQB(Q) C L?(Q) which implies
L3(Q) € V3(Q) € (Hp(Q))"-
Above, we have also used that (V%(Q))* = VQB(Q).

To study problems with Neumann boundary conditions, we will work in spaces of mean free
functions. To define them, first observe that for all 5 > —3/2, we have

/ 1?8 dr < +o0.
Q

As a consequence, for u € Vé(Q) with 8 < 5/2, we can write

| /Q wde| < l1llyvo, o lullvy_, (@) < Cllullvy)- (9)
This allows us to define for all § < 5/2, the space
\7%(9) ={u e Vé(Q)|/ﬂudm = 0}.
Note in particular that we have H#(Q) = V().

3.2 Scalar operators in Kondratiev spaces

For 3 € R, define the continuous operator A? : Vé(ﬂ) — (Vl,g(Q))* such that
(Ao, o) = / eV -Vidr, Ve VE(Q), ¢ € VLg(Q).
Q
In the same way, for g € (—5/2;5/2), define Aﬁ : \7}3(9) — (\71,5(9))* such that

(ABop, ) = /QMVsO-Vso’dﬂf, Vo € V5(Q),¢’ € Vig(Q).

When applying the Kondratiev approach [33, 46, 39, 34, 25] and in particular, the Mellin transform,
to analyse, roughly speaking, the properties of Af , Aﬁ in a neighbourhood of O, one is led to
study the operators .Z.(\) : H(w) — Hy(w), Z.(\) : H(w) — H'(w) defined via the Riesz
representation theorem such that for A € C,

(LN, Dt (o) = / Vs Vsddo — A+ 1) / epddd,  Vp,peHi(w),  (10)

(LMo B)ett () = / Vs Vsddo — A\ +1) / wpddd, Y peHl(wm). (1)

Above w C S§? is the domain introduced in (5), Hj(w) := {» € H' (@) |y = 0 on dw} (note that
Hy(w) = H'(w) if w = S?) while Vg stands for the surface gradient on S%. Abusively, here for
o = ¢, u, we redefine ¢ as the function such that o = oy in wy := w\w_- and 0 = 0_ in w_.

Note that for o = ¢, p, the symbol %, (-) appears naturally when looking for functions with
separate variables in coordinates (r, @) such that div(eVs) = 0 in QN B(O, p) together with the
homogeneous Dirichlet/Neumann (according to the case) boundary conditions on 9Q N 9B(O, p).
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Figure 3: Schematic picture of the eigenvalues of .Z. in the complex plane when Assumption 1 is
satisfied. One has something similar for .Z),.

We say that A is in the spectrum of .Z, (A € spec(%,)) if Z,()) is not invertible. Additionally, A
is an eigenvalue of . if ker .Z,(\) # {0}. Note that the analysis of the spectral properties of %,
is made complicated by the presence of the sign-changing coefficient ¢ both in the principal and
compact part which prevents from identifying inner products. For this reason, we are unable to
recast the spectra corresponding to (10), (11) as the the spectra of some self-adjoint operators and
actually, there are situations where complex eigenvalues exist. However, it has been shown in [57,
Chapter 3] that when k, # —1, the spectrum of %, is discrete, made of eigenvalues which do not
accumulate in bounded regions of C. Writing A(A + 1) = (A4 1/2)? — (1/2)?, one observes that if
A € spec( %), then —1 — X € spec(%,) (symmetry with respect to the point —1/2 + 0i, see Figure
3). Additionally, using that o is real valued, one finds that A\ € spec(.%,) implies \ € spec(.%,)
(symmetry with respect to the line Im A = 0). Then adapting the Kondratiev approach to the
present situation with sign-changing coefficients (see [57, Chapter 2] for the details), one establishes
the following result.

Proposition 3.2. For o = ¢, u, assume that ko # —1. Then for B € R, the operator Ag is of
Fredholm type if and only if £, has no eigenvalue on the line {\ € C|Re A = —1/2+ }.

3.3 Hypersingularities

Figure 4: Restriction to X_ of the imaginary part of a propagating singularity for an internal
circular conical tip.

Observe that since V§(€Q) = H}(Q), Vi(Q) = H#(Q), we have AY = A_ and Ag = A, where A,
A, are defined in (6), (7). For this reason, for o = ¢, p, the eigenvalues of %, located on the
energy line e A = —1/2 (8 = 0) are of particular importance. Dividing (10), (11) by a constant if
necessary, we see that the spectrum of %, which is a priori a function of o4, o_ , depends only on
the contrast k, = 0_/o. The Proposition 3.2 directly gives the following characterization result
for the set I,,.



Proposition 3.3. For o = ¢, u, we have
I, ={-1} U{ks € R* | %, has an eigenvalue on the line Re A = —1/2}.
In this work, we shall make the following assumption.

Assumption 1. We suppose that € and p are such that ke € I.\{-1}, k, € I,\{—1}.

We say that k., k, are critical when, respectively, k. € I.\{-1}, s, € I,\{—1}. Note that in
this work, we shall systematically exclude the cases where k. = —1 or K, = —1. In these latter
situations, somehow singularities appear not only at the tip but all along the interface. The anal-
ysis is then completely different and not fully understood yet. We refer the interested reader to
[50, 2, 51, 16, 47, 48] for more details in this direction.

Let us look at Assumption 1 in the simplest geometrical setting. Assume here that O € € and
that K_ coincides with a circular conical tip, that is

w_ = {(cosfcosp,sinfcosp,sing)| —m<O<m —7w/2<¢<—7/2+a} (12)

for some o € (0;7) (see Figure 2 left). In this situation, as mentioned in [10, §2.1], adapting the
results of [32, 31, 37], one can show that I, = I, = (—1; —X,) (resp. I. = I, = (—Ns; —1) when
a < 7m/2 (resp. a > 7/2). Here R, is the constant defined by

_ 9F1(1/2,1/2,1, cos?*(a/2)) 2F1(3/2, 3/2, 2, sin?(r/2))

Ra := oF1(1/2,1/2,1,sin%(a/2)) 2F1(3/2,3/2, 2, cos?(a/2))

> 0, (13)

where oF; stands for the Gauss’s hypergeometric function. Note that we have 8, = 1/R,_,
and R, € (0;1) for a € (0;7/2). Additionally, there holds for example R;/, ~ 0.218 as well as
limg /o Ro = 1, lim,_,o+ Ry = 0%, limy_,.— R, = +00. As a consequence, for given materials
such that ke, k, € (=1;0) (resp. ke, K, € (—00;—1)), by taking a small enough (resp. large
enough), one can always find geometries such that Assumption 1 is satisfied.

We come back to the general analysis. According to Proposition 3.2, when Assumption 1 holds,
A., A, are not of Fredholm type. This is directly related to the existence of hypersingularities
supported by the tip that we describe now. For ¢ = ¢, u, we denote by

A =—1/2+1n], j=1,...,n%,

the eigenvalues of %, located on the line Re A = —1/2. Let I7 = dim ker %, (A7) stand for the

geometric multiplicity of A7 and let ©7, q,...,¢] s o be a canonical system of eigenfunctions of
1= I J b

%, corresponding to the eigenvalue \7. For certain contrasts, generalized eigenfunctions can also

exist that we have to take into account. Denote by 7, the partial multiplicity of A7 (see [34,
§5.1.1] for the definition). Finally, let

o o _ o
Pik,05 - "(pjvk"‘{?,k_l’ k= 17 cee 7Ij ’

be a canonical system of Jordan chains (see again [34, §5.1.1]) corresponding to the eigenvalue A7.

Forj=1,...,n% k=1,...,1I7,1=0,...,K7; — 1, we define the hypersingularity

!
- 1
—1/2+in¢
Sfra =1 Y S 0g ) o 0). (14)
p=0+"
Note that if A\; = —1/2 + in; is a simple eigenvalue (geometric multiplicity equal to one and no

generalized eigenfunction), we just have s7; ; = r 2“7790;1,0(0) (see Figure 4 for a representation

of such function). Additionally, using the definition of Jordan chains, we find that for A7 # —1/2,
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we have k7, = 1, i.e. absence of generalized eigenfunction associated with the eigenpair (A7, 7 o),
as soon as there holds

/ o<p;-’7k70<p;.’,~€0d97é0 for some%é{l,...,]f}.
w© vy
The hypersingularities s in (14) satisfy
div(eVs?) =0 in QN B(O,p) (15)

together with the homogeneous Dirichlet/Neumann (according to the case) boundary conditions
on dQ N AB(0, p). Moreover, they are in L3(Q) but lay “just outside” of H!(€2). More precisely,
we have s7 ¢ H'(Q) and 7"s” € H'(Q) for all 7 > 0. This is directly related to the calculus

1 1
/ \V(r*1/2+i”)|2r2dr =|-1/2+ in|2/ r~tdr = (1/4+ 772)| Iné| — +oo.
§ F) 6—0+

The hypersingularities are also known as propagating or black hole singularities. In the following,
to simplify, we will simply call them singularities. They can be interpreted as waves guided by
the interface between the two materials that propagate to or from O. The group velocity of these
waves tend to 0 as r — 0 so that they never reach O (this is why they are called black hole waves).
Everything happens as if energy was trapped at the tip, see the important identity (37) below
to understand this sentence, and the point O plays the role of infinity. For adapted numerical
methods to catch them, one may look at [5, 29, 11, 30]. For related problems, we refer the reader
to [6, 54, 13, 12, 28, 53].

To discard in particular problems of boundary conditions on 92 far from O, classically we multiply
the singularities by a cut-off function. Introduce x € €°°(R) such that x(r) =1 for r < p/2 and
x(r) =0 for r > p. For 0 = ¢, u, this leads us to define the space

8o i=span{ x(r)sj () , j=1,...,n% k=1,..., 17, 1=0,...,k7, — 1}. (16)

Exploiting (15), for s € 8., we obtain
div(oVs) € L2(Q) and div(eVs) = 0 in QN B(O, p/2). (17)
The study of [57, Chapter 2] gives the following result.

Lemma 3.4. Suppose that Assumption 1 holds. Then 8. and 8, are of finite dimension and their
dimensions are even, i.e. we have dim(8.) = 2N, dim(8,) = 2N,, with N, N, € N*.

Remark 3.5. In the particular case of the circular conical tip described in (12), one can show
that by taking contrasts k., Kk, close to —1, one can get dimensions N, N, as large as desired.

In what follows we explain in a brief way how to take into account the singularities in the functional
framework to get Fredholm operators.

3.4 Additional properties for the scalar operators in Kondratiev spaces
Introduce the quantities
Bp :=min{Re (A — 1/2) | A € spec(.Z,) and Re A > —1/2}, (8)
B :=min({Re (A — 1/2) | A € spec(Z,) and Re A > —1/2} U {5/2})

(see the illustration of Figure 3). The results of [57, Chapter 2] guarantee that we have both
Bp > 0 and By > 0. With this definition, all the eigenvalues of .Z, (resp. .Z,) in the strip
—Bp < ReX < Bp (—fn < ReX < pn) are located on the line Re A = —1/2. Additionally,
we have the following result (we recall that the index of a Fredholm operator is defined as the
difference of the dimensions of its kernel and of its cokernel).
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Proposition 3.6. Suppose that Assumption 1 holds.
For B € (0; 8p), Af s of index N, while AE_B s of inder —N;.
For g € (0; Bn), Ag is of index N, while A;B is of index —N,,.

Note that we can prove that the dimension of ker AZ” (resp. ker A;B ) is independent of 8 € (0; 8p)
(resp. B € (0; By)). Therefore AZ? (resp. A;B) is injective for all 5 € (0; 5p) (resp. B € (0; Bn))
if and only if it is injective for one 8 € (0; Bp) (resp. one B € (0; 8x)). To simplify the analysis
below and to avoid to be obliged to handle kernels of finite dimensions, we shall make the

Assumption 2. We suppose that ¢ (resp. ) is such that A" (resp. A;’B) is injective for all
B € (0;8p) (resp. B € (0;8n))

With Proposition 3.6, this gives the estimates
V3 € [0; Bp), lullys o) <€ HA;%H(%(Q))*, Yu € V! 4(9),

_ (19)
VB € [0; Bn), HUHv{ﬁ(Q) <C ||AMBU”(\7;(Q))*7 Vu € Vi 5().

With the help of the residue theorem applied to the symbols X = Z,(\), A = Z,()\) (adapt [34,
Theorem 5.4.2]), one shows the following regularity result.

Proposition 3.7. Suppose that Assumptions 1-2 hold.
If u € HY(Q) satisfies div(eVu) € (VE(Q))* c (V1 4(Q))* for some 3 € (0;8p), then u € Vl_B(Q)
Ifu e H%E(Q) satisfies div(uVu) € (Vé(Q))* C (\71_5((2))* for some 8 € (0; Bn), then u € \71_5(9).

The singularities belong to the domains of the operators A? , Aﬁ. However these operators are
not yet satisfactory because they are onto (as adjoints of injective operators) but not injective. In
order to construct isomorphisms, we have to make a selection of the singularities and incorporate
in the functional framework only some of them. This is the next step in the analysis.

3.5 Mandelstam radiation principle

The properties (17) ensure that for o = ¢, u, we can define the form ¢,(-,-) : 85 x 8 — C such
that

4o (u,v) = / —div(eVu)v + udiv(c V) dz Vu,v € 8.
Q

Note that g,(-,-) is sesquilinear and anti-Hermitian, i.e. it is symplectic. Using the dominated
convergence theorem and integrating by parts, we obtain

qo(u,v) = lim o (0yut — Opuv) ds.
00 J{|z|=61nQ
This shows that ¢, (-,-) does not depend on the choice of the cut-off function x in (16). On the
other hand, we observe that for all u € S,

qo(u,u) = 2z%m(/ udiv(oVau) dz) € iR.
Q

Physically, the magnitude ¢,(u,u) represents the energy transported by the wave u € 8, to or

from the point O (depending on the sign). A wave u € 8, is said to be outgoing (resp. incoming)

it Im(go(u,w)) > 0 (resp. Sm(gy(u,u)) <0 ). If u € §, satisfies g,(u,u) = 0, we say that u is

unclassified. It has been shown in [57, Chapter 2| that ¢, (-,-) is non-degenerate (g, (u,v) = 0 for

all v € 8, implies u = 0). By applying the Sylvester’s law of inertia, we obtain the following result.

Lemma 3.8. Suppose that Assumption 1 holds. For o = €, u, there exists (5;J—E,j)j:1,...,Na a basis
of 8, such that we have

qg(sij,sik) = +id; 1, P si) =0 and st o=s . forj,k=1,...,N,. (20)

0,J’ 0,j 0.,j
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In the literature (see in particular [46, 43, 44]), the decomposition presented in the previous
lemma is known as the Mandelstam radiation principle. It means that the space of waves can be
decomposed as the sum of a space of outgoing waves and a space of incoming waves.

Remark 3.9. We emphasize that the choice of the basis (50i7j)j:17m7N0 is not unique. More pre-

cisely, one can find an infinite number of bases satisfying all the conditions of Lemma 3.8. From
a mathematical point of view, this is not a problem and any choice of basis provides a functional
framework in which the corresponding scalar problem is well-posed. More physically however, in
most cases there is only one particular choice which is consistent with the limiting absorption
principle. We will come back to this point in §/.7.

.....

of Lemma 3.8. Moreover, we define the space

8§t i= span{sij, j=1,...,Ns}. (21)
Using (20), one gets directly the following result.
Lemma 3.10. Suppose that Assumption 1 holds. For o = ¢, u, if s € 8 satisfies q,(s,5) = 0,
then s = 0.
3.6 A new functional framework for the scalar problems

For 8 > 0, define the so-called space with detached asymptotics
VE(Q) == VL 4(Q) @ 87
Endowed with the norm

el = (Nl oy + e Iy 2, w=a+sf, eViy@), sf st

this is a Banach space. Note that 81 is of finite dimension so that in this space || - HVE (@) s one

norm among others. However it will be convenient in the sequel. Then introduce the operator
A2 VI(Q) — (V(2))* such that

(AQUty, ) = ]{gw Vodr,  Yu=a+st e VE(Q), v e Vi(Q),

where

][ eVu - Vodz := / eVii - Vodr — / div(eVs)vda. (22)
Q Q Q

We emphasize that since div(eVs!) vanishes in a neighbourhood of the origin, (22) is well defined
and we have

’Jé&Vu Vodz] < Ol ol lvi)

where C' is independent of u, v. This guarantees that A" : V%Ut(Q) — (VE(Q))* is continuous.
Note also that for ¢ € ¢5°(Q\{O}), we simply have

(A%, ) = / eVu - Vodr.
Q
Similarly, for 5 > 0, set

V%ut(Q) ={u¢€ VI_B(Q) EBS: | /Qud;p =0}.
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Equipped with the norm
[ullvgu @y = (lallvr o) + Hﬁillv;,(g))m, u=1a+s), aeVig(Q), st e},

this is also a Banach space. For 5 € (0;5/2), define the continuous operator AZ‘” : V%ut(Q) —
(V};(Q))* such that

(A", 0) = ]éwu Vode,  Vu=its; € V3(Q) ve V()

where

][ uVu - Vodr = / uVi - Vodr — / div(uVsj)ﬁdx.
Q Q Q

As for AS™ note that for ¢ € 65°(Q\{0}), we simply have

(AZ“tu, ) = /quu -Vpdx.

Owing to [57, Chapter 2], we admit here the following crucial theorem for the scalar problems,
which extends to 3D the results of [9].

Theorem 3.11. Suppose that Assumptions 1-2 hold. Then for all 8 € (0;8p) (resp. B € (0;5n)),
the operator A" (resp. Azut) is an isomorphism. Here Sp, By are defined in (18).

Remark 3.12. Note that looking for solutions in \of%ut(Q), V2 () boils down to impose radiation
conditions at the origin.
4 A new framework for the electric problem

In Section 6 we will prove that when . and k, are critical, the Maxwell’s equations in the classical
L? spaces are not well-posed. In this section, the heart of the article, we propose a new framework.
Let us fix S once for all such that

B € (0; By) with B, := min{Sp, fn, 1/2}. (23)
Here Sp, By are the weights appearing in (18). For m € N, set
VE(Q) = (VF(Q))°

and endow this space with the norm

3 1/2
ruuvmzz(;uum%gm)) Y= (u,uz,u) € VE(Q),

Then define
V8t = span{Vszj,j =1,...,N.}, VS;r = span{VﬁIj,j =1,...,N,}
ch\}lt’ﬁ(curl) = {u € VSI @V 4(Q) |curlu € V3(Q), u x v = 0on 9Q\{O}}
A (curl) := {u € V8T &V 5(Q) [ curlu € uVS| & V° 4(Q), u x v = 0on 0Q\{O}}.

To simplify the presentation of the results below, we adopt the following convention:
-ifu e H})\?t’ﬁ(curl ), let @, s, be the elements of Vgﬁ(ﬂ), 87 such that u = @ + Vsy, ¢
- if u € Y (curl ), let 1, 54, be the elements of VY 5(1), 8,7 such that curlu = 9, 4 uVsy, .
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We equip V87, VS;r with the norm V%(Q), which is one norm among others in these spaces
of finite dimension. On the other hand, for ©u = u + Vsjj,g € H?\}It’ﬁ (curl), we set

[ttty = (130 ) + 1V 2Nm ) + leurluln )12

while for u = @ + Vs, . € 3" (curl) such that curlu = t,, + Vs, ,, , we denote

||u||fyvut(cur1) = (H'&H%/QE(Q) + HV51—|;,5||3/2(Q) + ||"/’u||%/(16(9) + ||V51—~;,u”%/g(g))l/2-

Endowed with their associated norms, all the previous spaces are hilbertian. Note also that we
have the continuous inclusions

A (curl) € HY P (curl) © V()
and that these spaces are not empty because they contain €5 (Q\{0}) := €5°(Q\{0})>. Observe
also that we have both S (curl) ¢ Hy(curl) and Hy(curl) ¢ 23" (curl ).
Remark 4.1. Note that if u € 3" (curl), according to (17), we have

divap, = —div(uVsy,,) € L*(Q). (24)

4.1 Definition of the electric problem

In §4.7 below, we explain that the limiting absorption principle leads to look for an electric field

in the space " (curl). For this reason, we consider the following electric problem associated

with (1)-(2)
Find u € %" (curl) such that
curl (p teurlu) — w?eu = iwJ in Q\{O} (25)
uxv=0 on 0Q\{O}.

Above we wrote the equations in Q\{O} and not in Q to allow for singular behaviours at the origin.
The next step consists in writing a variational formulation of (25). We assume that J belongs
to Vgn(Q) for some 7 > 0 and satisfies divJ = 0 in Q\{O}. Note that if u € " (curl), the
relation curlu = v, + uVs, , implies

curl (¢ 'curlu) = curl (1 'vp,) in Q\{O}.
Exploiting this, we consider the problem

Find u € %" (curl) such that

/ ptap,, - curlwde — w2][ eu-vdr = iw/ J -vdx, Yov € H})\}It’ﬂ(curl), (26)
Q Q Q
where for u € " (curl), v € H?\}lt’ﬁ(curl ), we set
][ eu-vdx = / et - vdx +/ eVsy - vdr + / et - Vs, . dz —/ div(eVsy ) 5y do.
Q Q Q Q Q
It is not difficult to show that the sesquilinear form
(u,v) — ][ eu-vdr
Q
is well-defined for u, v € H(])Vut’ﬂ (curl) and is continuous in this space. However, it is not hermitian.

Indeed, for u,v € H})\?t’ﬂ(curl ), we have

][ eu-vdr — f ev-udr = —/ div(eVsy )8y dx +/ Sy, div(eVs, o) dr = ge(Suc, Sv,e). (27)
Q Q Q Q

Note that in (26) the solution and the test functions do not belong to the same space. The interest
of this formulation is justified by the following result.
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Proposition 4.2. Every solution of (25) solves (26). Conwversely, every solution of (26) solves
(25).

Proof. Since €3 (Q\{0}) C H?\}lt’ﬂ(curl), any solution to (26) is a solution to (25). Now, let us
show the converse statement. To proceed, we start by observing that if w solves (25), then using
Proposition 8.10 which guarantees that €5°(Q\{O}) is dense in {v € H?\}lt’ﬁ(curl) | Sy = 0}, we
find that w satisfies

/ ptap,, - curlwdz — wz/ eu-vdr = iw/ J -vdx, Yve H?\}lt’ﬁ(curl) such that s, . = 0.
Q Q Q

Therefore, it only remains to prove that (26) holds true for v = Vo € V8T. Introduce (¢,), a
sequence of elements of 65°(2\{O}) that converges to ¢ in VE(Q) Using Lemma 4.3 below, we
can write

/ ptap,, - curlwda — w2][ cu-vdr
Q Q

= —w2][su-Vgpd:C: lim —wQ/Eu-Vgondx: lim iw/J'Vgond:U:iw/J-vdx.
Q Q Q

n—-+o0o n—-+o00 Q

This ends the proof O
Lemma 4.3. Let u be a field of H?\}lt"g(curl) and (pn)n a sequence of elements of €;°(Q\{0})
that converges to some ¢ € VE(Q) Then we have

ngrfoo Qeu Vo, dr = ]ﬁeu -Vodx.

Proof. By integrating by parts, we obtain

/ eu - Vo, dr = / ew - Vo, dr — / div(eVsy) Pn dz.
Q Q Q

Since div(eVsy,e) € L?() vanishes in a neighbourhood of O (see (17)) and since the convergence
of (¢n)n to ¢ in Vé(Q) implies the convergence of (Vi,,), to Ve in V%(Q) as well as the one of
(¢n)n to @ in L2(Q\B(O,d)) for any given § > 0, we obtain the desired result. O

4.2 Equivalent formulation of the electric problem

For all ¢ € Vl,ﬁ(Q), we have Vo € 3" (curl). Using this remark, we deduce that (26) with
w = 0 has a kernel of infinite dimension. To deal with this issue, we work as with &, x, outside of
the critical intervals and take into account the divergence free condition. This leads us to introduce
the spaces

X3P = {u e HY (curl ) |div(eu) = 0 in Q\{O}},

(28)
X = {u € A (curl) |div(cu) = 0 in Q\{O}}.
We endow X307 27 respectively with the norms of H? (curl ), 2" (curl ).
Remark 4.4. Let us make two observations concerning the elements u € X?\}It’ﬁ.
1) The constraint div(ew) = 0 in Q\{O} must be understood as
/ eu - Vodr =0, Vo € 6,7 (2\{0}).
Q
Therefore, from Lemma /.3, we infer that if u € X?\}lt’ﬁ, we have
]{fu -Vudzr =0, Y € Vé(Q) (29)
2) Ifu=1u+s,. € X?\?t"g, then we have
div(ew) = —div(eVsy,.) € L?(Q). (30)
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By replacing #3" (curl ), H?\}w’ﬁ(curl) respectively by 2 ", X?\}lt’ﬁ in (26), we get the problem
Find u € Z " such that

31
/,u_lgbu-curlvdm—cﬂf eu-vdr = iw/ J -vdr, Yv € X‘j\}‘t’ﬁ. (51
Q Q Q

As for (26), observe that in (31) the solution and the test functions do not belong to the same
space. This feature is important to show the well-posedness of the problem and we have not been
able to get rid of it (see Remark 4.9 for explanations). Besides, we emphasize that in 2 ', the
space for the solution, both the field and its curl are singular at the origin.

Proposition 4.5. Assume that w # 0.

e Every solution of (26) solves (31).

e Suppose that Assumptions 1-2 hold. Then every solution of (31) solves (26).

Proof. To show the first part of the statement, one needs to justify that every solution u of
(26) satisfies the equation div(ew) = 0 in Q\{O}. To proceed, take v = Vg in (26) with ¢ €
65" (2\{0}) and use that divJ =0 in Q\{O}.

The proof of the second part is a bit more involved. Assume that u € Z ™ solves (31). Since
X C A (curl), it suffices to show that the variational identity (31) is also valid for v €
H"P (curl). Consider some v = & + Vs, . € HY"’(curl) with @ € V% 5(Q) and s, € 8. The
first item of Proposition 8.4 guarantees that the function ¥ admits the decomposition

v =V +curl¢ (32)

with ¢ € Vl_B(Q) and ¢ € Xp(1) such that curl¢ € V(lﬁ(Q). Since we have div(e(curl¢ +
Vsye)) € (V};(Q))*, Theorem 3.11 guarantees that there is a unique ¢ € V%ut(Q) such that

(A%, @) = ][ eV V¢ dr = ][ e(curl¢ + Vs, o) - V' dz, Vo' € V%(Q)
Q Q
Now, set © := curl{ + Vs, . — V¢ = v — Vi — V¢. By observing that div(ed) = 0 in Q\{O}, we

deduce that v € X(])Vut’ﬂ. As a result, one can take ¥ as a test function in (31). But, on the other
hand, using (29) and the fact that divJ =0 in Q\{O}, we obtain

/,ul'd)u-curlvdx = /ulv,bu -curl ¥ dz
Q Q

][su-vdm = ][su-'f;d$+][5u-V(<p—|—¢)dx:][su-1:de
Q Q Q Q

/J-Udac = /J-f)d:l:.
Q Q

This shows that u satisfies (26) and ends the proof of the second item. O]

In the rest of this section, we focus our attention on the study of Problem (31). Define the
continuous operators A, K3 : & 3 — (X?\}lt”g)* such that for u € ', v € X%lt’ﬁ,

(A, v) = /Q/f1¢u -curlvdz, (KW, v) = ]éeu -vd. (33)

Finally, set oZg"(w) := A" — w?KQ so that for u € Z', v € X?\lflt,ﬁ,

(A @) = [

ptap,, - curl o dr — w2][ eu-vdx. (34)
Q Q
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Before getting into details, observe that for u,v € 2, using relation (24), we obtain

A5t w0) = [ 5 Bydet [ (e, S da, (35)
Q Q
e . . t,
On the other hand, exploiting (29), (30), we can write, for u € Z'{", v € X} ﬁ,

5w v) = [

5u-'f)dfc:/5'&-’6dm+/5u75div(sv%) dx. (36)
o) Q Q

As a consequence, for u,v € Z ', we obtain

<W§Ut(w)u71’> - <5271$/Ut(w)vau> = _Qu(ﬁu,mﬁv,u) - W2Qe(5u,sa5v,6>' (37)

This is an important identity. The terms on the right hand side are the ones which are left when
integrating twice by parts. For v = wu, they represent the energy which is trapped at the tip. A
part of it comes from the singularity of the field, another from the singularity of the curl of the
field.

4.3 Equivalent norms in X3 and 2"

The goal of this section is to introduce new “simpler” equivalent norms in X?\}It’ﬁ and & . First,
consider the space X?\}lt’ﬁ )

Proposition 4.6. Suppose that Assumptions 1-2 hold. There is a constant C > 0 such that

HﬁHVEB(Q) + ”Vﬁu,SHVg(Q) <C chrluHV%(Q)7 Vu € X?\lflt’ﬁ- (38)

Consequently, the norms || - ”HOU“vﬁ(curl)
N

and ||curl - HV%(Q) are equivalent in X?\}lt’ﬁ.

Proof. Let u be an element of X?\}lt’ﬁ . By definition of X?\}lt’ﬂ , we have u = @ + Vs, . with
u € VQB(Q) and s, € 8F. By means of item i) of Proposition 8.1, one can decompose % as

u = Ve + curlyp (39)

with ¢ € H}(Q) and ¢ € Xp(1). Remarking that curl (curleyp) = curlu € V%(Q) and that
curly x v =0 on IN\{O} yields

curly € Z]BV = {v e L*Q) | curlv € V%(Q), divv =0, v x v =0 on IQ\{O}}. (40)
Therefore, according to Proposition 8.9, we obtain curlyp € V2 5(9) with the estimate
leurlyllyo () < Clleurlullyg ). (41)

Besides, since div(eu) = 0 in Q\{O}, there holds

(A (50ye + ), &) = f

eV (Sue + ) V¢ dr = / ecurly - V¢ du, Vo' € Vé(ﬂ)
Q

Q

Exploiting that A" : V%ut(Q) — (V}g(Q))* is an isomorphism (Theorem 3.11), we get

IVelvo @) + Vsuellvgo) < Clleurldllyo (q)-

By combining (39), (41) and the previous estimate, we obtain the desired result. O

Now, we turn our attention to 2 ™.
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Proposition 4.7. Suppose that Assumptions 1-2 hold. There is a constant C > 0 such that

Hu”vo @+ HVsugHvo y<C HzpuHVo y Vu € X with curlu = 1, + pVsy . (42)
Consequently, in & ™ the map u ||¢’uHVEB(Q) is a norm which is equivalent to | - o5t (curt) -

Proof. Since there holds Z %/ out X?\}lt’ﬁ , from Proposition 4.6 we see that it is enough to show
that we have
leurlully ) < C lbullva oy Vu€ 2R (43)

Consider some u € Z . We have
. 1
curlu = v, + uVsy = VY, + 1V (suu — Cu) with Cy 1= Q|/ S,
Q

The relation u x v = 0 on IN\{O} implies curlu - v = 0 on IN\{O}. Furthermore, given that
div(curlu) = 0, we deduce that s, , and 1, satisfy

<Azut (ﬁu,u - Cu)7 ¢/> = f)ﬂv(ﬁu,u - Cu) : Vg dr = — /Q T/JU ) Va dr, V(Z)/ € Vé(Q)

Note that $y,, — ¢y is indeed an element of V3" (£2) because 1 € Vl,v(Q) for all v < 1/2 and there
holds 5 < 1/2. Using that AfLllt V() — (V};(Q))* is an isomorphism (Theorem 3.11), we
obtain

eul + 5w llvsey < Clullve o

where here and below C is independent of w. This gives

HVﬁuuHVU <C\|¢uHV0 5(Q)

and inserting this estimate into

leurlullyy ) < CUIVsullvy) + [#ullvy@) < CUIVSuullvy @) + [¥ullve @)

finally leads to (43). O

4.4 Analysis of the principal part

In this section, we study the operator A" = &Z/g"*(0) defined in (33). We emphasize that the
operator T that we construct in the next proposition constitutes the main ingredient in the analysis
of the electric problem.

Proposition 4.8. Suppose that Assumptions 1-2 hold. There exists a continuous operator T :
XOllt RN X such that

(A o Tu, v) = /Qrwcurlu -curlvdzx, Yu,v € X?\}lt’ﬂ. (44)

Remark 4.9. Note that considering a variational formulation (31) with test functions in & S C

X(])\?t P would lead us to work with an operator A : 2 — (Z")*. Then to prove invertibility
of A would require to construct some continuous operator T : Z ¥ — 2 W such that (A o
T-,-) is coercive in & ™. But the norm of 2 S is more restrictive than the one of Xout'g and

we do not know if we can find such a T.
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Proof. Pick some u € X‘J)\‘,‘t’ﬁ . Let us work in three steps.
Step 1. The operator Azut :VEHQ) — (Vé(Q))* is an isomorphism. As a result, there is a unique
o=¢+s €VIQ), e Vig(Q), s €8, such that

<AZ“tcp, A f)qup V¢ dr = — /Q pr¥feurlu - V@ du, Vo' € Vé(Q)
Additionally, we have the estimate

1Pl @) + HVE:HV%(Q) <C HTMCUI'IUHVO_ﬁm) = Clleurluflyy q)- (45)

Step 2. Define the function F := (Ve + r*curlu) e V%(Q). There holds

divF = 0 in©
F-v = 0 ondQ.

Since f € (0;1/2), Proposition 8.5 guarantees that there exists a unique ¢ € Z?\, (see (40)) for the
definition of Zﬁ,) such that
curl¢ = F = u(Vp + r¥curlu).

Furthermore, Proposition 8.9 ensures that ¢ € V° 5(€2).

Setep 3. ~Sincoe Ao V%“t(ﬂ) — (V%;(Q))* is an isomorphism, there is a unique ¢ = ¢ + sh €
VI(Q), ¢ € VL4(9Q), s € 87, such that

<A§“t¢,¢’>=][ eV -V dr = / e¢ Vg dr, V¢ € Vh(Q).
Q Q

Finally, we set Tu = ¢ — V¢. One can check that Tu belongs to 2 . In addition, we have
curl (Tu) = Py, + #Vsr(w),, With

w']l‘(u) = /“L(V(ﬁ + r*’curl u), ST(u),u = 5:' (46)

Using (45), we obtain
||¢'J1'(u)HV(iB(Q) <C chr1u||V%(Q),

With Proposition 4.7, this shows that T : X?\lflt"g — Z P is continuous. Besides, using (33), (46),
we find

(AN 0 Tu, v) = /QM_I’%M ~curlvdzr = /Qr%curlu' curl v dz, Yo € X?vuw,

which is nothing but the desired identity (44). O

Theorem 4.10. Suppose that Assumptions 1-2 hold. Then the operator AW’ : 2 ¥ — (X(J)\}lt’ﬁ)*
is an isomorphism.

Proof. Let T be the operator of Proposition 4.8. From identity (44) together with the Lax-Milgram
theorem and the result of Proposition 4.6, we infer that A3 o T : X(])\}lt’ﬁ — (X?\}m’ﬁ)’k is an
isomorphism. This guarantees that A" is onto. It remains to show that A" is injective. Let w
be an element of Z 3" such that (A3 u,v) = 0 for all v € X?\}lt’ﬁ. By definition of 2 ", we have
curlu = v, + Vs, ,. Taking v = u in the relation (37) with w = 0 and using Lemma 3.10, we
infer that s, , = 0. From (35), this implies

0= (65u) = [y Bydo = B, Vo e R
Q

By taking v = Tu in the previous relation, according to (44), we obtain curlu = 0 and so v, = 0.
From Proposition 4.7, we deduce that u = 0. O
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4.5 Compactness result

Now we focus our attention on the operator K3 defined in (33).
Theorem 4.11. Suppose that Assumptions 1-2 hold. Then K : Z W — (X?\}lt’ﬁ)* is compact.

Proof. Using (36), we obtain the estimate

IR ull xorts). < Cllllvo o) + lsuclvi@, — Yue 2, (47)

where C' > 0 is independent of u. Now consider (u,), a bounded sequence of elements of 2 3.
By definition of &, one can introduce, for all n € N, @, € VQB(Q) and s, € 8 such that
U, = Uy, + 5,. The sequences (s,)n, (@n)n are bounded respectively in V};(Q) and in VQB(Q).
Since 87 is of finite dimension, one can extract a sub-sequence from (s, ),, still denoted (s, )., that
converges in 8. Therefore, to prove our claim, thanks to (47), it is enough to show that up to a
subsequence, (i, ), converges in VY 3(€2). Owing to Proposition 8.4, for all n € N, the vector field
u,, decomposes as
ﬁn = v@n + curl ’ltbru

where ¢, € VI_B(Q) and v, € Xr(1) is such that v, € VQB(Q) (Proposition 8.7). Given that
Von x v =0 on 022 and curlcurly, = curlu, € V%(Q), we infer that curlp,, € Z]ﬁv (see (40)).
Since by assumption 3 € (0;1/2), one deduces, using Proposition 8.9, that (curly,), converges,

up to a sub-sequence still denoted (curl ¥y, ),, in V2 4(Q). Besides, we know that div(eu,) = 0 in
O\{O}. This implies

(A2%pn,¢') = ]ésvson V' dr = — ]é e(Vsn +eurly,) - V' do, Vg € VE(Q).

By noting that the functional appearing in the right hand side above converges in (V}g(Q))* and
by using that A" is an isomorphism, we deduce that (¢,), converges in vi 5(€2). This gives the
desired result: (i,), converges, up to a sub-sequence, in V% 5(€2). O

4.6 Main result for the electric problem

Finally, we come to the properties of the operator &' (w) = AW — wW?K* introduced in (34). By

combining Theorems 4.10, 4.11 and the analytical Fredholm theorem (note that .Zy"*(0) = A"
is injective according to Theorem 4.10), we obtain the following result.

Theorem 4.12. Suppose that Assumptions 1-2 hold.
e The operator o/N"(w) is Fredholm of index zero for all w € R.

o " (w) is an isomorphism for all w € R\.Sg where /g is a discrete set which can accumulate
only at infinity.

The rest of this paragraph is devoted to the study of g, the set of values of w € R such that
/" (w) is not injective.

Proposition 4.13. Suppose that Assumptions 1-2 hold. The set /g appearing in Theorem /.12
is independent of the choice of B satisfying (23).

out

Proof. Let u be an element of ker &/ (w) for some 3 satisfying (23). Then we have (/" (w)u, u)—
(" (w)u, w) = 0, which according to (37) implies

qH(su,m5u,u) + WQQ€(5u,675u,5) =0.

Given that s,. € 8 and sy, € 87, we infer that g (su.c,Su,c) = @u(Sup> Suy) = 0. Then Lemma
3.10 guarantees that s, = Sy, = 0. This shows that u belongs to Xy(e) and satisfies the
equation curl (u lcurlu) = w?eu. We deduce that u 'curlu € Xp(u). Owing to Proposition
8.8 this implies that u,curlu € Vgﬁ(ﬂ) for all 3 satisfying (23). Thus u € ker @Z9"*(w) for all 3
satisfying (23). O
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In the same vein, we have the following result.

Proposition 4.14. Suppose that Assumptions 1-2 hold and let w € R\.Sg. The solution of (31)
is independent of the choice of B satisfying (23).

Proof. Let 1 < P satisfying (23). For j = 1,2, denote by
u; the solution of (31)
%ﬁ,ujt (w) the operator defined in (34)
Z 10\}1; the space introduced in (28)

for B = B;. Since 1 < B2, we have .%’R}lg C %’?\}ltl As a consequence, the function e := u; — us
out

belongs to Z' .

* When w # 0, by exploiting Propositions 4.2 and 4.5, we find that both w; and wue satisfy the
equations of (25) in the sense of distributions of Q\{O}. This implies that e is an element of
ker /N (w). Since w € R\.%g, we obtain e = 0 and so u; = us.

* When w = 0, we work as in the end of the proof of Theorem 4.10. First, by observing that
(%ﬁ?{“(O)e, e) = 0, we get, thanks to (37),

0= <JZ{](\)fl,l1t(0)e¢ 6> - <%]§J/'l,11t(0)ev 6> = _Q,u(ﬁe,,ua5e,,u)-

From Lemma 3.10, this gives s, = 0 and so

(A Oe0) = [ b Fude =0, Voe R,

By taking v = Te in the previous relation, where T is the operator of Proposition 4.8 constructed
with 5 = 1, we obtain ¥, = 0. From Proposition 4.7, we deduce that e =0 and so w1 = uy. O

Now, by gathering Proposition 4.5 and Theorem 4.12, we can state the main result of the section.

Theorem 4.15. Suppose that Assumptions 1-2 hold, J € Vgn(Q) for somen >0 and divd =0
in Q.

e For all w € R\Zg, where .g appears in Theorem 4.12, the problem (31) (or equivalently (26)
when w # 0) admits a unique solution.

o When w € g the problem (31) (or equivalently (26)) is well-posed in the Fredholm sense.
Moreover, it has a kernel of finite dimension that is independent of 5 satisfying (23).

Remark 4.16. Above we could remove the assumption divJ = 0 in Q\{O} and simply suppose
that J € Vgn(ﬂ). In this situation, to study the electric problem, the first step would be to introduce
some potential p € \e/'%ut(Q), B € (0;min(Bp,n)), such that A%"*p = —(iw) " divJ € (Vé(Q))*, and
then to work with Eg := E — Vp.

Up to now, we have shown that given spaces of outgoing propagating singularities 81 and S:j lead
to a functional framework in which the electric problem is well posed. On the other hand, there is
an infinite number of choices for 87, 8; (see Remark 3.9) and they all provide different functional
frameworks for the Maxwell’s problem. The goal of the next section is to explain how to identify
the one that is coherent with the limiting absorption principle.

4.7 Limiting absorption principle

Let J be as in Theorem 4.15. To model the dissipation of the materials, introduce, for § > 0, the
functions e5 := & + id and ps = pu + id. Denote by A, : H}(Q) — (H§(Q))*, Ay, - H%&(Q) —
(H%{(Q))* the operators defined as A., A, in (6), (7) with €, u replaced by €5, ps. Since the
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imaginary part of e5, s is positive in €2, the Lax-Milgram theorem ensures that A, A, are
isomorphisms for all 4 > 0. Moreover, it guarantees that for all w € R, the problem

Find us € Xy (es) such that

48
curl (ué_lcurl us) — wlesus = iwJ in Q (48)

3
have been chosen such that the limiting absorption principle holds for the scalar problems, then

(us)s converges to the solution of (31), in other words that the limiting absorption principle is
valid for the electric problem written in the framework (31). Let us make this more precise.

admits a unique solution. Roughly speaking, our goal is to show that if the spaces 87, 8:{ in (21)

£

o if (fs)s=0 converges to f in (V%(Q))* C (Hy(Q))*, then 513[1# [(Ag,) "t fs — (Agut)_lfHVé(Q) =0;

o if (fs)s>0 converges to f in (V};(Q))* - (H%(Q))*, then 51—i>%l+ ||(Aua)_1f6 — (Aiut)_lf\|vé(ﬂ) =0.

Assumption 3. Suppose that Assumptions 1-2 hold. Assume that 87, 8: are such that

Note that the previous assumption requires that the frameworks obtained for the scalar problems
via the limiting absorption principle satisfies the Mandelstam radiation principle. Generally speak-
ing, this seems to happen most of the times but may be wrong in certain rare circumstances. In
the articles [45, 44], the author gives examples of problems involving elliptic PDEs in unbounded
domains for which the two principles contradict each other at the so-called cut-off frequencies.
In our case, it can be shown (see [57, Chapter 2]) that the validity of the previous assumption
depends on the behaviour of the spectrum, eigenfunctions and generalized eigenfunctions of Z;
, L5, the Mellin symbols defined as £, , .Z), in (10), (11) with €, p replaced by €5, ps. For the
particular case of the circular conical tip (12), it is proved in [57, Chapter 2] that Assumption 3 is
valid except for a discrete set of contrasts.

The main result of this section is given by the following theorem which justifies the physical
relevance of Problem (25).

Theorem 4.17. Suppose that Assumptions 1-2-3 hold, J is as in Theorem /.15 and w € R\.Yg,
where g is defined in Theorem 4.12. We have

513(1)1+ s — u”v%(g) + [[curlus — curluHVoB(Q) =0

where ugs, u denote respectively the solutions of (/8), (25).
The proof of the previous theorem is mainly based on the following proposition.

Proposition 4.18. Suppose that Assumptions 1-2-3 hold. Let (us)s be a sequence of elements of
Xn(es) (resp. Xr(us)) such that (curlwug)s is bounded in V%(Q). Then, up to a sub-sequence,

(us)s converges in V%(Q) to an element of V8T @ VQB(Q) (resp. VS: @ Vgﬁ(Q)) as § — 0T,

Proof. Let (us)s5>0 be a sequence of elements of X (g5) such that (curlus)s is bounded in V%(Q).
Owing to item ii) of Proposition 8.1, for all > 0, we have the decomposition

us = Vs + curl (49)
with 5 € HJ(Q) and v; € Xp(1). Additionally, there holds curl; € Z’]BV (see (40) for the

definition of this space). But Proposition 8.9 ensures that in z5, ||curl - HV% (@) Is a norm which

is equivalent to the natural one, and that Z]% is compactly embedded in v? 3 (©). From this, we

infer that, up to a subsequence, (curls)s converges in Vgﬂ(Q) as 6 — 0.
Since we have div(es us) = 0 in Q, we deduce that there holds A.;p; = —div(es curla)s). On the
other hand, the fact that curl; € Vgﬁ(Q) implies that div(es curl;s) € (Vé (Q))*. Furthermore,
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since (curles)s converges in Vgﬂ(Q), it follows that (div(es curls))s converges in (Vé(Q))* as
§ — 0T. As a consequence, under Assumption 3, we infer that up to a sub-sequence, (©s)s
converges in Vé(ﬂ) to an element of VEM(Q) With (49), this gives the desired result. The proof
for a bounded sequence of elements of X7 (us) is similar. O

Proof of Theorem /.17. Let (0,), be a sequence of positive numbers that converges to zero as
n — 4o00. Denote €, = € + @0y, i, = p + 19, for all n € N. Denote by u,, the solution to (48)
for § = d,. Let us proceed in two steps. First, we establish the desired result by assuming that
(curlu,), is bounded in V%(Q). Then we show that this hypothesis is indeed satisfied.

Step 1. Assume that (curlw,), is bounded in V%(Q). According to the previous proposition,
we know that up to a subsequence, (u,), converges in V%(Q) to an element u of V8T @ V° 5(Q).
This implies in particular that (wy), is bounded in V%(Q). Next, for all n € N, we define the
vector field v, := p,, 'curlu,. There holds div(u,v,) = 0 in Q\{O} and p,v, -v = 0 on IQ\{O}.
Furthermore, by observing that

curlv, = w’e,u, +iwJ in Q\{O}, (50)

we conclude that v, € Xp(u,) and that (curlw,), is bounded in V%(Q). Applying again the
previous proposition, we deduce that (curlw,), converges in V%(Q) to an element of ,flvsj @
& 5(€2) which is nothing but curlw (use the convergence in the sense of distributions of Q\{O}
to establish this latter property). Thus we have

nEI—iI-loo l|lu — un||V%(Q) + ||curlu — curlun||V%(Q) =0

and by taking the limit in (50) (again in the sense of distributions of Q\{O}), we get

1

curl (u tcurlu) — w?eu = iwJ  in Q\{O}.

This implies in particular that u belongs to Z . Given that w € R\.#g, this shows that u is
the solution of (31). Thus, we obtain the desired result.

Step 2. Assume that there exists a sequence (u,), of solutions to (48), associated to some
sequence (dy,,), that tends to zero, such that ||curl un”V%(Q) — 400 as n — +o00. By considering

the sequence (u,/|/curl un||V% (@))n and using the result proved in the first step, we obtain a
contradiction. O

5 A new framework for the magnetic problem

In this section, we provide an adapted framework to study the magnetic problem when the con-
trasts k., K, satisfy Assumption 1. The procedure is similar to what has been done above for the
electric field. For this reason, we do not give the details and simply state the main results.

For [ satisfying (23), we define the spaces

H"H (curl) := {u € VS: @ VQB(Q) |curlu € V%(Q)}

A" (curl) := {u € V8! & V25(Q)|curlu € eVST & Vgﬁ(Q)}.
For u =a+ Vs, , € H"A (curl ), we set

- ~ 112 + 2 2 1/2
Jealggow s eury = 0y + 19554 ) + lewrT wlfn )1/

while for u = @ + Vsiu € A" (curl) such that curlu = 1, + Vs, . , we denote

HquO“t(curl) = (Hﬂ"%/()_ﬂ(g) + HVEI,MH%/%(Q) + kuH%ﬂiﬁ(Q) —+ HVﬁq—;,aH%/g(Q))l/g-
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We adopt the following convention:
-ifue HOUt”B(curl ), let @, sy, ,, be the elements of V% ,(Q), 8: such that w = @ + Vs, ;
- if u € " (curl), let 1, 54 be the elements of Vgﬁ(Q), 81 such that curlu = 1, + Vs, .

5.1 Definition of the magnetic problem

Regarding what has been done for the electric problem and using the fact that the magnetic field
H and the electric field E are linked by (1), we are led to look for H in J#°"(curl). More
precisely, we consider the problem

Find u € S£2°"(curl) such that
curl (e 'eurlu) — w?pu = curl (¢~ 'J) in Q\{O} (51)
pu v =0 on ON\{O}.

This time we assume that J belongs to Vgﬁ(Q) where [ satisfies (23). Then we consider the
variational problem

Find u € J£2°"(curl) such that

/ el - curlvdz — wz][ pu - vdr = / e J - curlwdr, Vv € H"?(curl), 52)
Q Q Q

in which the term ][ pu - vdzx is defined by
Q

][uu-'vdx ::/,uﬁ-i)dx—i—/uVsu#-'z}daE—F/uﬁ'dezp—/div(uszM)sv,udaz.
Q Q Q Q Q

By working as in the proof of Proposition 4.2, we obtain the
Proposition 5.1. Every solution of (51) solves (52). Conwversely, every solution of (52) solves

(51).

5.2 Equivalent formulation for the magnetic field

In order to take into account the divergence free condition, we define the spaces
XM= {u e HO"(curl) | div(pu) = 0 in Q\{O}, pu-v =0 on 0Q\{0}},
X9 = {u € H#°"(curl) |div(pu) = 0 in Q\{O}, pu-v =0 on IN\{O}}.

We endow XOTUt’B , 9" respectively with the norms of H°"(curl), s#°%(curl). By replacing
H°"5 (curl ), £°" (curl) respectively by XOTUt”B, Z 9" in (52), we get the problem

Find u € Z $" such that

54
/ e 1, - curlwdz — w2][ pu - odr = / et J - curlwdz, Yo € X?FM’B. (54
Q Q Q

The analogue of Proposition 4.5 writes

Proposition 5.2. Assume that w # 0.
e Fvery solution of (52) solves (54).

=

o Suppose that Assumptions 1-2 hold. Then every solution of (54) solves (52).
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Define the continuous operators A", K3 . Z 9" (X%ut’ﬁ )* such that for all u € Z9,
v e XP
T I

(AF"'u, v) = / e, - curlwdr, (Ku, v) = ][ pu - d.
Q
Finally, set 2™ (w) 1= AP — w? K3 so that for u € 9™, v € X%ut,ﬁ,

(2" (w)u, v) = / e 14, - curlwde — w2][ pu - vd.
Q Q
Similarly to (37), we have the important identity, for u,v € Z 9",
(2" (w)u, v) — (A" (W)v, u) = —(c(Sue, 5v.e) — W Qu(5U,m5v,u)' (55)

5.3 Equivalent norms in X3"*” and 2 9"
Similarly to Propositions 4.6, 4.7, we have the following results.
Proposition 5.3. Suppose that Assumptions 1-2 hold. There is a constant C > 0 such that
~ t,
[allvo @) + IVsuplvy) < Clleurlully ), Vue Xr, (56)

out,B

Consequently, the norms || -+ || gout.s and ||curl - ||y 9() @TC equivalent in X7,

curl)

Proposition 5.4. Suppose that Assumptions 1-2 hold. There is a constant C > 0 such that
||ﬁ||v‘1 )+ ”V5uu||v0 ) < Clltbyllvo 4(Q): Vu € M with curlu = 1, +eVsy, .. (57)

Consequently, in Z 9" the map u — H"nbuHVOB(Q) is a morm which is equivalent to || - || spout (cur1)-

5.4 Main results for the magnetic problem

By exchanging the roles of € and p in the proofs of §4.4, §4.5, we obtain the following theorem.
Theorem 5.5. Suppose that Assumptions 1-2 hold. Then the operator AR : Z 3 — (X%ut’ﬁ)*
is an isomorphism while K™ : 9 — (XOTUt’B)* is compact.

This allows one to deduce the following theorem.

Theorem 5.6. Suppose that Assumptions 1-2 hold.

e The operator o™ (w) is Fredholm of index zero for all w € R.

o /2" (w) is an isomorphism for all w € R\.sr where Si is a discrete set which can accumulate
only at infinity.

o The set S is independent of B satisfying (23).

o If w e R\SH, the solution of (54) for J € V0 () is independent of B satisfying (23) (B is
defined in (23)).

Remark 5.7. Coming back to the initial Mazwell’s equations (1)- (2) in the sense of distributions
in Q\{O} thanks to Propositions 4.2, 4.5, 5.1, 5.2, one can prove that Sg coincides with the set
SE appearing in Theorem /.15.

Finally, we state the main result for the magnetic field:
Theorem 5.8. Suppose that Assumptions 1-2 hold and that J € VQB(Q) with B satisfying (23).

e For all w € R\ the problem (54)(or equivalently (52) when w # 0) admits a unique solution.

o When w € Zu the problem (54) (or equivalently (52)) is well-posed in the Fredholm sense.
Moreover, it has a kernel of finite dimension that is independent of 5 satisfying (253).

Remark 5.9. One can check that the results of §/.7 concerning the limiting absorption hold when
considering the magnetic problem instead of the electric one.
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6 Classical Maxwell framework

In this section, we consider the initial system (1)-(2) when looking for fields E, H in the classical
space L%(Q). This leads us to consider the problems (compare with (25), (51))

Find E € Hy(curl) such that Find H € H(curl) such that
curl (u tcurl E) — w?*E = iwJ in Q curl (e teurl H) — w?pH = curl (¢71J) in Q
Exv= 0 ondf2 pH-v= 0 on 0f).

Here the volumic equations are written in the sense of distributions of ). These problems are
equivalent to the following variational formulations

Find E € Hy(curl) such that

/ p teurl E - curl® — w’cE - vdx = iw/ J -vde, Vv € Hy(curl)
Q Q

Find H € H(curl) such that
e lcurl H - curls — W?uH - 5dx = / e 1J - curlwdz, Vv € H(curl).
Q Q
Our goal here is to show that this is not a satisfactory framework when k., , are critical. Define
the continuous operators Ay (w) : Hy(curl) — (Hy(curl))* and Ar(w) : H(curl ) — (H(curl))*
such that

An(w)u,v) = / pteurlu - curl @ — w’eu - B dr, Vu,v € Hy(curl)
Q

(Ar(w)u,v) = / e leurlu - curl@ — w’pu - T dz, Vu,v € H(curl).
Q

Proposition 6.1. Suppose that Assumptions 1-2 hold. Then the operators Ay (w) and Ar(w) are

not of Fredholm type.

Proof. Let us work on Ay (w), the reasoning being similar for Ap(w). If w = 0, VH}(Q) belongs
to the kernel of An(0). Since this space is of infinite dimension, we infer that Ay (w) is not of
Fredholm type. Note that this is true also when k., s, are not critical, in particular when x., &,
are positive, contrary to what follows.

Assume now that w # 0. We proceed by contradiction and assume that Ay (w) is of Fredholm
type. Since Ay (w) is symmetric, necessarily it is of index zero.

If additionally Ax(w) is injective, then it is an isomorphism and there is a constant ¢ > 0 such
that there holds

||uHH(curl) <c H‘AN(w)u”(HN(Curl))*v Vu € HN(Curl ) (58)

Let us show that this is impossible. To proceed, for n € N*, define the field

1/n

u, = Vs, with S, :=1"/"s5 and s(w) 1= x(r)s]10(2), (59)

where x and s]; , appear respectively in (16) and (14). Due to the multiplication by the regu-

larization term r'/", the function s, belongs to H} (), which ensures that w, is in Hy/(curl).
Moreover, we have

Y

p/2 .
lealrenrt) = IV5alls > C /0 V(2 2 2,

n p 2/n
= 021/2+1/n+in‘f|2<> —  +o00.

5 n—-+o0o
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Here and below C > 0 stands for a constant which may change from one line to another but which
remains independent of n. Now let us compute [|[An(w)un|(Hy (curl))+- Since u, = Vs,, we simply

have
‘wz/ eVs, -vdx
Q

.AN w)Unp curl))* — Sup ‘ o
H ( ) H(HN( 1)) veH v (curl )\ {0} H'U”H(curl) ( )

According to the item 4ii) of Proposition 8.1, any v € Hy(curl) admits the decomposition v =
Vi + curl 4 with ¢ € H)(Q) and v € X7(1). By observing that curl belongs to Xy (1) and by
applying Proposition 8.7, we deduce that curlt € VQW(Q) for some v > 0. Furthermore, we have

Vel + leurldllyo_q) < Cllv[acur)- (62)

Let us write

/ eVs, -vdr = / eVs, - Vodr + / eVs, - curle dzx. (63)
Q Q 0
To estimate the second integral of the right hand side of (63), we can remark that

HV%HVQ(Q) < HTl/nVﬁnvg(Q) + ”Tl/nilﬁuvg(g) < CHV5HV}Y(Q) <G,

which yields, together with (62),

| /Q Vs, - curly dr| < C|[Vsu v g leurlillve_q) < Cllvlseur), (64)

The first integral of the right hand side of (63) can be expanded as

/ eVsy - Vo dx:/ eVs - V(r'/mp) dx —i—/ esV(rt/™) . Vo dr — / eVs - V(r'/™) g dx
Q Q

= —/ div(eVs) r'/"p da + / esV(rt/™) . Vo dx — / eVs - V(™) dx.
Q Q Q
Exploiting that div(eVs) = 0 for r < p/2, we obtain
/ div(eVs) r/" g dar| — / div(eVs) r/"p dz| < C[[Vy]lo. (66)
Q Q\B(0,p/2)
Besides, using the Cauchy-Schwarz inequality, we can write
C 1/2
/ esV(r'/") . Vedz| < o / 2522 de| || Vella
Q Q
67
% [ o] iwetla < Lol "
n QT xz Pl = \/ﬁ Ll
For the third term of the right hand side of (65), we have
1/ ¢ —2).12,2/ V2 -1
/ eVs -V(r/™epds| < o / r 4 s|Tre M dx) ||rT ella
Q Q s (68)
< 9 [rormad " ivota < S
= 5 QT £ Pllo > NG PllQ-
Using (66)—(68) into (65), thanks to (62), we get
| e¥s0 - Vioda| < C1I¥¢la < Cllvlaieun). (69)
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Gathering (64) and (69) in (63), from the definition (61), we conclude that

H‘AN(w)un”(HN(curl))* <C. (70)

Together with (60), this contradicts (58) and proves that Ay (w) cannot be an isomorphism.

To complete the proof, it remains to consider the case where Ay (w) is assumed to have a kernel

of dimension K. In that situation, let A,..., A%, K > 1, be an orthonormal basis of ker Ay (w).
Set ~
Hy(curl) := {u € Hy(curl)| (u,)\k)H(curl) =0,k=1,...,K}
H = {FeHy(curl) | (F,\*)=0k=1,...,K}

and define the continuous operator Ay (w) := AN (W)l (curt)- Then An(w) : Hy(curl) — 3 is
an isomorphism so that there is a constant ¢ > 0 such that there holds

HUHH(Curl) <c HAN(("))U‘”(HN(CurI))*v Vu € I:IN<Curl ) (71)

Let us show that this is impossible. For n € N*, take u,, as in (59) and set
K
Uy 1= Uy — Z ak \F with aﬁ = (un,)\k)H(curl) = (Vsn,)\k)g.
k=1

The field u,, clearly belongs to I:IN(curl). Moreover one observes that the A are not only in
Hy (curl) but also in Xn(¢) (see (3) for the definition of this space). From the proof of Proposition
4.13, we infer that the A* are in VO_V(Q) for a certain fixed v > 0. Since u,, does not belong to
VgW(Q) for n large enough, we deduce that @, is non zero for n large enough. On the other hand,

since (ak), converges to (Vs, A¥)q as n tends to 400, from (60) we get

EIEOO Hﬂ’n”H(curl) = +00.

Finally, since Ax(w)@, = Ay (w)u,, estimate (70) guarantees that (Hf[N(w)'&nH(HN(Curl))*)n re-
mains bounded when n tends to +oco. From this, we deduce that the estimate (71) cannot hold.
This completes the proofs of the fact that Ay(w) cannot be Fredholm of index zero. O

7 Concluding remarks

In this article, we investigated the time-harmonic Maxwell’s equations in a setting involving an
inclusion of negative index material whose geometry is smooth except at a point where it has a
conical tip. We proved that when the contrasts of the electromagnetic parameters take certain
critical values, the Maxwell’s equations are no longer well-posed in the classical framework due
to the existence of hypersingularities also known as black-hole singularities. We explained how
to take into account certain of these singularities, by imposing radiation conditions at the tip, to
get new frameworks in which Fredholmness is recovered. Let us mention that for the correspond-
ing solutions, both the field and the curl of the field are singular. The selection of the outgoing
behaviour is realized by applying the Mandelstam radiation principle to the two scalar operators
for € and g which appear in the analysis. However the Mandelstam radiation principle does not
provide a unique setting where the problem is well-posed. To select the one which is interesting
from a physical point of view, additionally we applied the limiting absorption principle that we
were able to justify when it holds for the scalar problems.

In the possible continuations of this work, one could consider situations where the negative in-

dex inclusion has some edges. In that case, the coefficient in front of the hypersingularities should
be replaced by a function. This makes the analysis more involved. Another interesting direction
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would be to study the approximation of the solution in the new framework by numerical methods.
For this, the difficulty lies in the fact that since the field and the curl of the field are infinitely
oscillating when approaching the tip, simple mesh based methods fail to capture the phenomenon
and produce spurious reflections. In [5], a method using Perfectly Matched Layers (PMLs) has
been proposed to deal with the 2D scalar case. More precisely, the idea is to implement PMLs
in a neighbourhood of the corner to absorb the energy leaving the domain through the black-hole
singularities. For the moment it is not clear if it can be adapted to the Maxwell problem. In
practice, the coefficients ¢ and p depend on the frequency w. Therefore it would be relevant to
incorporate this aspect in the analysis as it has been done for the scalar problems in [28]. For
the Maxwell’s equations in the singular geometry considered here, however, this seems far from
being obvious because the number of black-hole waves and their features (the singular exponent
in particular) depend on w.

8 Appendix

We remind the reader that by assumption, 2 is simply connected and that its boundary is con-
nected. When this hypothesis is not satisfied, the results below must be adapted.

8.1 Classical Helmholtz decompositions

We start with some well-known results.

Proposition 8.1.

i) According to [1, Theorem 3.12], if u € L*(Q) satisfies divu = 0 in §, then there exists a unique
P € Xp(1) such that u = curlap.

i) According to [1, Theorem 3.17]), if u € L*(Q) satisfies divu = 0 in Q and w-v = 0 on
0N, then there exists a unique ¢ € Xy (1) such that u = curl.

iii) According to [40, Thereom 3.45], every uw € L*(Q) can be decomposed as u = Vp + curlap,
with p € HY(Q) and 4 € X7 (1) which are uniquely defined.

w) According to [0, Remark 3.46], every u € L*(Q) can be decomposed as u = Vp + curlqp,
with p € H;E(Q) and 1 € Xn(1) which are uniquely defined.

In our analysis, we needed some representation results with potentials similar to above but in
weighted Sobolev spaces. To establish them, we recall results concerning the classical Laplace
operator in weighted Sobolev spaces. For the proofs, we refer the reader to the monographs
[34, 36, 39] (see also [23, 24]).

8.2 Classical Laplace operator

For v € R, define the linear and continuous operator A), : V#(Q) — (Vl_ﬁ/(Q))* such that
(Ahp, ) = /QVso-Wv’dw, Vo e VA(Q), ¢’ € VL ().

In the same way, for v € (—=5/2;5/2), define A}, : V}Y(Q) — (Vl_v(Q))* such that
(Ap, @) = /QVsD-Vso/da:, Vo € VH(Q), ¢ € VL (9).

Here the subscripts p, y stand for Dirichlet and Neumann. Similarly to Sp, Sn in (18), set

~vp := min{Re (A — 1/2) | A € spec(Lp) and Re X\ > —1/2},

72
yn = min({Re (A — 1/2) | A € spec(Ly) and Re A > —1/2} U{5/2}) "
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where the symbols Zp, Zn are defined as .2, &), (see (10), (11)) withe =1, p=1.
Proposition 8.2.

e For v € (—yp;7p), the operator A, : V;(Q) — (VI_V(Q))* is an isomorphism.

e For v € (—yN;N), the operator A}, : V#(Q) — (VI,,Y(Q))* is an isomorphism.

Remark 8.3. The values for yp, yn depend on the geometry of Q near O (see [36, §2.2] as well
as [34, §6.6] for the Dirichlet problem and [36, §2.3] for the Neumann problem). When O € Q
(case 1 in (5)), one has yp = yn = 1/2. When O € 9Q and X coincides with a half-space (case

2in (5)), there holds yp = 3/2, vyv = 1/2. Note that we have always yp > 1/2, yn > 1/2. This
latter property is used in the definition of By in (23) and ensures that By < vp, B < YN-

8.3 Decompositions in weighted Sobolev spaces

The next result generalizes the items iii), iv) of Proposition 8.1.

Proposition 8.4.

o Fix v € [0;9p). Any u € VQW(Q) decomposes as uw = Vi + curly with ¢ € Vl_V(Q) and
P € Xp(1) satisfying curly € VO_V(Q).

o Fizy € [0;yn). Any u € VQW(Q) satisfying u - v = 0 on 02 decomposes as u = V¢ + curlp
with ¢ € VI_W(Q) and ¥ € Xn(1) satisfying curly € VO_W(Q).

Proof. Fix v € [0;yp) and consider some u € ng(Q). Since VQV(Q) C L?(Q), the item i#ii) of

Proposition 8.1 guarantees that we have u = Vi + curle with ¢ € H}(Q) and ¥ € X7(1). By
observing that Ay = divu € (V,ly (©))* and by using Proposition 8.2, we conclude that ¢ belongs

to Vl,v(Q) This ends the proof of the first item. The second one can be established similarly. [

Now we generalize the results of items i), i7) of Proposition 8.1. For v € R, introduce the spaces
Z}, = {u € L*(Q) | curlu € Vg(Q), divu =0in Q, u x v =0 on IN\{O}}
7} :={u e L*(Q) | curlu € VJ(Q), divae =01in Q, u-v =0 on 02\{0}}.

We endow Z), and Z7. with the norm || - ||z» := (|| - [|§ + [|curl - ||%,3(Q))1/2. Set

:YD = min(ﬁYDa 1)a :YN = min(’YNv 1) (73)
Proposition 8.5. Let 4p, An be as in (73).
o Fizy € [0;9p). Ifu € Vg(Q) satisfies divu = 0 in Q\{O}, then there exists a unique ¥ € Z.
such that w = curlp.
o Fizy €[0;9n). Ifu€ Vg(Q) satisfies divu = 0 in Q\{O} and u-v =0 on 0Q\{O}, then there
exists a unique ¢ € Z); such that u = curlp.
Remark 8.6. This result also extends the one obtained in [10, Appendiz B] where only the case
O € Q has been considered. Furthermore, here we give a simpler proof.
Proof. Let u € Vg(Q) with v € [0;9p) such that divue = 0 in Q\{O}. Proposition 8.7 ensures
that Xy (1) C VQW(Q). This shows that we have Vg(Q) C (Xn(1))" so that we can consider the

problem
Find ¢ € Xy (1) such that

/ curl¢ - curl¢' dx = / - ¢ dz, V¢ e Xn(1).
Q

Q
Using Proposition 2.1, one proves classically that it has a unique solution ¢ € X (1). Additionally,
by exploiting that divu = 0 in Q\{O}, one obtains

curl (curl¢) =« in Q\{O}.

Set 1 := curl¢. Then v is an element of Z7. such that u = curle. This ends the proof of the
first item. The demonstration of the second one follows the same steps. ]

31



8.4 Compact embedding results

In this paragraph, we prove results of compact embedding of Maxwell’s spaces into weighted
Sobolev spaces. Let us mention that this has some connections with the work [14]. In our approach,
we will study the regularity of fields in a neighbourhood of O. To proceed, we set & := QN B(O, p),
where p is defined in (4), and introduce the spaces

Yn(0) = {uecL?0)|curluc L*(0), divu € L*(0), u x v =0 on 0}
Y7 (0) = {ueL?0)|curlucL?(0), divu € L>(0), u-v =0 on 00}
Hy(0) = Yn(O)NH'(0)

Hy(0) = Yp(0)nHY0).

When & is convex, in particular when O C €, we have that Yy (0) = Hy(0), Yr(O0) = Hp(0O)
(see [17]). However this is not true for all conical tips &. Generally speaking however, it is
known that the quotient spaces Yn(0)/Hn(O), Y7 (O)/Hp(O) are always of finite dimension
[20] and that the latter depend on the features of the conical tip, more precisely on w. In case
where this dimension is positive, the Birman-Solomyak decomposition (see [3, Theorem 3.1], [4],
[20, Theorem 1.1]) ensures that there exist some finite dimensional spaces Sp C H}(0)\H?(0),
Sy C H(0)\H?*(0) such that

Yn(O)=Hy(O)® VSh, Yr(0)=Hp(0)®VSy. (74)

Additiogmlly the elements of the bases of Sp, Sy can be chosen such that their laplacian belong
to € (0\{0}).

This said, we begin with a result concerning the classical spaces Xy (1), Xp(1) which general-
izes [10, Proposition A.2] where only the case O € € has been considered.
Proposition 8.7. Let Ap, An be as in (73).

e Fiz~y € [0;9p). The space Xn(1) is compactly embedded in VQW(Q). Moreover, there is C' > 0
independent of u such that

HuHVch(Q) < C'||curlu||q, Vu € Xy (1).

o Fiz v € [0;9n). The space X (1) is compactly embedded in VQW(Q). Moreover, there is C > 0
independent of w such that

||uHV(17(Q) < C||curlu||q, Yu € Xp(1).

Proof. For v = 0, this is nothing but the classical result recalled in Proposition 2.1. Now we treat
the case v # 0. Let (u,,), be a bounded sequence of elements of Xy (1). For n € N, write

U, = Uy + Wy, with v, == xu,, w,:=(1—x)up, (75)

where x € €°°(R) is the cut-off function introduced before (16) such that x(r) = 1 for r < p/2
and x(r) =0 for r > p. Let us study the behaviours of (v,), (w,) separately.

* We start by (wy). We have curlw,, = —Vx x u,, + (1 — x) curlu,, and divw,, = —Vyx - u, in Q.
Therefore the sequences (w,), (curlw,) and (divw,) are bounded in L?(Q). Since additionally
there holds w, x v = 0 on 09, we infer from [59] that we can extract a subsequence from (u,,)
such that (w,,) converges in L?(Q). Observe that since w,, vanishes in QN B(O, p/2), this ensures
that (w,,) converges in Vg(Q) for all v € R.

* Now we work with (v,). Note that v, is an element of Yn(&). According to the Birman-
Solomyak decomposition (74), for all n € N, we have

v, = v, 8+ Vo, (76)
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with v;7¢ € Hy(€) and ¢,, € Sp such that V¢,, € Yy (0) (simply take ¢, = 0 when & is convex).
Moreover this comes with the estimate

[0l (o) + IVeenllo + [ Aenllo < Cllcurlv,[lo

where C' is independent of n. Using that A : V?,(ﬁ )N HY(O) — Vg(ﬁ ) is an isomorphism for
all p € (1 —vp;1) (see [34, 36, 39]) and that L*(¢) C Vg(ﬁ) for all n > 0, we deduce that
(¢rn) is bounded in V%(ﬁ) for all v € (1 —4p;1). From Lemma 3.1, this implies that we can
extract from () a subsequence such that (V,,) converges in Vg(ﬁ ) for all v € (—=4p;0). On the

other hand, since H!'(€) = V} (&), Lemma 3.1 also guarantees that we can extract from (v'°8) a

subsequence such that (v'®8) converges in V2_, (&) for all v > 0. Combining these two results with
the decomposition (76), we deduce that we can extract from (v,) a subsequence which converges
in ng(ﬁ) for all v € (0;9p).

Using the results for (w,,), (v,) in (75) gives the proof of the first item. The demonstration of the
second one follows the same steps. ]

We continue by studying the spaces Xy (g), Xr(u).

Proposition 8.8. Suppose that Assumptions 1-2 hold.

e Fiz~y € (0;8p) where fp = min(Bp,yp,1). The space Xy (e) is compactly embedded in VQV(Q).
Moreover, there is a constant C > 0 independent of uw such that

H’U'HV(L,(Q) < C'||curlu||q, Vu € Xpy(e).

e Fiz~ € (0; By) where By = min(By,vn,1). The space Xr(p) is compactly embedded in VQW(Q).

Moreover, there is a constant C > 0 independent of uw such that

lullvo_ (o) < Clleurlullo,  Vu & Xr(p).

Proof. Let w € Xy(¢). By means of item iii) of Proposition 8.1, introduce ¢ € H(Q) and
¥ € Xp(1) such that w = Vi + curly. By observing that curly belongs to Xy(1) and by
applying Proposition 8.7, we deduce that curl € VQW(Q) for v € (0; Bp). Furthermore, we have

||cur11,b||vgw(ﬂ) < C'||curl (curl®)||q = C'||curl u|q. (77)

By observing that div(eVy) = —div(e curly) € (V}Y(Q))* for all v € (0; 3p), one deduces from
Proposition 3.7 and (19) that ¢ € Vl_V(Q) with the estimate

I9¢llve_o) < Clleurl gllya o) < C [[eurlulq. (78)

This shows that u € VQW(Q). By combining (77) and (78), we obtain the desired estimate. Now,
let us prove the compactness result. Consider (u,), a bounded sequence of elements of Xy (¢). For
n € N, we have the decomposition u,, = Vg, +curly,, with ¢,, € H}(Q) and ¢,, € X7(1). Thanks
to Proposition 8.7, we infer that up to a sub-sequence, still indexed by n, (curl4p,,), converges
in VEV(Q) for all 4 € (0;Bp). The estimate (78) implies that (Vg,), is a Cauchy sequence in
VQW(Q) and thus it converges in VQW(Q). This ends the proof of the first item. The second one
can be shown similarly. O

Proposition 8.9. Fiz v € [0;1/2). The spaces Z), and Z7. are compactly embedded in VO_,](Q)
for all p < 1/2. Moreover, there is a constant C > 0 independent of w such that

||u|]V9n(Q) <C ||curlu|]V3(Q), Vu e Z), UZ].
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Proof. Let (uy,), be a bounded sequence of elements of Z);. For n € N, write
U, = v, +w, with v, = Cun, wy = (1= Qup, (79)
where ¢ € €°(R) is a cut-off function such that ((r) = 1 for r < p/4 and {(r) = 0 for r > p/2.

Let us study the behaviours of (v,), (w,) separately.

* We start by (wy). As in (75), using that the support of w,, does not meet the origin, we find
that the sequences (w,), (curlw,) and (divw,) are bounded in L?(€2). Since additionally there
holds w,, x v = 0 on 99, we infer from [59] that we can extract a subsequence from (u,) such
that (w,) converges in L?(Q). Moreover, exploiting again that w, vanishes in QN B(O, p/4), this
ensures that (w,) converges in Vg(Q) for all n € R.

* Now we work with (v,). The item i) of Proposition 8.1 ensures that for all n € N, there is a
unique v,, € Xr(1) such that u,, = curl,,. Then we obtain curl (curly,,) = curlu,, in Q\{O}
and so

Ay, = curlu, € V)(Q) (80)

because we have divp,, = 0 in Q\{O}. The desired result will be a consequence of a regularization
property for Problem (80) that we describe now.

Let x € €°°(R) be the cut-off function appearing in (16) such that x(r) = 1 for r < p/2 and
x(r) = 0 for r > p. Note that we have x = 1 on the support of ¢. The function ®,, = x,,
satisfies

-A®, = f, =xcurlu, —¢¥,Ax—2Vy,Vx in0
P, v = 0 on 00 (81)
curl(®,) xv = (Vxx41,) xv+ xcurly, xv =20 on 00.

To obtain the third line above, we have used in particular that on 00, both v, and Vyx are

tangential. Working with localization functions from the equation (80), one can show that there
holds 1, € H'(0\B(O, p/2)) with the estimate

[l (o575, < C (leurlalyo o) + l[unloy)-

Here and below, C' > 0 is a constant which may change from one line to another but which
remains independent of n. From this, we infer that the f,, in (81) is an element of Vg(ﬁ ) for all
n € (1/2;3/2) (because in this case Vg(ﬁ ) is continuously embedded in V?I(ﬁ’ )) and we have

1 allvogo) < € (leurlalyo gy + llunlloy).
On the other hand, from the Birman-Solomyak decomposition (74), for all n € N, we have
P, =%+ Vo,

with ®;°¢ € Hyp(0) and ¢, € Sy such that Vy,, € Y7 (0) (simply take ¢, = 0 when & is convex).
This comes with the estimate

IVenlle + [[Agnllo < C ([|div @p[lo + [lcurl @,[lp) < C [[curl e, [lo = C'flunlo-

Using that Sy is of finite dimension and spanned by some functions whose laplacian belongs to
¢>°(0\{0}), we deduce that ®)°® solves the problem

—APE = f =f, +V(Ap,) in0
®e.v = 0 on 00 (82)
curl (®;8) xv = 0 on 00

where f,, is such that for all n € (1/2;3/2),

”JNanvg(ﬁ) <C (chrlunva(Q) + [lunllo))-
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As a consequence of Theorem 8.11, we infer that ®]°® belongs to V%(ﬁ ) for all n € (1/2;3/2) with
the estimate
127 lv2(0) < C (leurlun|lvo o) + [[unlla))-

Therefore (curl ®;°8) is bounded in V%(ﬁ’ ). Since there holds
v, = (uy, = Ccurly,, = (curl @, = (curl &%

because x = 1 on the support of ¢, we infer that (v,) is bounded in V}](Q) From Lemma 3.1,
this implies that we can extract a subsequence such that (vy,,) converges in V?],l 15(82) for all 6 > 0.

Finally, gathering the results for (v,) and (w,,) in the decomposition (79) yields the statement for
the space Z);. The proof for Z}. can be obtained by obvious modifications of the above lines. [

8.5 Density result
For v € R, set

H,""(curl) := {u € V?_(Q)|curlu € V3(), u x v =0 on 0\{O}} (83)

Proposition 8.10. The space €5°(Q\{0}) is dense in Hy"" (curl) for v € [0;1/2).

Proof. Let ¢ € €°°(R) be the cut-off function appearing in the proof of Proposition 8.9 such that
¢(r)=1for r < p/4 and ((r) = 0 for r > p/2. Consider some u in Hy"”(curl). Observe that
(1 —¢)u belongs to Hy (curl) and vanishes in a neighbourhood of O. Therefore, classically, it can
be approximated by a sequence of elements of €5°(2\{O}). Now let us focus our attention on the
approximation of (u. Since (u € VQW(Q), according to Proposition 8.9, we have the decomposition

(u=Vy+curly
with ¢ € VI_W(Q) and 1 € Xp(1) such that curley € VQW(Q). Using that (x = (, we get
Cu = xV¢ + xcurl . (84)
The proof of Proposition 8.9 ensures that ycurl belongs to
H)(0) :={ue V}Y(ﬁ) |u x v =0 o0n 00\{O}}. (85)

Since €;°(2\{O0}) is dense in Vl_W(Q), we can find a sequence (p,,) of elements of €5°(2\{0})
which converges to ¢ in Vl_W (©). Then we get

IXVe =xVenlve (o) + lleurl (xVe) — curl (xVen)|lvo o)
= IxVle = enllve_ ) +IIVx x Ve = en)lve@) 7 O
On the other hand, using that €5°(0\{O}) is dense in H)(&), we can find a sequence (¢,,) of
elements of €5°(0\{O}) which converges to xcurl in H};(&). This allows us to write

Ixeurle — 6,y (o) + lleur] (xeurl®) - curl, s ) < Clxeurls - d, Iy~ 0.
Above we used that for v € [0;1/2), there holds 7 — 1 < —~v which ensures that we have the
continuous embeddings V,ly(ﬁ) C Vg,l(ﬁ) C V(l,y(ﬁ). From (84), this shows that (xVe, + ¢,,)
is a sequence of elements of €5°(0\{O}) which converges to (u in Hy""(curl). This ends the
proof. O
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8.6 Homogeneous Maxwell’s operators in domains with conical tips

In this paragraph, we present regularity results concerning the Maxwell’s operators in domains
with conical tips. We work in & = QN B(O, p) and consider the problems

curl (curlu) — Vdivue = f in0
uxv = 0 ond0 (86)
diveu = 0 ond0

curl (curlu) —Vdivue = f in0
u-v = 0 ondl (87)
curlu xv = 0 on 00.

where f € Vg(ﬁ) for all 4 > 1/2. Define the bilinear form a(-,-) such that
a(u,v) = / curlu - curlv + div(u)div(v) dx
o

and introduce the problems
Find u € Hy(0) such that Find w € Hp(0) such that

= ~vdr, Yv a(u,v) = cvdr. Yo (88)
a(u,’u)-/ﬁf dx, YveHy(0), (u,v) /Qf dz, YveHyp(0).

Observe that if v € H' () = V§(0), then v € V2, (&) which guarantees that the right hand sides
in the above problems define linear forms respectively on Hy (&), Hy(&). On the other hand, it is
known (see [17]) that a(-, ) is coercive both in Hy (&) and in Hp(&'). Therefore the problems (88)
admit unique solutions which solve respectively (86), (87). The next theorem presents a weighted
regularity result for these solutions.

Theorem 8.11.

e The unique solution of (86) in Hy(O) belongs to Vi(ﬁ’) for all v > 1/2.
o The unique solution of (87) in Hp(O) belongs to V%/(ﬁ) for all v > 1/2.
Moreover, for each solution, we have the estimate, for all v € (1/2;3/2),

lullvz () < Clliflve e

where C' > 0 is independent of f.

Proof. We only give the strategy to prove the first item, the second one can be obtained similarly.
For v € R, define the continuous operator A} : H(0) — (H,'(€))* such that

(AYu,v) = a(u,v), Vu e H(0), v e HY(0).
Here H]i(ﬂ(ﬁ ) stand for the spaces appearing in (85) and such that
H,\"(0) = {u € VL (0)|ux v =0ond0\{O}}

Observe that for v < 0, we have HY,(¢) ¢ HY(¢) = Hy(0). As mentioned in [20], the system
is elliptic. As a consequence, we can apply the Kondratiev approach [33] to study it. Denote
by Zg(-) the symbol obtained when applying the Mellin transform to (86). The ellipticity of
the problem allows one to show that the spectrum of Zg(-) is discrete. Additionally, using that
curlcurlu — Vdivu = —Aw and adapting [35], one can show that £ (-) has no eigenvalue in the
energy strip (as called in [36]) {A € C|Re X € (—1;0)}. Note that this result is also mentioned at
the end of [20, §4.f]. As a consequence, the general theory presented in [34] ensures that for all
v € (—1/2;1/2), A} is Fredholm of index zero. Moreover we know that ker A}, is independent of
v € (=1/2;1/2). Since A% is injective (because we have HY(€) = Hy(0)), we infer that A}, is an
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isomorphism for all v € (—1/2;1/2). This ensures that the solution in Hy (&) belongs to V%(ﬁ’)
for all v € (—1/2;1/2). Additionally, since 0w is smooth, the Kondratiev theory [33] guarantees
that A is an isomorphism from

{u e V2(0)|uxv=0ond0\{0}, divu =0 on 00\{O}}

to Vg(ﬁ) for all v € (1/2;3/2). As a consequence, the solution in Hy (&) also belongs to V?/(ﬁ)
for all v € (1/2;3/2). This ends the proof.
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