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Maxwell eigenmodes in product domains

Martin Costabel and Monique Dauge

Abstract. This paper is devoted to Maxwell modes in three-dimensional bounded electromag-
netic cavities that have the form of a product of lower dimensional domains in some system
of coordinates. The boundary conditions are those of the perfectly conducting or perfectly
insulating body. The main case of interest is products in Cartesian variables. Cylindrical and
spherical variables are also addressed. We exhibit common structures of polarization type for
eigenmodes. In the Cartesian case, the cavity eigenvalues can be obtained as sums of Dirich-
let or Neumann eigenvalues of positive Laplace operators and the corresponding eigenvectors
have a tensor product form. We compare these descriptions with the spherical wave function
Ansatz for a ball and show why the cavity eigenvalue of the ball are also Dirichlet or Neumann
eigenvalues of some scalar operators. As application of our general formulas, we find explicit
eigenpairs in a cuboid, in a circular cylinder, and in a cylinder with a coaxial circular hole.
This latter example exhibit interesting “TEM” eigenmodes that have a one-dimensional vibrat-
ing string structure, and contribute to the least energy modes if the cylinder is long enough.

Keywords. Electromagnetic cavity, perfectly conducting cavity, Maxwell equations, short-
circuit electric or magnetic eigenfunctions, TE or TM polarization, Debye potential..

AMS classification. 78A25, 35Q60, 35J05.

1 Introduction

A domain Q of R" is called a product domain if for a choice of Cartesian coordinates
x = (y, z) in R™, the domain Q coincides with the product ) x Z in the sense that

reQ << wyec)Yand z€ Z.

In the three-dimensional space (n = 3), we may assume without restriction that ) has
the dimension 2, and Z, dimension 1, hence is an interval. Such a domain may also be
called a cylinder. The main motivation of this work is to exhibit for electromagnetic
cavity problems in a cylinder with arbitrary cross section similar properties as those,
well know, for acoustic modal problems.

Most of the results we present are not new and have their roots in the pioneering
works by Mie (1908) and Debye (1909). Expressions for cavity modes in cylinders
can be found in [8] and in balls in [7]. Our aim is to adopt a synthetic presentation
that clearly links Laplace or Laplace-like eigenvectors to electromagnetic eigenmodes
via TE and TM vector wave functions: The Laplace eigenvectors appear as Debye
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potentials. In particular we carefully address the case when the cross section w of Q
contains holes (modelling for instance metallic wires) and prove the completeness of a
system of TE, TM and TEM modes. The TEM eigenmodes that enjoy both features of
transverse electric and magnetic polarizations, often contribute the lowest frequencies,
and this can be precisely quantified. This case was the first motivation for the present
investigation.

The knowledge of Maxwell eigenmodes to an applied mathematics audience has
some importance. Our results can be used as benchmarks for numerical methods for
the computation of cavity modes. They also allow to localize interior eigenmodes
when discretizing transmission problems by methods that fail on interior frequencies.

1.1 The case of acoustics: The Dirichlet Laplacian

The Laplace operator A in R™ is expressed in variables * = (zy,...,x,) as A =
> <j<n 89%], and it is the sum of the two Laplace operators in variables ¢y and z

A=Ay +A,.
The Sobolev space H!(Q) on the product domain Q = ) x Z can be written as
H'(Q) = (Y, H'(2)) n BV, I*(2)).

Likewise, the closure H}(Q) in H'(Q) of smooth functions with compact support in
Q satisfies
Hy(Q) = LX (Y, Hy(2)) N Hy (Y, L*(2)).

As a direct consequence we find, for any bounded product domain €, the full spectral
description of the Dirichlet Laplacian:

Theorem 1.1. Let (\j,vj)j>1 and (fim, Wi, )m>1 be the spectral sequences of —Ay on
HY(Y) and of —A, on H}(Z), respectively. This means that

A< < ...

is the eigenvalue sequence of —Ay and (vj)j>1 is an associated orthonormal basis,
and the same for —A.
Then the set of eigenvalues of —A on H} (Y x Z) is

o, G=1 m =1}
and the tensor functions u; ,, := v; @ W, i.e. defined as
Ujm () = vj(Y)wm(2),

are orthonormal associated eigenvectors, and they form a basis of H& (Q).
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Of course, a similar result holds for Neumann boundary conditions. This holds also
for mixed Dirichlet-Neumann problems of the type

(Dirichleton 9) x Z) and (Neumannon ) X 02)

for which the (\;,v;) are still the Dirichlet eigenpairs on ), but the (ji,,, w,,) have
to be taken as the Neumann eigenpairs on Z. Finally the Dirichlet and Neumann
conditions can be also be swapped between ) and Z.

1.2 The case of electromagnetism: The Maxwell system

From now on the space dimension is n = 3. Let Q be a domain in R>, representing
a cavity filled by an homogeneous dielectric medium. We assume that the boundary
of Q represents perfectly conducting walls. After normalization, the cavity resonator
problem is to find the frequencies £ € R and the non-zero electromagnetic fields
(E,H) in L?(Q)° such that

curlE —tkH =20 in Q,
curl H +¢kE =0 in Q,
divE=0 and divH=0 in Q,
Exn=0 and H-n=0, on 0Q.

(1.1)

Here, n denotes the outward unit normal to Q. The gauge conditions on the diver-
gence are a consequence of the first two equations if k£ # 0. Nevertheless we look for
solutions of (1.1) including £ = 0. The occurrence of £ = 0 happens if and only if the
domain Q is topologically non-trivial, i.e. if  is not simply connected, or if 9Q is not
connected, see Propositions 3.14 & 3.18 in reference [1].

Definition 1.2. The triples (k, E,H) solution of (1.1) with (E,H) # 0 are called
Maxwell eigenmodes, k is called eigenfrequency, k” eigenvalue, and E, H electric
and magnetic eigenvectors.

Let Q be a bounded product domain in R3. This means that
Q=wxI, wcR? IintervalinR. (1.2)
We denote correspondingly Cartesian coordinates in € by
x = (x1,22,23) = (x1,23), ] €w and z3 € I.

We assume that w is a bounded Lipschitz domain. We note that the boundary of Q is
connected. But, if w is not simply connected, the same holds for Q.

Notation 1.3. (i) Denote by A} = 5‘]2 + 6‘% the Laplace operator in the variables x| .
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(ii) Let ()\;4", vfi’)jZ] be the eigenpair sequence of the Dirichlet problem in w for the

operator —A | .

ne ne . . )
(iii) Let (A7, vfe!) >0 l?e the eigenpair sequence of the Neumann problem in w for
the operator —A |, with \j® = 0 and vj®" = 1.

(iv) Let (ugy, wf,i[)m>l be the eigenpair sequence of the Dirichlet problem in [ for

the operator —6‘32.

(v) Let (u;}‘f“, w;‘,f”)m>0 be the eigenpair sequence of the Neumann problem in [ for
the operator —03, with ! = 0 and wj® = 1.

One of the results of this paper is

Theorem 1.4. Assume that w is simply connected. Then the Maxwell eigenvalues k*
span the set

(A0 pper >, m>0b U (ANl > 1 m > 1) (1.3)
(including repetition according to multiplicities).

In the sequel we describe a corresponding basis of eigenvectors, constructed on
the model of vector wave functions, according to the widely used M and N ansatz
(Debye potentials). We include the case when w is multiply connected: In this case,
the relevant parameter is the number L of connected components of dw and to the set
(1.3), we have to add all the ;d'", each of them with multiplicity L — 1, corresponding
to the number of holes contained in w. The corresponding modes are the TEM modes
that have no component in the direction 3.

This paper is organized as follows. In section 2 we introduce general principles for
the description of the Maxwell cavity modes. In section 3 we give formulas for the
electric eigenmodes (k2, E) in the case when Q has the cylindric form w x I with
w C R?and I C R, separating the modes according to their polarization in TE,
TM and TEM types. In section 4 we deduce the structure of magnetic cavity modes
and synthesize results in Table 1. In section 5 we mention generalizations to special
combinations of conducting and insulating boundary conditions.

As an application of our formulas, we consider in section 6 the case when Q is a
cube (or, more generally, a cuboid), and in section 7 the case when Q is axisymmetric:
Then Q is a circular cylinder, or a circular cylinder with a coaxial cylindrical hole. We
bring special attention to the latter case. Then the TEM modes appear in the explicit
form (7.8).

We address the situation when Q is a ball of radius R in section 8. The analysis is
in the same spirit and exhibits a close relation with a scalar Laplace-like operator in
the “cylinder” S? x (0, R).

Finally, in section 9, again for product domains, we investigate the variable coef-
ficient case, namely when ¢ is varying transversally, i.e. independently of the axial
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variable x3. Then the TE and TM structures are no longer a valid Ansatz, in general.
In replacement, we obtain wave guide formulations with separation of variables and
tensor product form for eigenmodes.

2 Preliminaries

2.1 Electric and magnetic formulations for the Maxwell spectrum

We first recall the definition of the standard functional spaces associated with Maxwell
equations on a domain Q C R3. The curl in 3D is defined as

Ohuz — A3un
curlu = | Gsu; — O1us3 for u= (u,up,u3)
O1up — Oy

and H(curl, Q) is the space of L*(Q) fields with curl in L?(Q), while Hy(curl, Q)
is the subspace of H(curl, Q) with perfectly conducting electric boundary condition
uxn=0.

The divergence in 3D is defined as

divu = 01uy + Ohup + Gzuz  for u = (ul,uz,U3)

and H(div, Q) is the space of L?(Q) fields with divergence in L?(Q), and Ho(div, Q)
the subspace of H(div, Q) with perfectly conducting magnetic boundary conditions
u-n=0.

It is well known that the system of equations (1.1) can be formulated with E only
(electric formulation) or H only (magnetic formulation). Each time a vector Helmholtz
equation is found. Convenient functional spaces for the electric and magnetic varia-
tional formulations are

Xn(Q) := Hp(curl, Q) N H(div,Q) and X7(Q):= H(curl, Q) N Hy(div, Q).

In these spaces, regularized formulations make sense. This means that, introducing a
parameter
s>0

we introduce the electric variational formulations:

Find the eigenpairs (A = k*,u) with u # 0 in Xn(Q) such that

/curlu curlv+sdivudivvdx:A/u~vdx, Vv € Xn(Q), 2.1
Q Q

while magnetic formulations are:
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Find the eigenpairs (A = k*,u) with u # 0 in X1(Q) such that

/curlu curlv+sdivudivvdx:A/u-vdx, Yv € X1(Q). (2.2)
Q Q

Relying on [4, Theorem 1.1], we know that the eigenpairs of (2.1) split in two
families

a) the Maxwell eigenvalues, independent of s, for which the eigenvectors are diver-
gence free,

b) the gradients of the Dirichlet eigenvectors for —A on €, associated with eigen-
values sAJ".

Thus the regularization by s div udivv makes the problem elliptic as soon as s > 0
and gives a description of the infinite dimensional kernel of the curl curl operator. The
gauge conditions divE = 0 and divH = 0 in (1.1) ensure that we are always in case
a). We can state

Lemma 2.1. (i) Let (k, E, H) be a Maxwell eigenmode solution of (1.1). Set A = k2.
Then, if E # 0, it is solution of (2.1) for any s > 0, and if H # 0, it is solution of
(2.2) for any s > 0.

(i) Let s > 0. If A # 0 and u is solution of (2.1) with divu = 0, then setting
k= :t\/K, E=u andH = # curl E, we obtain an eigenmode of (1.1).

(iii) Let s > 0. If A # 0 and u is solution of (2.2) with divu = 0, then setting
k=4+vVA H=u and E = —# curl H, we obtain an eigenmode of (1.1).
2.2 Product domain

Let Q C R3 be of product form w x I, with w C R? and an interval I. We denote
Cartesian coordinates and component of vectors as

x = (x1,22,23) = (x1,23) and u= (uj,uz,u3) = (uy,us).
Likewise, the exterior unit normal n to OQ is written (n , n3). The boundary of Q is
0Q = (0w x 1) U (@ x o).

Onw x dI,n; =0and n3 = £1. On Ow x I, n| is the exterior unit normal to Ow,
n3 = 0, and the tangential component of u; isu; x n; = ujny — upny. The electric

boundary conditions u x n = 0 on 0Q are equivalent to

u, xn;, =0 and uz3=0 on OJw x I,
2.3)
u =0 on wxal,
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The gradient and the Laplacian in the transverse plane containing w are denoted by
ViandA;:

Viv= (811)) and A v = 0}v+ d3v.
v

The vector and scalar curls in 2D are given by:

19,
curl | v = ( 2v ) and curl| v = 01vy — Dhvy.
—Ov

We have the formula

—Un

curl

curlu = uriL s +05| u |- 2.4)
curl | uj 0

2.3 The M, N ansatz and the TE or TM polarizations

The interior partial differential equation satisfied by eigenpairs is the system:
curlcurlu = k>u and divu=0 in Q. (2.5)

There is a well known ansatz to solve these equations, called vector wave functions M
and N. They depend on the choice of a unit piloting vector €, and then M and N are
generated by scalar potentials ¢ = ¢(x) according to

Miq] = curl(¢€) and N]g] = curl M[q] = curlcurl(q €). (2.6)

In a slightly modified form where one takes € = ‘% the ansatz M and N are the corner
stone for the construction of spherical wave functions, cf. section 8.
For our study, we choose

e=e;=10|. 2.7)

Direct calculations yield:

Lemma 2.2. Let ¢ € H'(Q) and set M[q] = curl(qe3). Then

M[q] = (cur(;J_ q) and curl M[g] = V(83q) — Aq es. (2.8)

With N[q] = curl M[q], we have

N[g] = V(03¢) —Age3 and curl N[g] = —M[Aq]. (2.9)
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The form of M and curl N with their third component zero explains why M, when
describing an electric field, represents the TE (transverse electric) polarization, and N,
the TM (transverse magnetic) polarization. For the description of a magnetic field, the
converse happens: M is TM and N is TE.

As a consequence, we find that
(curl curl —k*)M[q] = —M[Aq + k?q], 2.10)
(curl curl —k*)N[g] = —N[Aq + k?q]. '

Thus, looking for solutions of (2.5) amounts to considering M[g] and N[q] with ¢
solution of the Helmholtz equation Aq + x>q = 0.

3 Electric eigenmodes in a product domain

In this section, we look for solutions (k?, E) of the electric problem (2.1) with the
gauge constraint divE = 0. For this we use the M, N ansatz, we find sufficient
conditions on the potentials ¢, construct families of eigenpairs and prove that this
system is complete.

3.1 TE modes
Let E = MJg| be a TE mode. By construction div E = 0. By (2.10), ¢ has to satisfy
Aq + K2q = 0. (3.1)

It remains to verify the electric boundary conditions E x n = 0 on 9Q. Combining
(2.3) and (2.8), we find
curl, g xn;, =0 on Jw x I,
curl, g=0 on w xdl,
which is equivalent to
Onqg=0 on Ow xI,
(3.2)
Vig=0 on wxadl.

Sufficient conditions for this are Dirichlet conditions on w x d1 combined with Neu-
mann conditions on dw x I. This is a tensor product of a Neumann problem on w and
a Dirichlet problem on I. Along the same principle than for pure Dirichlet problem, cf
Theorem 1.1, we find a spectral basis for ¢ in the form

Gjm = V] @ WA, K= Ml > 1, m > . (3.3)

Here j = 0 (corresponding to vj®" = 1) is discarded because functions ¢ independent
of z; give M[g] = 0.
Thus we have found the following families of TE modes:
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Lemma 3.1. Forall j > 1, m > 1, the field EJTﬂE = M[vj’?e” ® wﬂﬂ, ie.

0 o (r3), (3.4)

curl v"ev .
Ejn(zy,23) = ( LY (ml)> wdir

is a TE mode for problem (2.1) associated with the eigenvalue A]T,EL = A7+ pdir,

3.2 TM modes

Let E = N[g] be a TM mode. Again, divE = 0, ¢ has to satisfy (3.1), and it remains
to verify the electric boundary conditions E x n = 0 on 9Q: Using (2.8), we find that

E, =V.(0q) and E3=-Aiq
Hence, with (2.3)

Vi(@g)xn, =0 and Ajg=0 on OwxI,
Vi(03q) =0 on wxdl.

We obtain sufficient conditions through the separation of variable ansatz
q(x) = v(z) w(zs)
with
—Av=XMinw and —w=pw in I with \+pu=k>=A, (3.5)
and the boundary conditions become

(nJ_ X VJ_)’U(Z‘J_) 6'311}(1‘3) =0 Ve, € Ow, Va3 € 1,

Ajv(z)w(zs) =0 Vo, € 0w, Va3 € 1,
Viv(zy)osw(zs) =0 Vo, € w, Yoz € 01,
which yields
v = const. on each Jw or Zw=0in I,
Ajv=0 on Jw or w=0in I, (3.6)
Viv=0in w or 3w =0 on OI.
Here, Ojw, l = 1,..., L, are the connected components of dw.

The conditions V| v = 0 and w = 0 have to be discarded since they imply E = 0.
Therefore we should have d3w = 0 on 01 and A | v = 0 on Jw. The latter condition
implies that v = 0 on Ow in the case when A # 0. When A = 0, the condition



10 M. Costabel and M. Dauge

v = const. on each Jjw is sufficient. Thus we have shown that (3.5)-(3.6) can be
summarized as follows: Either

—Ajlv=M inw and v=0 on Jw
with A#0, A\+u=A, 3.7)
—02w=ypw in I and 3w =0 on II

or

—Ajv=01in w and v = const oneach Jw
with p=A. (3.8)
—02w=pw in I and O3w =0 on 9I

Hence we have found the following two families of TM modes. First, the standard
one:

Lemma 3.2. Forall j > 1, m > 0, the field E] Y := N[v9" @ w], i.e.

0

Vol 0
EN(x1,23) = ( 4 (m)) D3wpt (x3) — (Awd"(u)> w'(z3),  (3.9)

neu

is a TM mode for problem (2.1) associated with the eigenvalue AJT,'X' = )\;»”r + Ly

The second family appears if w has a non trivial topology, and shares the features of
TE and TM polarization:

Lemma 3.3. If Ow has more than one connected components (L > 2), there exist L—1
independent, non-constant, harmonic potentials wlmp, l=1,...,L— 1 with constant
traces on each connected component of Ow. They generate the family of TEM modes
defined for alll = 1,...,L — 1 and m > 1 as the fields EJTE'\/I = N[vltoP ® wpe]

m
which can also be written as

vV vPP(z .
ELEM(z),23) = ( + l()( ”) wd(23), (3.10)

and is associated with the eigenvalue A;EM = ,uf,i[.

Note that to obtain (3.10) we have used that the derivatives d3w}®" for k > 1 are an
eigenvector basis for the Dirichlet problem on the interval I.

Remark 3.4. Let us borrow the following objects from [1]: Let w® be w \ X, where
Y = UlL:_]lZl is a minimal set of cuts so that w® is simply connected. Then we can
define the space O(w) as:

O(w) = {p € H'(w°)| [cp]zl =const(l), I=1,...,L —1}.
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For ¢ € ®(w), its extended curl; denoted by curl 1 @ is defined as its curl; in w®,
considered as an element of L?(w). Then there exist “conjugate” potentials f)lmp €
O(w) such that for any I < L — 1, there holds

curl | 71°° = V o} (3.11)

Therefore for all m > 1, the mode ETENI is also an extended TE mode. This is why it
is called a TEM mode.

3.3 Completeness

The aim of this section is to prove

Lemma 3.5. Let u € Xyn(Q) such that divu = 0. We assume that for all integers
j>landle[1,L —1]

(WEJE)=0(m=>1), (uWEM)=0(Vm=>0) and (u,E[S™) =0 (Ym > 1).
Here (-,-) is the L* scalar product on Q. Then u = 0.

Proof. We first draw consequences from the orthogonality properties against the TM

modes: We fix j and m and set v = 9", w = w" and integrate by parts:

0=/I/wlu($¢7$3)VLU(JJL)&?U(%)—u3(ml,x3)ALv(xl)w(x3) dz | dz;
Z/I/—diVi“i(mi’m3)v(xl)a3w(m3)—U3($L,$3)ALv(mL)w(m3) da | das
:/I/83“3<xl’m3)v(xJ-)a3w(x3)_U3(»TJ_,$3)AJ_v(xJ_)w(x3) dz | dzs

— /1/ —uz(x 1, 3) v(z ) Rw(xs) — uz(zy, x3) Ay v(z ) )w(zs) dzg dzs.

Here we have used that divu = 0, replacing div, u; by —0dsu3. Coming back to the
properties of v = vd" and w = w)" we find forall j > 1 and m > 0

// uz(x 1, x3) )\d'r—l—uzf“) ;j"(xl) net(x3) dorydes = 0.

Since )\d'r + ppet is never 0, we deduce that forall j > 1 andm > 0

// uz(zy,x3) v?ir(xj_)w?,f“(m) dz dz; =0.
IJw

The set vd'r(xj_) neu(r3) being a complete basis in L?(Q), we deduce that uz = 0.
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Next, we use the orthogonality against the TE modes: for all ;7 > 1 and m > 1 there
holds:

/wf,i[(m)/ uy(x,x3) - carly v;e“(ml) dz dzsz = 0.
I w

Therefore, for all j > 1:
/ uy(zg,x3) - carly v;e“(ml) dr, =0, Va;el.
w

We deduce that curl; u (-, 23) is orthogonal to all v]'»‘e” for j > 1, which means that
curl; u (-, x3) is constant with respect to x| . There exists a function z = z(x3) such
that

(%) curl uy (z),13) = z(x3).

Since divu = 0 and u3 = 0, we have div; u; = 0. Besides, the orthogonality
relations against the TEM modes yields for allm > landl < L — 1

/wa,i[(xg,)/ uy(xg,x3) - VJ_'Ultop(xJ_) dz dz; = 0.
We deduce that
/ ui(zy,x3) - VJ_'Ultop(xJ_) dr|, =0, Va3el,
from which we find that

/ UJ_'nJ_dO'ZO, l=1,...,L.
&ul

Combined with div | u; = 0, this provides the existence of a potential y € L*(I, H'(w))
satisfying the Neumann boundary condition on dw such that

uy(zy,23) = curly y(z1,x3).

With (%) we find
—Ary(zy,x3) = 2(x3).

Since y satisfies the homogeneous Neumann condition with respect to = , this implies
that z(z3) = 0 for all x3. Finally we have obtained that u; = 0. m]

3.4 Eigenmodes

Summarizing, we have proved:
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Theorem 3.6. Let Q = w X I. The eigenpairs with zero divergence of the electric
Maxwell operator (2.1) can be organized in the three families:

curl; v i i
EJTﬂE = ( LU(J) (xj‘)> wd (z3)  with A]T,EL = A\ +pdr > 1, m >,

VJ_Q)dir<‘TJ_) 0
ETM _ J Ay _ ) neu
im ( 0 3wy (3) AL, ) wy (23)

J
with  AjM = X"+ pi §>1, m >0,
\V/ top ) .
EJEM — ( L@ iy i ATEM i < < L1 > 1

m 0 m

See Notation 1.3 and Lemma 3.2 for the notations of the 2D and 1D quantities. All the

; ; TE ATM TEM
associated eigenvalues Aj,.-, A; " and Aj 2™ are non-zero.

4 Magnetic eigenmodes in a product domain

Since the magnetic field H associated with the electric field E is given by

H:% curl E, for k=+VA
i

for any non-zero eigenvalue A, we deduce:

Corollary 4.1. Under the conditions of Theorem 3.6, we set k = +v/A. The associated
magnetic fields are given by

1 Vv (z,)) - 0 i .
TE __ dir dir
Hjm - ij;rﬂ% { ( ]0 83wm (xs) - AJ_Uneu<-TJ_) W (1‘3) Jjm=>1,

J

curl| vd"
HIM = ik ( o (“)> wi(z3) j> 1, m >0,

. top

EM 7 curl | v,°"(z)) di

H/ = e ( (l) Dwy(z3) 1<I<L—1,m=>1,
m

and the triples (k, E, H) are Maxwell eigenmodes.
Remark 4.2. (i) The electric fields in the pairs (ETE, HTE) are transverse to the axis

x3, whilst in the pairs (ETM, HTM) the magnetic fields are transverse to the axis x3,
which justifies the labels of the polarizations.
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TEM

mm  can also be written as

(ii) We notice that forallm > 1, H

curl | vtoP(l‘J_)
HELEM =1 ! wpet (23)

0
The expression above also makes sense for m = 0. The associated eigenvalue is 0

and the corresponding electric field is 0. These magnetostatic Maxwell eigenmodes
(0,0, HZTOEM) are those produced by the 3D topological non-triviality of Q.

Remark 4.3. If w contains holes, i.e. if TEM modes are present, they often contribute
the smallest positive eigenvalues. Let us make formulas for eigenvalues more explicit:
Let £ be the length of the interval I and let us assume that w has one hole. Besides the
magnetostatic zero eigenvalue, we find

mm mm

2 .
AJE =X (B5) (gm = 1), AN =g (TF

2V‘>1 >
; 7) (= Lm > 0),

and 2
ATEM _ (7) (Vm > 1).

Then the smallest positive eigenvalue is either AI%" or AITEM. If w is fixed and ¢ large
enough, AITEM is smaller than AIT%".

‘We summarize the results of sections 3 and 4 in Table 1.

Polarization k? E H
TE A (Zx)? M[v}<  sin(*7%)] + N[vje @ sin(*7")]
™ )\?'r + ()2 N[v;"r ®cos(Lr-)] ik M[vf" ® cos( )]
TEM ()2 N[v;°® @ cos(ZE-)] ik M[y;°P @ cos(ZE)]
Magnetostatic 0 0 M @ 1]

Table 1. Synthetic description of Maxwell eigenmodes, using M and N (2.6).

5 Mixed perfectly conducting or insulating conditions

Consider now the situation where a part 9Qq of the boundary of Q represents perfectly
conducting walls whereas another part 0Q;,s represents perfectly insulating walls, with

0Q = 0Qcq U O0Qins, 0Qcq N OQins = 0. 5.1
Boundary conditions are then

Exn=0 and H-n=0, on 0Q, (perfectconductorb.c.)
E-n=0 and Hxn=0, on 0Q, (perfectinsulatorb.c.)
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Similar results as above hold for mixed boundary conditions when the perfectly
conducting or insulating parts 0Q.q and 0Q;,s are chosen to be either dw x I or w x J1.
Let us give two examples.

Example 5.1. Let us consider the case when
8ch = 0w x I and 8Qins =wx0I.

Then, the essential boundary condition for the electric field E on w x 01 is Ez = 0 and
the natural boundary condition is curl E x n = 0, reducing to 0sE; = 0. Thus we find
the three families of electric eigenfunctions:

curl | p"ev
EJE = ( " ”(J) (“)> wi®(z3) with j > 1, m >0,

0

vV odir . 0 .
E;rﬂ'\{' — [ VLY (1) D3wdr(x3) — g wd (z3), with j > 1, m > 1,
A v (x )

TEM VL”ztOP(mL) heu .
E/EM = 0 wpet(z3) with 1 <1< L—1,m>0.

associated with the eigenvalues A]Tn'i = A7+ A]TM = )\?ir + 14" and AZEM =
neu

.
Example 5.2. We set I = (0, /). Let us consider the case when
0Qcd = (0w x I) U (w x {0}) and 0Qins = w x {}.

The axial generators w,,, can be described thanks to the eigenvectors w;“JX, m > 1, of
the mixed problem in w:

—0iw = pw, w(0)=0, Sw(l)=0.

We find
1, yhes .
E;;E _ (CUI'LU(]) (-TL)> wrnryX(x}) with ] >1,m>1,
Vo - 0 .
E;—M = 19; (ml) 832wTTLIX(x3) o i 83wrnr1blx(x3)a with i>1,m>1,
0 AJ_Q)j (Z‘J_)

TEM Vﬂhmp(mi) mix .
E,." = 0 w(z3) with 1 <I<L—-1,m>1.

If w contains holes, TEM modes are present and contribute the smallest positive eigen-
2
value (%) .
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6 Application 1: Maxwell eigenvalues of cuboids

6.1 Cube

Let Q be the cube (0,7)3. We can apply Theorem 3.6 with w = (0,7)? and I =
(0, 7). Since w is simply connected we have TE and TM modes only. Therefore the
normalized Maxwell eigenvalues are

AU @ > 1, m>1 and AST 4+ i, 5> 1, m > 0.

m m

We have
pdr —m2 m>1 and p" =m? m>0.

The Dirichlet eigenvalues on w are
k2 + k3, ki ky> 1.

The non-zero Neumann eigenvalues are

K+ k3, ki ky>0, kjorky #0.
Therefore the TE eigenvalues are

k24 k3 + k3, kiky>0, kjorks#0, k3> 1.

The TM eigenvalues are

B4k 4k, ki k> 1, k3 >0.
Therefore we have once

k2 + k3 + k2, ky, ko, k3 > 0 with one index v € {1,2,3} such that k, = 0,

and twice
ki + k5 + k3, ki ko ks > 1.

The first eigenvalues are
2 (mult. 3), 3 (mult. 2), 5 (mult. 6), 6 (mult. 6), 8 (mult. 3),...

A larger multiplicity of 12 is attained for example for 14 = 1 +4 + 9. But 12 is not
the maximal multiplicity (e.g. the multiplicity of 26 =25+140 = 16 +9+ 1 is 18).

The Dirichlet eigenvectors on (0,7) are ¢ — sink(, k& > 1, and the Neumann
eigenvectors are cos k¢, k > 0. The components of the electric eigenvectors in the
cube are (sums of) products of two sin terms by one cos term.
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6.2 Cuboids
For a rectangular parallelepiped
Q= (0,5]) X (0, fz) X (0,63),

we find the eigenvalues: Once
kim\* | (kr\* (k'
a1 %) l3
Yk, ky, k3 > 0 with one index v € {1,2,3} such that k, =0,
/{7]7'(' 2 kzﬂ' 2 kgﬂ' 2
—_— —_— —_— ki, ky, k3 > 1.
<€1>+<€2>+ A v Vki ko ks >
7 Application 2: Maxwell eigenvalues in axisymmetric
product domains

and twice

We assume now, besides the assumption that Q = w x [, that the domain Q is ax-
isymmetric. This implies that w is an axisymmetric domain in dimension 2. Hence w
is either a disc or an annulus (i.e. a disc with a concentric hole). We investigate both
situations.

7.1 Axisymmetric domains

Let R be the external radius of w and 7 be its internal radius, with the convention
that ro = 0 corresponds to the case when w is a disc. Let us denote by T the one-
dimensional torus

T =R/(27Z).

We use cylindrical coordinates (r, ¢, x3) € (ro, R) x T x I. Setting
U(r, ¢, x3) = u(x),
we introduce cylindrical components (u,, u,,u3) of the field u = (uy, u2, u3),
U, = U1 cose +Uysing and wuy, = —; sin @ + Uy cos .

In particular, for a scalar function ¢, the radial and angular components of V| q are
Orq and %8@(], and those of curl g are %8@(] and —0,q. With this, we find the repre-
sentation in cylindrical coordinates of the ansatz M[g| and N[g] when ¢ has the tensor
form v ® w:

M, [v @ w] = %6@11(7", ) w(rs),

My[v ® w] = =0rv(r, p) w(z3), (7.1)
M;[v @ w] = 0,
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and
N.[v ® w] = dyv(r, p) rw(x3),

N v ®w] = %6@7)(7", @) Hw(zs3), (7.2)
Ns3[v ® w] = =5 ((rdr)? + 03 )v(r, @) w(x3).

To describe the Maxwell eigenmodes in the axisymmetric case, we use Table 1 and
make explicit the Dirichlet and Neumann eigenvectors v®" and v"¢" on w, and also
v'°P when there is a hole (rg > 0).

It is a classical technique to use the invariance under rotation of the Laplace operator
A, for diagonalizing it by Fourier series with respect to ¢ € T. This leads to the
following representations:

i = hflli[;(r) e and "M = Py (1) e nelZ, p>1. (7.3)

where for each n € Z, the functions (hfli]g)p and (h;3"), are bases of eigenfunctions
for the operator
, 1 n?
h—s (—ar—;ar+ﬁ)h, r € (ro, R) (7.4)

with appropriate boundary conditions.

7.2 The cylinder (w is a disc)

For hd" the boundary condition at R is h9"(R) = 0, for h"® this is 9, h"“(R) = 0.
At the other end r = 0 of the interval (0, R), the boundary conditions are driven by
integrability properties, cf [3]: For h9" and h"eY, they are

8:h(0)=0 if n=0, and h(0)=0 if n#0, (1.5)

As a consequence, both A9 and A"®¥ are given by the Bessel functions of the first kind
J,, that satisfy (7.5) and the equation (—02 — %& +n2)J, = Jy, cf (7.4). One finds

Lemma 7.1 ([6]). (i) Let (znp)p>1 be the increasing sequence of the positive zeros of
Jn. Then a spectral sequence for the Dirichlet problem for —A | on w is

. z 2 . 2o I .
Np= () ana wl=a (") e, mezopz1 @6
(i1) Let (Z;Lp)pz | be the increasing sequence of the positive zeros of of J},. Then a spec-

tral sequence for the Neumann problem for —A | on w is, in addition to the constant
eigenfunction,

Aneu — (Z,ﬂ)z and VP =, (Z;lpr) e neZ, p>1 (7.7)
np - R np - n bl ) p_ .
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Polarization k2 E H
TE | (52 + (257 Mpp @sin(mE)] & N[ @ sin(2%)]
T™M | (G52 () N @ cos(BT)] ik MIufly ® cos(%)

Table 2. Maxwell eigenmodes in a cylinder of radius R and length ¢, using M (7.1) - N
(7.2), and v37 (7.6) — v (7.7).

‘We summarize results in table 2.

We give in the next table 3 values for the first three zeros z,, j and zg’ jforn=0,1,2.
We use the relation J,_; — J, 41 = 2.J], to compute z;’j. Since J_; = —.J;, we note
that there holds

Z(,)’j == Zl,j, V] Z 1.

20,5 21,5 22,5 26,7 7 i 22
2.4048 3.8317 5.1356 3.8317 1.8412 3.0542
5.5201 7.0156 8.4172 7.0156 5.3314 6.7061
8.6537 10.173 11.620 10.173 8.5363 9.9695

Table 3. The first three zeros of Jy, Jy, Jo, J§, J{, J.

7.3 The coaxial cylindrical hole (w is an annulus)

The boundary conditions on 24" and A" are now the standard ones at 79 and R. We
have to find the associated eigenpairs of the operator (7.4) for any n € N. We find that
the radial eigenvectors 9" and A" are linear combinations of the Bessel functions
J,, and Y, of first and second kind:

hff;(r) = anpJn(knp 1) + BrpYn(knp1)
with eigenvalues )\;"LZ = (knp)?, where ky, are the positive zeros of the determinant

function
k v Jn(kro) Yn(kR) — Yy (kro) Jn(kR).

Analogous formulas exist for A"V,

Since w has one hole, the number L of the connected components of its boundary is
2. There exists a non-constant harmonic potential v™P that takes two distinct constant
values on the two connected components of w. This generator v*°P can be defined as

v*P(x ) = logr.
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In connection with Remark 3.4, we note that the conjugate potential 7*°P is the function
x| + . In cylindrical components, there holds

C/IIJI’IJ_ @top o VJ_’UtOP -
0 B 0 B

We summarize the results concerning TEM modes for = w x I with the annulus w:

o O ==
&
o
7 N
[}
=
-
=
o F
e
ot
o
o
~
Il
|
O - O

Corollary 7.2. Let £ be the length of the cylinder Q with coaxial hole. Its family of
TEM modes is axisymmetric and has the form (", ETEM HTEM) yirh

ETEM — % sin( " w3), HTEM =0,
E;EM =0, and H;EM = —iZ 1 cos(7L2), (7.8)
ETEM H{fM =0

For k = 0, the TEM mode is (k,E,H) = (0,0,H) with H = (01 0) .

Remark 7.3. As r tends to 0, the Dirichlet and Neumann eigenmodes of the annulus
tend to the Dirichlet and Neumann eigenvalues of the disc of same radius R. Hence
the TE and TM modes of the cylinder with hole tend to the TE and TM modes of the
cylinder without hole. In contrast, the TEM modes do not depend on 7y as long as
ro 7 0, but disappear at the limit when 79 = 0. This fact has a practical importance
when thin conductor wires are present.

8 Maxwell eigenmodes in a ball

For the sake of comparison, we revisit known results about Maxwell eigenmodes in a
ball, see [7, Chapter 10]. Let Q C IR be the ball of center 0 and radius R. Here we use
spherical coordinates (6, ¢, p) € [0, 7] x T x [0, R], associate with the orthonormal
basis
(0,2, p).

Formulas for Maxwell eigenmodes are based on Debye potentials. This is the M, N
ansatz, in a form slightly different from (2.6): The piloting vector is replaced by the
unit field -

g=-— ie @=p
Ed

The M, N ansatz takes the form

M[g] = curl(¢&) and Nig| = curl M[g] = curlcurl(q &). (8.1)
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Using for instance identities, cf [5, §6.2],
cutl(pe) = Vpx x and curl(a x ) = (pd, +2)a — xdiva

we find the following formulas where we express vectors in spherical components on
the basis (0, $, p)

1y
. 5904

M[(AZV(;) xT=Vqx&=|—a50.q (8.2)

0

and .
N[q] = curl M[g] = V(d,q) — & pA; . (8.3)

Therefore

curl N[g] = curl curl M[g] = —M [pAg} . (8.4)

p

Introduce the operator
2:q»—>£q:—pA%.

Then the equations curl curl u — k?u = 0 for M[g] and N[g] are equivalent to
M[(£ —k*)g] =0 and N[(£—k?)¢] =0.

Thus we are interested in scalar solutions ¢ of the equation

Lq=Fkq in [0,7] x T x [0, R]. (8.5)
We note that |
£=-0 - e (8.6)

with the Laplace-Beltrami operator Ag> on the unit sphere S?

1 1
A = —— Jpsinfdy + —— 02
S~ Sind osm 0+sin29 v

The equation (8.5) is satisfied by all functions in tensor form
(8, ¢, p) = Y,"(0, ¢) h(kp) ,

where Y, are the spherical harmonics and h is a linear combination of the Riccati-
Bessel functions 1), and X, (sometimes written as S,, and C,). Following Debye’s
notation, we use the definition

U (z) = zjp () = \/ZEJ"J’;(@ and  xp(z) = —zyn(x) = — g—mYn+%(x),
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where .J,,, Y, are the Bessel functions and j,, vy, the spherical Bessel functions of
first, second kind, respectively. Because of integrability conditions in 0, ,, has to be
discarded. It remains to look for potentials ¢ of type Y, @ 1, (k -) so that either M(g]
or N[g| satisfy the electric boundary condition on the boundary of the ball, i.e.

Exn=0 if p=R.

Using formulas (8.2) and (8.3), we find that this boundary condition is satisfied by
MY, @ (k)] if ¢n(kR) = 0 and by N[Y; @ ¢, (k- )] if 9/,(kR) = 0. The
remarkable fact is that the related potentials are then eigenvectors of the operator £
with the eigenvalue & for Dirichlet or Neumann conditions. Note that the operator £
is associated with the coercive bilinear form

i i 1 i 1 A
a(q,q) = /O [/52 (3pq 0pq + e 0pq Opd + s d dpq 520(1) sin 6 d¢ d@] dp
on the space
1
V={qe L*($* x (0,R)), J,q, ;qu e L*(S* x (0,R))}.

Completed with either Dirichlet or Neumann boundary conditions on p = R, £ is
selfadjoint. We have obtained:

Theorem 8.1. (i) The Dirichlet eigenpairs of £ have the form (k%p, qg%p), n > 0,
im| < n, p > 1 with (knp)p>1 the enumeration of the positive zeros of the function
k = ¥n(kR) and qump = Y, @ Y (knp ). All triples (Knp, M[g3r 1, -N[gdr )
are Maxwell eigenmodes on the ball of radius R.

(i) The non-constant Neumann eigenpairs of £ have the form ((k;p)z, Tgnp)s 1> 0,
im| < n, p > 1 with (ky,)p>1 the enumeration of the positive zeros of the function
k= 4 (kR) and qnmp = Y,* @ wn(k:;lp) All triples (k],,, N[ghes |, ikM[ghsh 1)

np’ qnmp qnmp
are Maxwell eigenmodes on the ball of radius R.

Remark 8.2. In the literature, the M ansatz is frequently written in a slightly different
way which we distinguish with an asterisk:

M*[¢"] = curl(q*z)

instead of M[q] = curl(¢&). As usual, N* = curl M*. The outcome for the Maxwell
eigenmodes is the same of course. Nevertheless, the interpretation of the potentials is
different. We have

(i) Concerning Dirichlet modes, the functions g;,,,,, defined as qgi{np /p are the eigen-
functions of the Dirichlet problem for the standard positive Laplace operator —A
on the ball. In other words, the eigenvalues k%p are also the standard Laplace

eigenvalues.
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(ii) But, when Neumann modes are concerned, the functions g;,,,,,, defined as g5,/ p
are not Neumann eigenvalues for —A.

Remark 8.3. The tensor product potentials Y, @ h(k-) with h being any of the
Riccati-Bessel functions have been used more than a century ago to describe scat-
tering of plane waves by a dielectric sphere (Mie series). Scattering resonances (with
negative imaginary part) have also been investigated at that time. More recently, whis-
pering gallery modes have been analytically calculated by a similar method [2]. All
these problems are transmission problems between the ball and its exterior. Inside the
ball & has the form 1, (noptk - ) Where nop is the refractive (or optical) index of the

ball. Outside the ball, h is either Cé”(l{: -) for scattering, or X, (k) for whispering
gallery modes.

9 Extension to nonconstant electric permittivity

Let us consider the original Maxwell system (A.4). We still assume that the magnetic
permeability p is equal to o in the whole domain Q. But we allow now that the
electric permittivity € may vary in Q. We set

€ = Erel€0, Erel > 1.
We consider domains Q in the product form w x I. We assume that
Erel(m) = Erel(mL); Erel € Loo(w)v 9.1

like in wave guides or optic fibers. The Maxwell system takes now the form (A.6)
instead of (1.1). Then the classification of eigenvectors into TE, TM and TEM does
not hold any more (at least not in the form given by Theorem 3.6 and Corollary 4.1).
Nevertheless, the splitting of the spectrum according to frequencies with respect to the
axial variable x3 remains possible, as well as a tensor product form. We are going to
investigate the magnetic field H, taking advantage of its local regularity even if £, is
not continuous. The magnetic variational formulation becomes, instead of (2.2):

Find the eigenpairs (A = k?,u) with u # 0 in X7(Q) and divu = 0 such that
1
— curlu curlu’ + sdivudivv dx = A/ u-u dx, Yu' eXt(Q), (9.2
Q Erel Q
Here s is nonnegative. The choice s > 0 corresponds to an elliptic regularization of
the system. To simplify notations, let us assume that

I=(0,m) 9.3)

In the constant material case, considering the Maxwell eigenmodes from the magnetic
point of view, we note that the magnetic part of eigenmodes given in Corollary 4.1
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have the following form

HTE _ k¥ v(x) cos(mxs) and HT™ — curl; v(z) ) cos(mxs) ©.4)
—Ajv(x ) sin(mazsz) 0 '

We are going to prove that we still have a similar structure with respect to the axial
variable x3.

Theorem 9.1. With the assumptions (9.1) and (9.3), the magnetic eigenmodes solution
of (9.2) can be organized in a sequence of independent families $,, with index m € N
in which each eigenvector has the tensor product form

H— (VJ_(II:J_) cos(mx3)> . ©5)

va(x) sin(mxs3)

Forany m € N, let A}” and v}” = (v I vgnj) be the eigenpairs of the problem:

Find A € R, v = (v ,v3) #0in Xy(w) x H'(w) with div, v| + muvs = 0 such that

1
/ — {curll v curly V' + (Vivs+mvy) - (Vivy + mv’i)} dx
w Crel

:A/v-v’ dx, W e Xt(w)x H'(w). (9.6)

Denote by H'" the vector of form (9.5) with v = vi". Then the eigenpairs (A;ﬁ, H;”)
span the family $),.

Jj=1

Remark 9.2. The bilinear form of problem (9.6) can be regularized by

/ gi {(diVJ_VJ_ + muz) (div v —l—mvg)}dx.
w Crel

We can check that if €, is constant, the resulting bilinear form is equal to

1
— [ curly vy curl, V| +V vy -V 0}
Erel Juw

+divy v divy v +m*(vy -V + v30h) dx.

Proof of Theorem 9.1. Solutions of (9.2) satisfy on w x {0} the essential boundary
condition u3 = 0, and the natural boundary condition i curlu x e3 = 0. Since
uz = 0 on w x {0}, yu3 and dpus are also 0 on w x {0}, and the natural boundary
condition implies that d3u; = d3uy = 0 on w x {0}. Therefore, defining the extension

,l]J_(xJ_,—IL':;) = UJ_(Z‘J_,Z‘g,) and ﬂ3(xj_,—x3) = —U3(1‘J_,x3), VI3 S (0, 7'(')
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we obtain an element u € Xy(w X (—m, 7)) which satisfies divu = 0 and is solution
of (9.2) on the extended domain w x (—, 7). Moreover, u(z |, —m) = u(z,,m) and
u(zy,—m) = dsu(xy,m) forall z; € w. We deduce that u is solution of (9.2) on
the domain Xt (w x T) where T = R/27Z. Since the coefficient £, does not depend
on x3, the underlying Maxwell operator commutes with 0s. Therefore the spectrum of
problem (9.2) can be decomposed according to the eigenvectors of 93 on T, which are
the functions z3 — ™% m € 7Z.

For any positive integer m, we notice that if (v, (z1),v3(z1))e" is solution of
(9.2) on the domain Xt (wx T), then (v (21 ), —v3(x 1 ))e "™ is also solution of the
same problem. Therefore, their sum is also solution of the same problem. Moreover
this sum has the form (9.5) and satisfies the boundary conditions (perfectly conducting
walls)! of the space X1(Q). Conversely this sum is, up to a multiplicative constant, the
only linear combination of (VJ_(xJ_), m(m_))eimf“ and (VJ_(xJ_), —v3(xj_))e_imx3
which satisfies the boundary conditions of the space X1(Q).

Calculating

1
— curlu curlu’ dx
Q Erel

yo (v(mL) cos(mx3)> nd o — (v’(ml) cos(mx3)>
) )

for

v3(z) sin(maxs)

we find

1
/—{curllvl curly V', + (curly v3+mv, xe3)- (curl vy +mv', ><e3)}dx
w Erel

which coincides with the bilinear form in problem (9.6) O

Remark 9.3. For m = 0, problem (9.6) reduces to two uncoupled problems: The
magnetic 2D Maxwell eigenvalue problem in w for v and the Neumann eigenvalue
problem for —A in w for v3. This last problem does not yield any non-trivial solution
of (9.6) since for m = 0, the third component in the Ansatz (9.5) is zero. Moreover,
we can show that the solutions of the magnetic 2D Maxwell eigenvalue problem in w
are the pairs (curl | v;.“r, /\?"), j > 1, with the eigenpairs (v?ir, )\?ir) of the problem

—Av=Xev in w, v H(w). 9.7)

Thus we have found for m = 0 the family of TM modes:

! Considering the difference instead the sum, we would find the perfectly insulating boundary condi-
tions on w x O1.
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A Normalizing Maxwell equations

Let € and p are the electric permittivity and the magnetic permeability of the mate-
rial inside Q. We assume that the boundary of Q represents perfectly conducting or
perfectly insulating walls:

0Q = 0Qcq U O0Qins, 0Qcq N OQins = 0, (A.1)

where 042 is the perfectly conducting part and 0;,s€2 the perfectly insulating part.

The cavity resonator problem is to find the frequencies @ € R, and the non-zero
electromagnetic fields (E, H) € L*(Q)% such that

curl E — iwul:l =0 in Q, (Faraday law)
curl H + iwweE = 0 in Q, (Ampere law) (A.2a)
diveE=0 and div ul:l =0 in £, (gauge conditions).

with boundary conditions

{ Exn=0 and H-n= 0, on 0Q., (perfectconductorb.c.) (A2b)

E-n=0 and HAHxn= 0, on 0Qj.s, (perfectinsulatorb.c.)

In this paper, we consider the non-magnetic case, i.e. when p = pg in Q. We can
set

2
€ = Ngpt€0 = Erel €0 (A.3)

where nopy is the refractive index of the material and € the relative permittivity. Then
(A.2a) reduces to

curl E — iwuol:l =0 in Q, (Faraday law)
curl H + iwee e0E = 0 in Q, (Ampere law) (A4)
div €e| cE=0 and div ,ul:l =0 in €, (gauge conditions).

With the normalization

k =w,/eopo (wave number), E=.,/coE and H=./p H. (A.5)

system (A.4) is transformed into

curlE —tkH =0 in Q
curl H + ike,qE=0 in Q, (A.6)
dive,gE=0 and divH=0 in Q.
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