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The essential spectrum of the volume integral operator in electromagnetic scattering
by a homogeneous obstacle with Lipschitz boundary and regularization
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Abstract. Scattering of time-harmonic electromagnetic waves by penetrable obstacles admits an equivalent formulation in
terms of a strongly singular volume integral equation (VIE). For the case of piecewise-constant physical parameters and
Lipschitz interfaces, we give a characterization of the essential spectrum of the magnetic and the electromagnetic operators
which describe the VIE, based on the spectral properties of the normal derivative of the Laplace single-layer potential
%]I + K{,. This extends the results obtained in a previous paper (Costabel et al., 2012) which were available only for smooth
domains. The results on the spectrum will then be used to derive necessary and sufficient conditions to ensure that the
diffraction problem is well-posed in the Fredholm sense. Also, we use the employed spectral methods to show that the
construction of regularizers for the operators which appear in the VIE needs only the determination of a regularizer for the
operator AI + KJ.
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1. Introduction

We deal with the electromagnetic scattering of time-harmonic electromagnetic waves by a bounded pene-
trable medium of compact support. This scattering phenomenon is governed by Maxwell’s system. As an
efficient tool to treat this transmission problem in numerical modeling and simulation, one could convert
it into an equivalent volume integral equation defined only on the support of the scattering body. This
equation sometimes simply called “volume integral equation” (VIE) of electromagnetic scattering has
been widely used by physicists for numerical calculations; see, for example [1,2,10,17]. However, to the
author’s best knowledge, very few publications can be found in the literature that address the mathe-
matical properties, such as the unique solvability of the integral equations under consideration, see, for
example, previous studies [5-7,9,12,13].

This VIE involves three strongly singular volume integral operators: the dielectric, the magnetic, and
the electromagnetic operators. For scatterers with Lipschitz boundary and in the situation where the
physical parameters are piecewise constant, the essential spectrum of the dielectric operator has been
obtained in the previous study [6]. However, in this last paper, the essential spectrum of the magnetic
and electromagnetic operators has been determined only for smooth domains. The first objective of our
study is to extend those results to the Lipschitz case. We will show that this spectrum depends on the
spectral properties of the normal derivative of the single-layer potential for the Laplace equation %]IJr K|
on the zero-mean elements of H~2 (I') (where K} is no longer compact when the boundary of the scatterer
T is only Lipschitz).

The knowledge of such a spectrum plays an important role in the development of numerical methods
for solving the integral equations (choice of an iterative algorithm, convergence rate, construction of a
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proper preconditioner, etc). This research is motivated by various applications in physics and engineering
such as electromagnetic resonances, metamaterials (negative refraction index), etc.

In [17], it was shown by numerical computations that the eigenvalues of the coefficient matrix arising
from a discretization of the volume integral equation of electromagnetic scattering for a compact spherical
scatterer consist of a line segment plus some isolated point. In [10], a mathematical analysis of the
essential spectrum (in the dielectric case) based on the Mikhlin’s theory [16] of singular integral operators
(construction of symbol of the volume integral operator) was given under the assumption of Holder
continuity of the physical parameters: the essential spectrum is given by the value 1 union an essential
continuous part. However, for the case of discontinuous parameters and under numerical observations, one
may affirm that the line segment connecting 1 and the relative permittivity parameter is contained in the
essential spectrum which is not true as explained in the previous paper [6]. In fact, for a smooth boundary,
the essential spectrum consists of the endpoints and the midpoint of that segment. Furthermore, it was
demonstrated in [9] that the endpoints of the segment are isolated points of the essential spectrum for
the case of a Lipschitz domain.

In [12,13], and under some sufficient hypotheses on the physical parameters (in particular the positivity
or the negativity criterion), it has been demonstrated, using the Fredholm alternative, that the VIE is
uniquely solvable. However, through the analysis of the essential spectrum of the integral operators, we will
give in this paper the necessary and sufficient conditions on the physical coefficients to ensure the unique
solvability of the problem, without any additional assumption on the coefficients’ sign. These obtained
conditions, if they are satisfied, guarantee also the existence of an operator, which applied to the VIE,
transforms it into the form “identity plus compact”. Such an operator will be called a “regularizer” for the
one describing the VIE. Within this context, our second goal is then to find an explicit representation of
that regularizer in terms of some integral operators. This is of great interest in the numerical techniques
for solving the VIE as explained in [19]. In this paper, we will give a method to get a formula for this
regularizer when the boundary of the domain is Lipschitz, by only knowing a regularizer for AI+ K. This
approach shares some common points with the one used in the spectral analysis of the VIE. Moreover,
this argument will also work in the case when the boundary is smooth because in this situation K| is
compact. However, as far as we know, there are no papers where the construction of a regularizer for
Al + K is discussed in the Lipschitz situation. This will be the subject of future work.

Before going on, we would like to point out that in the two-dimensional configuration, some results
on the spectrum of the volume integral operator for the electromagnetic transmission problem have been
established in a previous study [7].

The outline of this paper is as follows. First, we carefully present in Sect. 2 the electromagnetism trans-
mission problem and give its volume integral formulation. Next, we collect in Sect. 3 some preliminaries
and notations that will be used in the sequel. Then in Sect.4, we treat the magnetic and the electro-
magnetic case where the spectrum of the volume integral operator is derived for a Lipschitz domain. The
obtained results are then used to deduce necessary and sufficient conditions on the physical parameters
for the well-posedness in the Fredholm sense of the general electromagnetic problem. Finally, the last
section is devoted to the construction of regularizers in the dielectric, magnetic, and electromagnetic
configuration.

2. Electromagnetic scattering by a penetrable, homogeneous, isotropic object and its volume
integral equation formulation

Throughout this work, we denote by  C R3 a bounded open set with a Lipschitz boundary I'. Moreover,
we use the standard notation for Sobolev spaces H™, and we denote spaces of vector-valued functions by
boldface letters.
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We consider the diffraction of a time-harmonic electromagnetic wave (E?, H?) by an obstacle § sur-
rounded by a homogeneous medium with constant real positive electric permittivity €9, magnetic per-
meability g, and vanishing electric conductivity og. The incoming wave (E*, H") satisfies the free-space
Maxwell’s equations:

curlE? — ikH' = 0, curlH' + ikE* = J, in R?, (1)
where k = w,/ggpig is the wave number, w > 0 the frequency, and J is the current density assumed to be
of compact support that is disjoint from 2, and divergence-free.

In this paper, we consider the case where the dielectric permittivity € and the magnetic permeability
14 are piecewise-constant functions:

£ =c¢0, = po in R3\Q; € = g,60, ut = prpto in Q. (2)

Here, the relative permittivity e, and permeability u, can be arbitrarily complex number.
We then define the total wave (E, H) by:

E=E +E°H=H+H" (3)
where (E°, H?) is the scattered field satisfying the Silver-Miiller radiation condition:
lir%(Hs xx—rE%)=0 (4)

uniformly for all direction & = x/|z|, where r = |z|.
We require that (E, H) satisty the following Maxwell’s equations:

curlE — ikp, H = 0, curlH + ike,E = J, in R3. (5)
In addition, we need the following boundary transmission conditions:
MmMXEr=0 n-gHr=0nxHr=0, [n-Er=0, (6)

where n is the unit outward normal to the boundary I" and the brackets [-]r denotes the jump across T'.
Let

H(curl, Q) = {u € L*(Q); curlu € L?(Q)}.
Following the idea developed in [12, Section 2], we will show that the scattering problem (1) to (6) is
equivalent to the following volume integral equation (VIE):
Find u in H(curl, Q) such that u(z) — nApu(z) — vByu(z) = u’(z), (7)
where u’ is a given data, = 1 — &, is the electric contrast, v = 1 — i is the magnetic contrast, and
where the integral operators Ay and Bj are given, for x € € by:

Apu(z) = (~Vdiv — k?) /gk (x —y)u(y) dy (the dielectric operator), (8)
Q
Bpu(z) = curl/gk (x — y) curlu(y) dy (the magnetic operator). (9)
Q

Here, g is the fundamental solution of the Helmholtz equation Au + k%u = 0:
eik‘x_yl

gr(x —y) T #y. (10)

~dnf—y
We start by taking the electric field E as the unknown. We note that the argument works also for the
magnetic field H because E and H play symmetrical roles by interchanging —pu, and €, in (5).
Eliminating H from the system (5) gives:
1
curl <curlE> —k*¢,E = ikJ in R®.

tr



15 Page 4 of 18 G. Matoussi and H. Sakly ZAMP

Doing the same operation to the field E* with the system (1) leads to:

curleurlE! — k?E? = ikJ in R3.
By taking the difference between the two above equations, we find that the scattered field E® is a solution
of the following equation:

1 1 ,
curl (curlEs> — k%, E°* = curl ((— + 1) curlEi)
Hr Ko
+ k?(e, — 1)E" in R3.

If we use the expressions n =1—¢, and v =1— %, the last formula becomes:

1 ' . .
curl (curlEs> — k¢, E° = curl(veurlE’) — k*pE'v in R3. (11)
fir

Moreover, consider the following boundary transmission conditions and the Silver-Miiller condition that
are satisfied by E®:
1
n-E°lr =0,[nx E°]r =0,[n- curlE*]r =0, [n X curlEs] =0 (12)
Hr r
lir% r(curlE® x & —ikE°) =0

uniformly for all direction & = where r = |z|. (13)

x
x|’
Then, we have the following lemma which states that the system (11) to (13) is equivalent to the following
integral equation:

Find E® in H(curl, Q) such that

B () = —n (K + Vdiv) / (B (y) + B (1))g (= — ) dy
Q

+ vcurl /[curlEs(y) + curlE’ (y)|gx (z — y) dy. (14)
Q

Lemma 2.1. [12, Theorem 2.3] Let k € C\{0} with Rek > 0 and Imk > 0. Define
Hioe(curl, R?) = {v : R* — C*|v|p € H(curl, B) for all balls B C R3}.
1. Let v € Hype(curl,R?) be a solution of the problem (11) to (13). Then, viq € H(curl, Q) solves (14).

2. Let v € H(curl, Q) solve (14). Then, v can be extended by the right side of (14) to a solution of the
system (11) to (13).

With the help of (3), we obtain as a consequence the following:

Corollary 2.2. Let (E,H) be a solution to the problem (1) to (6) and consider u = E|q € H(curl, ).
Then, u solves (7).

Conversely, let u € H(curl, Q) be a solution of (7) with u* = E. If we use the formula (7) to extend
u to all of R? and if we define (E,H) = (u, ﬁcurlu), then (E,H) is a solution to the diffraction
problem (1) to (6).

Remark 1. The fact that the coefficients 77 and v vanish outside of {2 permits to consider the volume
integral equation (7) on any domain € with © C Q C R3. If u solves (7) on €, one can employ the same
expression (7) to extend u outside of Q. Note that the resulting function u will not depend on € and will
be a solution to the corresponding original scattering problem.
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Recall that a bounded linear operator T" mapping a Banach space X to itself is said to be a Weyl
operator if T' is a Fredholm operator of index zero. The Weyl essential spectrum of T', denoted by gess(T),
is then given by the set of all complex numbers A for which the operator A\l — T is not Weyl.

Then, the first challenge that will be addressed in the present paper is to find conditions on the complex
numbers 7 and v for which the strongly singular volume integral operators I — vBy and I — nAy, — vBy
are Fredholm of index zero in the space H(curl, Q). In other words, when doesn’t the number 1 belong
to the Weyl essential spectrum of the operators v By and nAy + vBj. To find an answer to this question,
we will study in Sect. 4 the sets gess(Bg) and cess(nAyr + vBy) for a Lipschitz domain €. This extends
the results obtained in [6] which are valid only for smooth Q. In this context, we would like to point
out that in the dielectric configuration, the essential spectrum of A, is already known for a Lipschitz
domain so conditions for the solvability of the dielectric volume integral equation can be deduced, see the
previous work [6]. We also note that many of the operators studied in the next can be written as compact
perturbations of self-adjoint operators in some Hilbert spaces, which implies that if they are Fredholm,
they are of index zero.

If we define a regularizer for a bounded operator as:

Definition 2.3. Let X and Y be two vector spaces. Suppose E € Z(X,Y) and F € Z(Y,X). If FE =
I+ Kx where Kx : X — X is compact, then F'is called a left regularizer for E. Likewise, if EF = [+ Ky
where Ky : Y — Y is compact, then F is called a right regularizer for E. If F' is both a left and a right
regularizer for E, then we say that F is a two-sided regularizer (or simply a regularizer) for E.

Then, the second goal of this work is to find, on the space H(curl, §2), an expression of a regularizer for
the operator I —nAy — vBy. This topic will be discussed in Sect. 5. We note that the proofs of the results
obtained in this section share some common points with those of the preceding one, like the spectral
analysis techniques.

To address all the above-mentioned questions, we begin by collecting some definitions and tools, which
will be the subject of the next section.

3. Preliminary results
3.1. Function spaces, integral operators

We use the function spaces:

H(div, Q) = {u € L*(Q);divu € L*(Q)}, (15)
H(div0, 2) = {u € H(div, Q); diva = 0}, (16)
Ho(div0, Q) = {u € H(div0,Q);n-u = 0}. (17)

As abbreviations for the restrictions onto the boundary I', we write for the trace and the normal derivative
of a scalar function u:

You =wuir and Jyu=n-Vur,
and for the normal trace of a vector function u:
YpUW =1 -ur.
We introduce then the Newton potential:

Neu() = / gz — y)u(y) dy, (18)

R3
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and the single-layer potential:

Sv(e) = [ gula ) vly) dsty), (19)
r
where gy, is defined by formula (10).
We note that the operator N}, is bounded from HZ,, (R?) into H?t?(R?), Vs € R and Sy, is bounded

comp

from H~2+5(T') into H}"*(R3) for |s| < 1, see for example [18, Chapter 3].

loc
Moreover, given a potential @, for x € I' we set:

OE(z) = }lir€+ O(z £+ hn(x)),
O ®(x) == lim Va(z £ hn(x))-n(x).

In the paper, we will use the following jump relation [3, Chapter 3]:
Lemma 3.1. Forue H 2(') and z € T:

ot

n(z)

(Swu)(@) = Kfule) + Su(z),
where

Klu(z) = / u(y) Da(eygi(x — ) ds(y).
T

As an important tool, we need the essential spectrum of the operator: 9,8y = %]I + K|, in the space
H~2(T). Let us define:

Y = 0ess (31 + K{). (20)

The following result is known [4, Theorem 1]:
Lemma 3.2. Let T' be the boundary of a bounded Lipschitz domain Q C R3. If we define H*_%(F) =

vE Hﬁé(lﬂ);/v ds =0 », then we have:
r

1
FI+ Ko H () — H *(I)

_1
is a self-adjoint contraction with respect to a certain scalar product in H, *(T'). Its essential spectrum %
is a compact subset of the open interval (0,1).

If T is smooth (of class C*T, o> 0), then K|y is compact, hence ¥ = {%}

3.2. Some spectral analysis tools

We start this paragraph with one of the most used tools in our paper, which is the following (a proof can
be found in [11, page 38]):

Lemma 3.3. (Recombination Lemma) Let X and Y be two vector spaces, S:Y — X and T : X - Y
two linear operators. Then we have:

JesS(ST)\{O} = Uess(TS)\{O}'
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Remark 2. There is another version of the last lemma whose statement is as follows:

Let X and Y be vector spaces and S : Y — X and T : X — Y linear operators. Then for A # 0, T
induces isomorphisms from ker(Al — ST') to ker(Al — T'S) and from X/(Al —ST)X to Y/(AL-TS)Y. In
particular, A — ST is Fredholm of index zero in X if and only if A\I — 7'S' is Fredholm of index zero in Y.

In addition, we will need to reinterpret the “Recombination Lemma” in terms of regularization oper-
ators, which is given by the following lemma:

Lemma 3.4. Let X and Y be two vector spaces, S : Y — X and T : X — Y two linear operators and
A#0.
If (AL — ST) is a regularizer for N\l — ST on X, then:

(AL - TS) = %T(AH — ST)'S + %11

is a regularizer for X\l =TS on Y.

Proof. For X\ # 0, let (AL — ST)" denote a regularizer for A — ST on X. This implies the existence of two
compact operators K; and K, on X such that:

(AL — ST)/ (AL — ST) =1+ K,
(AL — ST)(AI — ST) =1+ K,.

We then have:

GT(AH — ST)'S + i]l) (AL —TS) = %T()\]I — STYS(\I—TS) + %(/\]I —T5)

= %T(A]I — STY (Al — ST)S +1 — %TS
1 1 1
= T+ K)S +1— T8 =1+ {TK:S.

The operator TK;S : Y — Y is clearly compact. From this, we deduce that +T(Al — ST)'S + %]I is a left
regularizer on Y for A\ — T'S.

In the same manner, we check that +7(Al — ST)'S + 11 is also a right regularizer on Y for AI — T'S.

O

Note that the above lemma gives another proof of the recombination lemma (Lemma 3.3) because it
immediately implies, for A # 0, A — ST and Al — T'S are simultaneously Fredholm or are simultaneously
not Fredholm.

As another important tool, we will employ the following results on the essential spectrum of upper
triangular operator matrix:

Lemma 3.5. Let X and Y be two Hilbert spaces. Let also C : X — X, E:Y =Y and D : Y — X be

bounded linear operators. Define the operator matrix Mp = (g g) Then, we have:

1.
coy\ . . ) .
0E) Fredholm of index zero =—> Mp is Fredholm of index
zero for all D in £ (Y, X).
In particular, we have:

Gess (M) € s (g’ ,‘;) C 700s(C) U 0ess (). (21)

Moreover, (21) holds as equality if C and E are self-adjoint.
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2. If (g g) s a reqularizer for (g IE)) on X XY, then C = C' and E = E' are reqularizers for C

and E on X and Y, respectively.
Conversely, if C' and E' are regularizers for C and E on X and Y, respectively, then:

C' —-C'DE"Y . . CD
(0 5 ) s a reqularizer for (0 E) on X xXY.

Proof. For the first affirmation, we refer the reader to the paper [14]. Let us prove now the second
statement.

Assume that (g g) is a regularizer for (C D) on X x Y. Then, we have:

0E
CD\(cD) (10 L (F Kz (T4 Ky Koy
0oE)\oFE) \oI Kiy Kap)  \ Kay 14Ky
CD\(CD) (10 (B Kap) (T4 Koy Ko
oE)\oE) \or Ks, Kip) \ K3, T+Ky,
where, for ¢ =1,...,4, K;; and K, , are some compact operators.
But, we also have:
CD\ (cD\ (CcCD+DE
oe/\oe) \ 0 EE ’
CD\ (CD\ (cCcCD+DE
ore/\oE) \o0 EE

By identification, we find the relations:

CC=1T+K, EE =1+ Ky,
CC =1+ Ky, EE =1+Ky,
which mean that C' and E are regularizers for C' and F, respectively.
Reciprocally, suppose that C” and E’ are regularizers for C' and E on X and Y, respectively, i.e., there
exist some compact operators K¢, K¢, Kg,; and Kg, such that we have:
C/C:H—f—KC’l EIE:H—‘FKEJ
CC' =1+ K¢, EE =1+ Kg,

(6 %") (%)

We now write:

CC'D-C'DE'E >

I+ Kgy

]I-‘:-Kczcl KEl)
I+ Kg,

n Koy, —C'DKg
O]I 0 Kg,

. Koy —C'DKg g\ . C' -C'DE"\ . . C D
The matrix operator ( 0 K is compact, so 0 o is a left regularizer for 0E)
C' —C'DE’

0 E’

§I+Kblc’ miyEU

Following the same steps, we show that < ) is also a right regularizer.
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This ends the proof of the lemma. O

We finish this paragraph with a characterization of Fredholm operators which is known as the Atkinson
theorem:

Lemma 3.6. [15, theorem 2.24] Let X and Y be two vector spaces. For E € ZL(X,Y), the following
statements are equivalent:

e F is Fredholm,
o FE has a left reqularizer and a right regularizer,
o E has a regularizer.

4. Results on the essential spectrum and the well-posedness
4.1. The essential spectrum of the magnetic volume integral operator

We first consider the magnetic scattering problem. When the dielectric contrast # is null, the volume
integral equation involves only the operator By, given by formula (9) and writes:

Find u in H(curl, Q) such that u(z) — vByu(z) = u’(z). (22)
We start by recalling some facts related to the operator By that have been established in [6, Section 4]:

Lemma 4.1. The operator By, is bounded from H(curl, Q) to itself, it cannot be extended to 1L?(Q) as a
bounded operator and it has the same essential spectrum as the operator By.

Thanks to the above result, we need to only focus on the essential spectrum of By on H(curl, 2). We
use the same decomposition of the space H(curl, Q) as the one employed in the previous work, namely
the following decomposition which is satisfied both for the L?(Q) and H(curl, 2) norm:

H(curl, Q) = VH(Q) © X,

with X = H(curl, Q) N H(div0, 2) and where H(div0, 2) is defined by (16).

On the space VH}(Q), By is the null operator because curlV = 0. We then consider the space X.
We will give another method different from the one used in the previous paper [6] which allows us to
deduce the essential spectrum of the restriction of By to the subspace X, even for Lipschitz domains. This
approach is based on the application of Lemma 3.3 twice. We then have the following:

Theorem 4.2. Let Q C R? be a bounded Lipschitz domain. The essential spectrum of the operator By in
H(curl, Q) is given by:

Oess(Br) = {0} U {1l — X} U {1},
where X is defined in (20).

Proof. First, let us remember the expression of the operator By in H(curl, ©):

Bou(z) = curl/go(x — y) curlu(y) dy = curl \j curlu(z)
Q

with Ay the Newton potential defined by formula (18) for k = 0.
We will use twice Lemma 3.3:
First, we apply the lemma to these choices of maps:

X=X, Y =H(div0,Q)

T:X->Y S:Y - X
u — curlu w — curl N\pw.
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We found then that oess(Bo)\{0} = ess(curlcurl AVg)\{0}.
Now, let us simplify the expression of the operator curlcurl Ay on the subspace X. We have, for u € X:

curlcurl Vpu = (Vdiv — A)Npu
= —Agu — ANyu,
where Ay is the volume integral operator defined in formula (8).
Using the fact that the restriction of Ay on the set H(div0, ) is the operator VSyyn where Sy is the

single layer associated to the Laplace operator defined by (19) (see [6, Section 3]) and that the Newton
potential N satisfies —AMNyu = u in the distributional sense [18, Theorem 3.14], we deduce:

curlcurl Ngu = (T — VSyyn ) u. (23)
This leads to the first relation:
Tess(Bo)\{0} = Tess (I — VSo1m)\{0}.
Second, we apply the same lemma to:
X = H(div0,Q), Y = H.*(),
T:X—-Y S:Y - X
W = TnW ¢ — VSop,

_1
where H, 2(I) is the space of zero-mean elements of H~2(I') (see Lemma 3.2).
This gives rise, with the help of Lemma 3.1, to the following second identity:

ess(I = VSoym)\ {1} = Gess (;H - Ké) \{1}.

To end the proof, we will show that the value 1 belongs to the essential spectrum of By using the fact that
its restriction on the subspace Y := Hy(div0, Q) N {u € H(curl, 2);n x u = 0} is the identity operator.
Indeed, integration by parts and the identity (23) give, for u € Y:

Bou = curl /Curly(go(x —yu(y)) dy + curl/go(ac —y)u(y) dy
Q Q

= curlr/go(x —y)n x u(y) ds(y) + curlcurlg/g(m —y)u(y) dy

= (H — VSO’YH) u
= u.

O

Remark 3. The identities obtained in the above proof enable one to have information for the surface-
operators system By introduced in [6, Formula (7)], namely the operator:

1
“I- K| n-curlSy
B() = 2 1
—n X VS() Mo + 5]1
_1
which is defined on the space H~2 (') x H, ?(divp,T).
In fact, we deduce that oes(Bg) = {1 — X} for a Lipschitz boundary T.

As a straightforward corollary of the previous theorem, we obtain the following sufficient and necessary
conditions for the solvability of the magnetic volume integral equation (22):
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Corollary 4.3. Let Q C R? be a bounded Lipschitz domain. Let the coefficient p, be a complex constant.
Then the integral operator of Eq. (22), namely 1 — vBy, is Fredholm in H(curl, Q) if and only if:

1
e 0 and p.#1— = forallo € .
o

4.2. The essential spectrum of the complete volume integral operator

We first remind the reader that the general configuration is modeled by the volume integral equation (7)
defined in H(curl, 2) and involving the operator nAy + v By, where Ay, and By, are given by (8) and (9).

In this section, we will determine the essential spectrum of the operator nAy +v By in H(curl, Q) when
the domain €2 is Lipschitz. We obtain the following:

Theorem 4.4. Let Q2 C R? be a bounded Lipschitz domain. For any n,v € C, the essential spectrum of the
operator nAy + vBy in the space H(curl, Q) is given by:

Oess(NAr + vBi) = {0,n, v} UnXuUv(l — %),
where X is defined in (20).

Proof. We begin by recalling that, in H(curl, Q), we have the following property [6, Sections 3 and 4]:
nAg + v By, has the same essential spectrum as nAgy + v By. (24)

Thanks to this result, it suffices to consider the operator nAy+ v By. Once again, we will use the following
orthogonal decomposition:

H(curl, Q) = VH}(Q) & X
with X = H(curl, Q) N H(div0, ).
For the space VH{ (), we obtain the essential spectrum of 74y which is the set {} because the
restriction of Ay to that subspace is the identity operator [6, Theorem 3.2].
Let us focus now on the second space X = H(div0, 2) N H(curl, Q). For a Lipschitz boundary, we will

proceed as follows.
First, we remember that [6, Section 3]:

Apu = VSpyu, for ue H(divo, Q).
We then apply Lemma 3.3 to (we may also take H;%(F) instead of H—2(I)):
X =X,Y = H (') x H(div0, ),
T:X —Y,u— (u,curlu), (25)
S:Y — X, (¢,w) — nVSyp + v curl Nyw.
This gives:
Tess (140 + vBo)\{0} = 0ess(T'S)\{0}.

Moreover, due to Lemma 3.1 and formula (23), we get:

2
0 wvcurlcurl Ny 0 (Il — Vo)
The next step is to employ the first statement of Lemma 3.5 with C' =7 (%]I + K(’)) and E = v(I—VSyym)
which are self-adjoint [6, Section 3]. We already know the essential spectrum of the operator I — VSyy,
in the space H(div0, £2) which is the set {1} U (1 — X) (see the proof of Theorem 4.2). The result follows.
O

1
TS <773n50 v yacurl N ) _[n (]I+K6> v ypcurl NV
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From the precedent theorem, we could deduce the following:

Corollary 4.5. Let Q C R? be a bounded Lipschitz domain. Let the coefficients &, and p, be complex
constants.
Then the integral operator of Eq. (7), namely 1—nAy —vBy, is Fredholm in H(curl, Q) if and only if:

1 1
er£0, ur#0ande, #1— —, p. 1 — — for allo € X. (26)
o o

According to the approach given above, with the help of Remark 2, we could deduce the following
theorem which states that the electromagnetic volume integral equation (7) (and so the Maxwell trans-
mission problem) is well-posed in the Fredholm sense if and only if two scalar integral equations, one
involving the electric permittivity and the other one the magnetic permeability, are well-posed:

Theorem 4.6. Let Q C R? be a bounded Lipschitz domain. Let the coefficients €, and j, be complex
constants.

Then, the electromagnetic volume integral equation (I—nAg+vBi)u = f is well-posed in the Fredholm
sense in H(curl, Q) if and only if the following two independent scalar problems are well-posed:

Problem 1: Findu, € H~2(T) such that

(]I -7 (%]H—Ké)) uy = f1, f1 € H_%(F) s a data,
Problem 2: Finduy € H™2(T) such that

(A=) +v (314+ Kf))us = fo, fo € H~3(T) is a data,

with %I[ + K|, the adjoint Neumann—Poincaré operator defined in Sect. 3.1.

Before closing this section, we would like to mention that, in our future research, we intend to con-
centrate on the identification of the two scalar transmission problems which are equivalent to the two
integral equations described in the above theorem and to compare the result with that obtained, in a
slightly different functional framework, in [8] for the case of Maxwell’s problem modeling the propagation
of waves in composite objects mixing positive and negative materials.

5. Construction of regularizers for the volume integral operators

If the complex constant e, and p, are chosen such that the operator I — nAy + vBy is Fredholm on
H(curl, Q), i.e., they satisfy the condition (26) in Corollary 4.5, then the goal of the present section is to
give an explicit construction of an operator which, applied to the volume integral equation (7), transforms
it to the form “identity plus compact”. In other words, we wish to find a regularizer for the operator
I — nAy + vBy, (existence of such an operator is assured by Lemma 3.6).

5.1. Results

In this paragraph, we will give explicit formulas for the regularizers for Ay, By, and their linear combi-
nations with the identity operator, by only knowing a regularizer for Al + K. This regularizer is trivial,
of course, if the boundary is smooth, since in this case K, is compact (see Lemma 3.2) but the argument
works for the Lipschitz case.

Recall that Ny and Sy denote, respectively, the single-layer potential and the Newton potential, vy, is
the normal trace operator, and that > denotes the essential spectrum of %]I + K|, (see Sect. 3.1).

We begin with the dielectric case (v = 0) and its corresponding integral equation which is the following:

Find u € H(curl, Q) such that u(z) — nAzu(z) = u'(x). (27)
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We first recall the following results for the dielectric operator which will be employed in the next [6,
Theorem 3.1]:

Lemma 5.1. Let Q C R? be a bounded Lipschitz domain. Then we have:

o The operator Ay can be extended to 1L?(2) as a bounded operator. It has H(curl, Q) and H(div, Q)
as invariant subspaces.

e For u’ in H(curl, Q) NH(div,Q), the integral equation (27) in 1L2(2) has the same solutions as in
H(curl, 2) or in H(div, ).

o Ay — Ay defines a compact operator on L2(Q).

Thanks to this result, one can understand that the construction of a regularizer can be investigated
in L2(Q2). We then have:

Theorem 5.2. (The dielectric case) Let Q C R?® be a bounded Lipschitz domain. Let the coefficient €, be
a complex constant verifying:

1
er #0, ande, #1 — — for allo € 3.
o

If we denote by R, a regularizer for 2_7"11 —nK{ on Hz (T"), then the operator:

is a reqularizer for T—nAy on L2(Q), where Py and Pw are the orthogonal projections onto VH} and
W = VH(Q) N H(div0, ), respectively.
In particular, if T is smooth then (28) becomes:

2
L Poys + = VSymPw + L

L—=n 2-1
Next, we consider the volume integral equation formulation for the magnetic case (n = 0):
Find u in H(curl, Q) such that u(z) — vByu(z) = u(z).
In this situation, we have the following:

Theorem 5.3. (The magnetic case) Let Q C R3 be a bounded Lipschitz domain. Let the coefficient i, be
a complex constant such that:

1
e 70, and p.#1—— forallo € X.
o

If we denote by R, a regularizer for 2%”]1 +vK| on H_%(l"), and by Px the orthogonal projection onto
the subspace X = H(curl, Q) N H(div0, Q), then the operator:

1/2

<1 i chr]./\/ocurl 1o chrWoVSORV'yncuﬂ) Px +1

is a reqularizer for T — vBy on H(curl, ).
In particular, if T is smooth then the last expression becomes:

2 2
(1 i VCurWOCurl — (1_V)V(2_V)CHI‘WOVSO"}/“CUI'1> PX + L.

We finish this paragraph with a result for the general configuration:
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Theorem 5.4. (The electromagnetic case) Let  C R? be a bounded Lipschitz domain. Let the coefficients
ey and w, be complex constants satisfying:

1 1
er#0, pr #0ande, #1— =, pu. #1 — — for allo € X.
o o

If we denote by R, (resp. R,) a regularizer for 2_T"]I —nK{, (resp. %TV]I +vK{) on H’%(F), and by Px
the orthogonal projection onto the subspace X = H(curl, Q) NH(div0, 2), then the operator:
ﬁ]l + (LMN - 1%11) Py,
where
L: (u,v) € H2(T) x H(div0, Q) — nVSou + veurlNpv € X,
N :a e X — (yna,curla) € H™? x H(div0, £2),
and
M : H™% x H(div0, Q) — H™2 x H(div0, Q)
R, mRn'yncurWO (I—vVSyR, V) (v)

(v, w) — 1 v

0 I—

1—v 1—v

VS() Ryﬁ/n

is a regularizer for 1 —nAy — vBy, on H(curl, Q).
In particular, if T is smooth then the operator matriz M becomes:

2 2u 2u
]I n Hfi n

s Ty e (1 5 o )

1 2u

I— n
0 = T Tz o

5.2. Proof

The steps to proving the last three theorems are based on the ideas described in the previous work [6]
and the previous section on the essential spectrum, in addition to the two Lemmas 3.4 and 3.5.
Let us begin with the proof of the first theorem:

Proof of Theorem 5.2. First, note that the given assumption on &, guarantees that the operator I —nA is
Fredholm on IL2(2) [6, Corollary 3.3], and hence the existence of a regularizer for that operator is assured
(Lemma 3.6).

We already know that A — Ag defines a compact operator (Lemma 5.1). Thus, it suffices to search a
regularizer for I —nAg on L2(9).

We use the following orthogonal decomposition:

L3(Q) = VH}(Q) @ Ho(div0, Q) & W,
where
W = VH!' NH(div0, Q).

We construct a regularizer for I — nAy on each subspace mentioned in the above decomposition then we
end up using the properties of the associated orthogonal projections.
Using the fact that [6, Section 3]

Ag =T on VH;(Q), Ag = 0 on Hy(div0,Q), and Ag = VSyym on W, (29)
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we get:

(I—nAo) lvui(Q) = (1 =n)L (I-nAo) | Ho(divo,Q) = I
(I—=nAo)ly =1-1VSomm

So, we could take ﬁﬂ and I as regularizers for I — nAg on the first two subspaces, in the order. For the
third subspace, we apply Lemma 3.4 to these choices of maps for A = 1:

Y=W,X=H3T),T=nVS, S="n.

This gives:
(L= nA0)|y) = (T—1VSovm)’
= VS (I— nmVSo) 1 +1
1 /
nv&<ﬂn<ﬂ+l%>)vn+ﬂ
2—nq / '

=nVSy T]I —nKy | mm+L

and the desired statement follows. O

We now pass on to the proof of the second theorem:

Proof of Theorem 5.3. We start in the same manner as was done at the beginning of the precedent proof.
Due to the hypothesis on p,., with the help of Lemma 3.6 and Corollary 4.3, the operator I — v By, has
a regularizer on H(curl, Q).
Because the difference By — By is compact on H(curl, ), we could consider the operator I — vBy.
We will use once again the following orthogonal decomposition:
H(curl, Q) = VH}(Q) & X (30)

with X = H(curl, Q) N H(div0, 2).
As a regularizer on VHj(Q) for (I — vBy)|y = L is trivial, let us focus on the second subspace X.
Remember that (I — vBg)u = (I — veurlNpcurl)u for u € H(curl, Q), and so also on X. For A = 1, we
apply then Lemma 3.4 in the case where

Y =X, X = H(div0, Q),
S:Y — X, ur curlu,
T:X —Y,w— veurlNyw.
This gives, for u € X and using formula (23):
(I — veurlNgeurl)'u = (veurl Ny (I — veurleurlNg ) curl + T)u
= (veurlNy (I — v(I — VSyyn)) curl + T)u
= (veurlNy((1 — )T + vVSyym) curl + D)u. (31)
To obtain a regularizer for (1 — v)I 4+ vVSyyn, we use again Lemma 3.4 for A = 1 — v # 0 with:
X =H 3(I), Y = H(div0, Q),
S:Y - X, u— yu,
T:X—-Y v~ —vVSyu.
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This leads to:

— 1
((1 — Z/)H + Z/VSQ’)/n)/ = évso((l - V)H + V’YnVSO)/’Yn + EH.
1 2 - '
- I- -2 VS, ( . "I+ qu) Y. (32)

T1-v  1-v

If we use this last identity in expression (31), we find on X:

1/2

(I — veurlNyceurl)’ = I Y curlNpeur] — .

curlNVgVSy R, yncurl + 1,

where R, = (3541 + VK(I))/ denotes a regularizer for 2541+ vK{ on H~2 ().
This completes the proof of the theorem. O

We end this paper with a demonstration of the third and last theorem:

Proof of Theorem 5.4. In a similar way to the previous proof, the hypothesis on ¢, and p, guarantee the
existence of a regularizer for I — nAy + v By on H(curl, Q).
Using property (24), we need only consider the operator I — nA4y — vBy.
We will use the same orthogonal decomposition as in the precedent proof, i.e., the decomposition (30).
With the help of (29), we obtain:

e Forue VH(Q), (I—ndo +vBy)u= (I —nAp)u=(1-n)u.
e On the second subspace X:

(T —nAy — vBo)u = (I — nVSyyn — veurlNycurl)u.

To find a regularizer for [—nAy—v By on X, we apply the second statement of Lemma 3.4 to the operators
S and T defined by (25) for A = 1. This gives:

(I—nAy — vBy) = S(I—TS)'T +1,
where (I —T'S)' is a regularizer on H~2 (') x H(div0, ) for

2—n
I—Tg — TH —nK{ —vymcurlN .
0 I — veurlcurlNg

To find an expression of (I — T'S)’, we write the last operator matrix in the form (g ZE)) where

C:ive H3() — =~y - nKjve H (D),

D :u € H(div0, Q) — —vyacurlNou € H2(T),
E :u € H(div0, Q) — u — veurlcurlNVpu € H(div0, ),
and then apply the second statement of Lemma 3.5. This gives a regularizer of the form:
C' —-C'DFE’
[
(H - TS) - < 0 E ) )

where ¢’ and E’ are regularizers for C and E on H~2 (') and H(div0, ), respectively.
We already know from the precedent proof that:

E =T—veurlcurlNVy = (1 — )+ vVSyn.

Also, we have obtained from that proof an expression of ((1 — v)I+ vVSyya)’, see formula (32), and the
statement of the theorem follows. g
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