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Abstract: We study Maxwell’s equations with periodic coefficients in a
closed waveguide. A functional analytic approach is used to formulate
and to solve the radiation problem. We furthermore characterize the set
of all bounded solutions to the homogeneous problem. The case of a
compact perturbation of the medium is included, the scattering problem
and the limiting absorption principle are discussed.
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1. INTRODUCTION

Maxwell’s equations describe electromagnetic waves with the two unknown fields
E and H. When the frequency w > 0 is prescribed, one can use the time-harmonic
equations. With two coefficients p = p(x) (permeability) and € = e(z) (permittiv-
ity), both depending on the spatial position x € R?, the system reads

curl E =wpu H + fy,

(1.1) curl H = —iwe E+ f, .

Here, f. = f.(x) models prescribed external currents and f, = f,(x) a right-hand
side in the F-equation. We include f; for mathematical completeness and allow
div f, # 0 in our mathematical analysis below. This will be technically helpful at
a later point in the proofs. The inhomogeneities create the fields £ = E(z) and
H = H(z). We are interested in a waveguide geometry and treat the equations on a
domain 2 = R x S C R3, where S C R? is a bounded Lipschitz domain. We assume
that e, u € L*(Q,R) are bounded from below by some constant ¢y > 0 and that
and p are 2m-periodic with respect to x;. Along the exterior boundary, we consider
a perfect conductor: v x E = 0 on 0f for the exterior unit normal vector v = v(z).

1.1. Literature. Electromagnetic waves are described by Maxwell’s equations, we
refer to [14] for background and an overview over mathematical methods. In appli-
cations, one can often assume that the temporal frequency of solutions is fixed and
uses the ansatz u(z,t) = u(x)e ™' This ansatz leads from Maxwell’s equations to
the time-harmonic Maxwell system (1.1), just as it leads from the wave equation
to the Helmholtz equation. Solutions of both, the time-harmonic Maxwell system
and the Helmholtz equation, describe waves in a medium. When the underlying
domain in unbounded, one typically has to complement the system with a radiation
condition. The physically relevant condition is, loosely speaking, that energy should
be transported to infinity.
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The Helmholtz equation is, in some particular situation, a special case of the
Maxwell system. It is therefore not surprising that the appearing phenomena and
the analytical methods are very similar.

Of particular interest are waveguides with periodic coefficients. An analysis of the
corresponding Helmholtz problem, along with the adequate radiation conditions,
is given in [10]. We note that a more functional analytic approach for the same
problem was developed in [15, 16|, simplified proofs and strengthened results can
be found in [17]. These approaches are all containing also results on a limiting
absorption principle. Even though the constructions are different, the approaches
are all based on the Floquet-Bloch transform, we refer to [18, 21] for more material
on this technique.

Some closely related publications, still for the Helmholtz equation, are the fol-
lowing: A semi-infinite waveguide is treated in [13], once more, alongside a limiting
absorption principle. An existence result that does not use the Floquet-Bloch trans-
form is given in [25] without limiting absorption principle. Another form of the
radiation condition in terms of Bloch waves is developed in [20]. A related approach
is studied in [7]. In periodic media, domain truncation can be used to derive an
equivalent formulation of the problem on a bounded domain, by using Dirichlet-to-
Neumann boundary conditions; for this powerful method we mention [9, 11] and
refer to references therein.

Regarding the Maxwell system, we are not aware of investigations of the radiation
problem in waveguides with periodic media. One subject of research are scattering
problems in the time-harmonic setting, see [3, 6], or [2] for a study with Bloch
waves. Another subject are numerical methods in waveguide geometries, e.g., in
[12]. A nonlinear material (the material cannot be given simply by factors € and p)
is studied in a geometry (0,h) x R? in [27].

Another topic about the Maxwell system is the regularity of solutions, we refer
to [1, 8] for related results. We mention that such topics are closely related to
compactness issues, which are very important in our approach.

Finally, there is the large topic of homogenization. In this context, one studies
periodic media in the limit that the periodicity length converges to zero. This is
an interesting limit which leads to effective theories which can have very surprising
features such as negative index materials [4, 19, 22]. A related topic is the question
whether or not waves, described by Maxwell’s equations, can pass through thin
layers of material with small holes, see [5, 26]. We note that these works study
either bounded domains or assume boundedness of the solution sequence; in this
sense, the results at hand can help to find homogenization limits in more general
situations.

Outline of this article. We will show the existence and uniqueness of solutions

o (1.1). Our results are based on Assumption 3.1, a non-degeneracy assumption on
the frequency; such an assumption is standard in the study of radiation problems.
The Maxwell system is written in a weak form, then re-written with the help of
the Floquet-Bloch transformation and finally written as an abstract equation in
Banach spaces, see (2.10). The latter equation is solved with a functional analytic
result of [17], see Theorem 3.3. This abstract theorem can be applied directly to
find bounded solutions to (1.1) when the right-hand side satisfies an orthogonality
condition, see Theorem 3.5. To solve the problem for general right-hand sides, one
has to introduce a radiation condition, which is done in Definition 3.7. The radiation
problem is solved in Theorem 3.9 as a quite direct consequence of Theorem 3.5.
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Other results are the characterization of bounded solutions to the homogeneous
problem, see Theorem 4.1, and the solution of the problem with locally perturbed
periodic media, see Theorem 5.2.

1.2. Variational formulation of the problem. Let us first make clear how we
understand system (1.1). We search for E, H € L2 (2, C?) such that the distribu-

loc

tional rotation of H satisfies curl H € L2 (Q2, C3). We interpret the first equation of

loc
(1.1) in the distributional sense and demand

(1.2) /QE ~curly = /Q liwp H + fp] - for every ¢ € C(Q,C?).

The space of test-functions demands that ) has compact support. This implies, on
the one hand, that 1 is supported on a set Qg := (=R, R) x S for some R > 0.
On the other hand, the values on lateral boundaries are free, formula (1.2) therefore
encodes also the boundary condition £ x v = 0 on 0f).

The second equation of (1.1) is interpreted as an equality of L2 -functions. In
order to illustrate the symmetry in the equations, we note that it is equivalent to:

(1.3) /curlH ) = / [—iwe E+ f] -9 for every v € C%(Q,C?).
Q Q

In contrast to (1.2), the rotation in (1.3) does not act on the test-function; this
means that no boundary condition for H is explicitly encoded. Nevertheless, we will
see below that the coupled system contains an implicit boundary condition for H.

The unknown E can be eliminated from the equations to obtain a single equation
for the only unknown u := H. For an arbitrary function ¢ € C}(Q, C?), we use ¢ :=
el curl ¢ in (1.3); the bar over a function denotes complex conjugation. Replacing
the integral over —iwE - curl ¢ with the help of (1.2), we obtain the following weak
formulation of system (1.1):

(1.4) /Q{%curlu-curlgb—aﬂuuqb}:/Q{éfe curlqb—iwfhgb}

for every test-function ¢ € C1(2, C3?). We note the following: When (1.4) holds and

both u and curlu are of class L% (€, C?), by density of smooth functions, relation

(1.4) holds also when ¢ and curl ¢ are of class L?(Q, C?) and have a bounded support.

1.3. Function spaces. In the following, we will assume that f. and f; are vector
fields with good decay properties, more precisely,

/Q<1 + o) | ()2 < oo} |

When we are interested in solutions to (1.4) with a decay for |z;| — oo, we seek for

(1.6) ue H(curl, Q) :={ue L2(Q,(C3)} curlu € L*(Q,C*)} |

(1.5) for frn € L2(Q,C?) := {f € L*(Q,C?

and demand that (1.4) holds for all ¢ in the same space. When we are interested in
radiating solutions, we seek for u in the space

(1.7) Hioe(curl, Q) := {u: Q — C ‘ VR >0: ulg, € H(curl,Qg)} ,

where we used again Qr = (—R, R) x S. In this setting, we demand (1.4) for all
¢ € H(curl, Q) with compact support in 2. The remainder of this text is devoted
to these two variants of the variational problem (1.4).
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1.4. Comments on the system. The reader might be more familiar with the
strong form of system (1.1), which can be read off from (1.4):

1 1
(1.8) curl (— curl H) —w?n H = curl (—fe) —iwfy .
5 €

We include a comment on the implicit boundary conditions for H: Let us assume
that the right-hand side f}, is L2-orthogonal to all gradients; this encodes div f;, = 0
and the boundary condition f;,-v = 0 on 0¢). In this situation, using a gradient ¢ =
Vp as test-function in (1.4), we find that also the function pu = pH is orthogonal
to gradients. This encodes div(uH) = 0 in the domain and uH - v = 0 on the
boundary. In particular: solving the equations with f, = 0, the solution satisfies
automatically the boundary condition H - v = 0 on 0.

On the equivalence of the two descriptions: We have shown that every solution of
the original problem solves the variational problem (1.4). Vice versa, let H = u €
Hj,e(curl, ©2) be a solution to (1.4). We define the electric field by E := i(curl H —
fe)/(we); with this definition, (1.3) is satisfied. We note that E € L2 (9,C3) is
satisfied and hence the definition of E together with (1.4) implies (1.2). Additionally,
because of iwu H + f, € LE (9, C?), (1.2) also yields curl E € L2 (2, C?) and we
conclude that (1.1) is also solved strongly, i.e., as two equalities in L2 (2, C?). We
note that this implies also that system (1.1) is satisfied pointwise almost everywhere.

It is sometimes convenient to have the boundary condition for £ encoded in the

function space. We use!
Hy(curl, Q) := {E € H(curl, Q) ‘ / E -curly = / curl B -1 Vi € H(curl, Q)}
Q Q

Relation (1.2) is equivalent to: There holds £ € Hy(curl,Q2) and the first equation
of (1.1) is satisfied.

Our main results regard existence and uniqueness of solutions to (1.4). Our ap-
proach is quite similar to the one in [17], where we treated the Helmholtz equation.
Since that article is quite detailed and contains proofs of all relevant tools (in partic-
ular Floquet-Bloch transformations and the fundamental functional analysis result),
we focus here on those aspects of the analysis that are different for Maxwell’s equa-
tions.

In general, the solution to the radiation problem will not be of class L?(£2). Tt is
therefore not clear how the Floquet-Bloch transform can be helpful in the construc-
tion of solutions. Indeed, it can be helpful because of our two-step construction of
solutions, constructing first (in a special case) bounded solutions in Theorem 3.5,
and then solving the general radiation problem in Theorem 3.9.

2. THE FLOQUET-BLOCH TRANSFORMED EQUATION

2.1. Application of the Floquet-Bloch transform. We use the Floquet-Bloch
transformation in the zi-variable. It transforms a function u = u(x), z € R x S into
a function @. The transformed function has two arguments, @ = 4(x, «), where x
ranges in the periodicity cell, z € W := (0,27) x S, and « ranges in a unit interval,
a € I :=[-1/2,1/2]. The two arguments are related by the fact that, for every
a € I, the map W 3 z — 4u(x,«) is an a-quasiperiodic function (the definition is
given below).

lwhen no confusion with the space of (o = 0)-quasiperiodic functions is possible
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The transformation is a bounded linear map
(2.1) Frp : L*(Q) —» L*(W x I), u G

For smooth functions u with compact support, writing = (x1, Z) for the argument,
the transformation is defined by the formula

(2.2) i((21,%),0) = Y _u((zy +2ml, &) e 2

ez
The operator Frp is a unitary operator. We recall that [17] contains more details
of the construction and proofs.

We have to introduce function spaces that are adapted to Maxwell’s equations.
We need spaces of periodic and of a-quasiperiodic functions. In order to formulate
periodicity on W, we start from

H

(2.3) per loc(curl, Q) 1= {u 0= C3 ‘ u is 2w-periodic in xq

VR >0: ulg, € H(curl,Qg)} .
This space allows to introduce periodic functions on W,
(2.4) Hyer(curl, W) = {u|lw | u € Hperjoc(curl, )},
and the space of a-quasiperiodic functions
(2.5) Ho(cwl, W) := {ulw | [z — u(z)e '] € Hyeroc(curl, Q) } .
We equip the space H,(curl, W) with the inner product

(2.6) (U, D), (cur,w) = <1 curl u, Curlq§> + (o, ) 2wy -
c L2(W)

The Floquet-Bloch transform is an isomorphism from H (curl, ) to a space that
we write as L2(I, H,(curl, W)), elements of the latter are maps w : I — H(curl, W)
with w(a) € H,(curl, W) for almost every a € I.

For functions with decay, this allows an equivalent formulation of the variational
problem. A function u € H(curl, Q) solves (1.4) if, and only if, its transformation

satisfies & € L*(I, Hy(curl, W)) and

/W {é curl @(-, ) - curl ¢ — w?p d(-, @) - QE}
) /W {é(fFBfe)("“)'CurW—iw(fFth)(-,a) : cb}

holds for every ¢ € H,/(curl, W) and for almost every o € I. The proof is as that of
Lemma 2.1 in [17]. Let us indicate the relevant calculation with the first term, where
we use, in the first equality, the unitarity of Frp and, in the second equality, that
multiplication with a 2m7-periodic function can be taken out of the Floquet-Bloch
transformation (compare the definition in (2.2)), and that differential operators
(such as curl) commute with the Floquet-Bloch transformation (here, we write ¢ for
the test function on Q and set ¢ = Frp(9)):

<§curlu,cur1gzv5> /<]:FB teurlw)(-, @), Fep(curl é)('aa»m(w) dox

/ <5 ) eurla(-, o), curl ¢(-, > 2w

Since the test-function ¢(-, ) can be chosen arbitrarily, repeating the calculation
for the other terms of (1.4), We arrive at (2.7) for almost every a.

(2.7)
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2.2. Re-writing the equation with a family of operators. We want to write
the variational problem (2.7) with the help of operators. Since we want to construct
operators that are defined on an a-independent function space, we transform all
equations to the space of periodic functions (which is the space corresponding to
a=0). We use X := Hpe(curl, W) with the inner product of (2.6).

We note that a function z — U(z) is a-quasiperiodic in x; if, and only if, the
function x — U(x)e™*® is periodic in z;. Instead of using (-, ) € Hy(curl, W) as
an unknown, we seek for v(+) 1= a(-,a)e 1 € X.

For a given v € X, the left-hand side of (2.7) (with the replacements u(-, o) =
v(-)e and ¢(-, ) = p(-)e’**!) defines an anti-linear form in p, a map X — C.
By the Riesz theorem on Hilbert spaces, this form can be represented by an element
L,v via the scalar product in X. We obtain a bounded linear operator L, : X — X,
defined by the relation

1 , —_—
(2.8) (Lov,p)x = / {— curl(ve'™™) - curl (peioer) — w?pv - gp}
w Le
for all v, p € X. Similarly, we represent the right-hand side of (2.7) with an element
Yo € X,

(2.9) <yoc>S0>X:/W{é(fFBfe>(',a)-Curl(gpeio‘xl)—iw(fFth)(.’a).W}‘

With these representations, the original problem (1.4) is solved in H (curl, ©?) when
we find, for almost every a € I, a solution v(-, ) € X of

(2.10) Lov(-, ) = ya

and if this family of solution satisfies v € L*(I, X). This concludes the transforma-
tion of the equation, we arrived at a representation as in (2.14) of [17].

So far, we introduced the Floquet-Bloch transform and the abstract formulation
of the system, in the next section we will derive existence results. In order to make
clear that we indeed construct solutions to the Maxwell system, let us outline the
overall procedure of the existence proof:

e Solve the abstract problem (2.10) for almost every a € I. This yields periodic
functions v = v(-, ). They are found with abstract functional analysis in
Section 3.

e Construct from v the a-quasiperiodic counterparts (-, «). By construction
of (2.10), these counterparts solve (2.7).

e The (inverse) Floquet-Bloch transformation of (-, ) provides the solution
u to (1.4), see the text after (2.7).

Our next aim is to analyze the properties of the operator L,. Later on, the
dependence on « will be crucial. By contrast, in this section, we study, for a fixed
a € I, the operator L,. The main result will be that L, is a self-adjoint Fredholm
operator with index 0. We recall that ¢ and p are also fixed, real, and of class
L>°(W) with a positive lower bound.

Two equivalent operators. The space of periodic functions is X and the operator
on this space is L,. The space of a-quasiperiodic functions is X, = H,(curl, W),
defined in (2.5). Every periodic function u € X can be transformed to an a-
quasiperiodic function @ € X, defined as a(x) = u(x)e’®™. This transformation
defines an isomorphism between X and X,,.

We must check the properties of the operator L, : X — X of (2.8). For fixed «, it
is actually easier to perform proofs in the space of a-quasiperiodic functions. Indeed,
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we recall that the operator L, was actually defined through the transformation of
a problem in the space of a-quasiperiodic functions, compare (2 7). The variational
problem (L,u, ¢)x = fW f-@ is identical to (Lqil, @) %. = Juw [-@ with the functions

i(x) = u(z)e™ and f(z) = f(z)e™™ for the operator L, : Xo — X, defined by

(2.11) (Lq, D) %. :/ {%curl&-curl@—w%ﬂ-é}
W
for all @, ¢ € X,.

We claim that the operator L, is a Fredholm operator if, and only if, L, is
Fredholm, and that the index of the two operators coincides. Indeed, when the
kernel of L, is spanned by ug,...,ups, then the transformed functions defined as
Ty () = Uy () €*** span the kernel of Ly, and vice versa. Similarly, when uy, ..., upy
span a complement of Lo(X), then the transformed functions span a complement
of Lo(X,).

Lemma B.1 of Appendix B analyzes the operator L, of (2.11) and provides the
following result.

Proposition 2.1 (Properties of L, ). Let e, 10 : @ — R be as described after (1.1).
For o € I =[—1/2,1/2] we consider, on the space X = Hpe(curl, W), the operator
Lo : X — X of (2.8). Then L, is a self-adjoint Fredholm operator with index 0.

3. EXISTENCE OF SOLUTIONS TO THE MAXWELL RADIATION PROBLEM

From now on and until the start of Subsection 3.6, we consider the homogeneous
equations, i.e., fo = f = 0. We recall that ¢ and p are real and have a positive
lower bound.

3.1. Physical conservation laws: Poynting vector and energy flux. We pro-
vide a sloppy exposition of physical background. We emphasize that our mathemat-
ical analysis is independent of physical arguments. The mathematics is based on an
integration by parts which yields that the flux quantity in (3.3) is independent of 7.

Physically, for a solution (E,H) of the Maxwell system, the Poynting vector
p.=1 5 B x H describes the flow of energy. More precisely, through a cross-section
I, = {r} x S of the waveguide with normal vector e; = (1,0,0) € R?, the quantity
%Re fFT(E x H) - e; is the energy flux through I',. This motivates to study, for a
position r € R and a solution H, the real-valued flux quantity

(3.1) Fr = —2Im é(curlH x H) e

T,
Conservation of energy is reflected by the fact that the flux F, is independent of the
position 7.

Let us sketch the argument for smooth coefficients p and € and a classical solution
H of the Maxwell system (1.4) (below, we provide rigorous derivations for weak
solutions): For two positions —oo < s < r < oo and the domain Q;, := (s,7) x S
with characteristic function y we use the test-function ¢ = ux in (1.4). Assuming
that s and r are chosen so that f. and f; vanish in €2, the right-hand side vanishes.
On the left-hand side we integrate by parts and take the imaginary part. The bulk
term is real because of the strong equation curl(e™!curl H) — w?uH = 0, whence
the imaginary part of this term vanishes. There remain only boundary terms, they
coincide with F,. — F,. The result of this calculation is that F, is independent of r.

Our next aim is to prove this fact in a generalized setting for weak solutions.
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3.2. Generalization and weak description. We consider two weak solutions u
and v to the homogeneous problem, i.e., both u and v solve

1 _ -
(3.2) /Q {g curlu - curl ¢ — w2uu¢} =0 for every ¢ € Hclpt(Q) .

We consider an arbitrary weight function, n : R — R bounded with compact support
and with [, 7 = 1. We interpret 1 also as a function on Q by setting n(x) := n(x1).
We introduce the weighted average of the complex flux,

(3.3) Fup = 2/ n é [(curlu x ©) — (curlv X u)] - e; .
Q

Conservation of energy is now reflected by the fact that the expression F, , is inde-
pendent of the weight 7.

Let us prove this important observation by considering two weight functions 7,
and 7, as above. The difference n; — 7, satisfies fR(m — 1) = 0. By the latter
property, the primitive of the difference, defined as ¥(t) := fjoo(m —m2)(s)ds, is
a Lipschitz function with compact support. Once more, we interpret 9 also as a
function on Q by setting J(x) := J(x1).

For the solution u of (3.2), we use the test-function ¢ = v¥; the result is of the
form I, = 0 for some integral I, that contains u (and v and ©}). Independently, we
consider the solution v of (3.2) and use the test-function ¢ = uwd). The result is of
the form I, = 0 for some other integral I, that contains v (and u and ). Up to a
complex conjugation, the interesting equation is obtained by taking the difference,
we consider I, — I, = 0.

In the expression I, — I, all terms without derivatives of ¥ cancel. There remain
only terms that contain a derivative of J(x), which is Vd(z) = (n — n2)(z) 1. The
result is the expression of (3.3) vanishes when 7 is replaced by 7, — 1. This proves
that F,, is indeed independent of 7.

Motivated by this calculation, we introduce two sesquilinear forms on functions
u, ¢ € H(curl, W) for W = (0,27) x S:

1 - _

(3.4) Qu,p) := z/ = [(curlu x ¢) — (curl$ x u)] - e; .
wE

The form () is hermitian, since € is real. We emphasize that the arguments of @)

are not necessarily periodic functions; indeed, we will typically use a-quasiperiodic

functions as arguments. Solutions u,v of (3.2) satisfy

(3.5) Qu,v) = 2nF,,.

3.3. Non-degeneracy of (). We will impose the following physically meaningful as-
sumption. For arbitrary o € [ = [—1/2,1/2], we define the space of a-quasiperiodic
solutions to the homogeneous problem as

(3.6) Y :={¢ € H,(curl, W) | ¢ satisfies (1.4) for f, = f. =0}.

We emphasize that every element in ¢ € H,(curl, W) can be extended to an a-
quasiperiodic function on 2 by demanding, for every z; € (0, 27) and every k € 277
that ¢(x1+k, xa, 23) = d(x1, T2, ¥3) €*F. This was actually the basis of the definition
in (2.5). We will oftentimes identify a function in H, (curl, W) with its quasiperiodic
extension to ().

Of special interest are those numbers o € I (quasimomenta) that are related to
non-trivial quasiperiodic solutions to the homogeneous Maxwell problem on . We
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collect these critical values of « in the set
(3.7) A = {ae|-1/2,1/2] | Y*#{0}}.

Assumption 3.1 (Energy transport of quasiperiodic solutions). We assume that,
for every a € A and every 0 # ¢ € Y, the map Q(-,¢) : Y — C does not vanish
identically.

To clearify the requirement: We demand that, for every a € A and every non-
vanishing ¢ € Y%, there exists ¢ € Y such that Q(¢, ¢) # 0. The assumption is sat-
isfied when every (non-trivial) quasiperiodic homogeneous solution to the Maxwell
system is transporting energy, either to the left or to the right.

Comments on Assumption 3.1. We say that a frequency w is an exceptional
frequency when Assumption 3.1 is not satisfied for w. We conjecture that the set
of exceptional frequencies is a countable set. When w is an exceptional frequency,
our methods do not work; whether or not existence can be shown nonetheless is not
clear. On the other hand: Simple scalar examples show that a limiting absorption
principle does not hold for an exceptional frequency.

By definition of L, there holds: v € ker L, implies v € ker L_,. In particular,
the following symmetry holds: When « is a critical value, also —« is a critical value.

The value o« = 1/2 is special: A function U in H, = H, /5 is antisymmetric in the
sense that Ul,,—or = —Ul|;,—0. For a = 1/2, the two spaces H, and H_, coincide,
ker L., and ker L_, represent the same space of antisymmetric solutions. In order
not to count these solutions twice, we introduce the (possibly) reduced set

(3.8) A, = AN(=1/2,1/2].

We note in passing that Q(v,v) = —Q(v,v) implies that, when v is a right-going
wave, U is a left-going wave, and vice versa. Under our assumption, the number of
right-going waves is therefore the same as the number of left-going waves.

3.4. The derivative of L,. For the space X = Hpe (curl, W) and L, : X — X of
(2.8) we can compute the derivative of L, with respect to a.

Lemma 3.2 (Derivative of L,). The derivative 0oLy : X — X is given by Q) in the
sense that

(3.9) (OaLov, p)x = Q (v eio‘xl,gpeiwl)

for every v, € X. In particular, when Assumption 3.1 holds, the derivative Oy L
is non-degenerate on the kernel of L, for every a € A.

Proof. For arbitrary v, € X we can calculate

<804Lava 90>X = aoc<LaUa 90>X

1 i -
= aoz/ - Curl(vew‘f‘l) . curl (gO@wéxl) _ w2[1,1) . @
w €

1 . . , -
= z/ - {curl(v xq1 ") - curl (p efer) — curl(v e ™) - curl (¢ a1 ew‘zl)}
wE

1 | o - |
= ’L/ - {(61 X U@Zawl) - curl (g& @lowm) _ (61 X (,06“)“1) . Cuﬂ(’v 62@351)}
w €

_ Q ('U eioc:m7 SDeiozx1) .
This provides (3.9). O
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3.5. Functional analysis. When Assumption 3.1 is satisfied, Proposition 2.1 pro-
vides a Fredholm property of the family (L,)a, and Lemma 3.2 implies the non-
degeneracy of the a-derivatives. These properties imply that the family (L), is
a reqular C'-family of operators in the sense of Definition 3.1 of [17]. For regular
C-families of operators, the subsequent result was shown in [17]. We use the same
notation, with only one minimal change: We have to replace the variable ¢ > 0
by 0 > 0, because in Maxwell’s equations, ¢ is the name of the permittivity. We
therefore write I5 := (—1/2—6,1/2+0) for the enlarged unit interval. Theorem 3.2
of [17] provides:

Theorem 3.3 (Functional analysis). Let Assumption 3.1 hold. The family L, has
the following properties.

1. The set of critical numbers is finite: For a number J € N (we allow J = 0
for an empty set A.) and values {a; |0 < j < J} holds
(3.10) A, = {ae(—-1/2,1/2]| ker(L,) # {0}} = {o;|0<j < J}.

2. For some § > 0, let Is > a + y, be a C*-family of right-hand sides with the
property that y, € Lo(X) holds for every a € Is with ker(L,) # {0}. Then
the family of solutions

L\A>ar uy = (L) (ya)

can be continued to a C°-family on I5. For some constant C' > 0, which is
independent of the family (y,)a, there holds

(3.11) sup [[uallx < C'sup[llallx + 0agallx].
ac ac

The theorem implies that there exists a finite number of quasimomenta (o;)1<;<.,
corresponding to propagative wave numbers. They are characterized by the fact
that the kernel ker(L,;) = {¢|La,o = 0} is not trivial. The kernels are finite
dimensional. We introduce, for every 0 < j < J, the space of aj;-quasiperiodic
propagating modes
(3.12) Y; = {¢ € Hy,(curl, W) | ¢ satisfies (1.4) for f = f. =0} .

As explained after (3.6), we consider elements in Y; also as a;-quasiperiodic functions
on Q. There holds ker(L,,) = {¢e™"*" | ¢ € Y;}, we denote the dimension by m; :=
dimY; = dimker(L,,). In every space Y; we choose a basis {¢1,...,0m,;} C Y]

as follows: We fix an inner product (-,-)y, and consider the self-adjoint eigenvalue
problem to find A € R and 0 # ¢ € Y such that

We denote the eigenvalues by A, ;, £ = 1,...,m;, and the eigenfunctions by ¢ ;,
¢=1,...,m;, normalized such that

<¢€,j7¢£’,j>Yj = 5@74/, €,€/:1,...,mj.

The following lemma translates Lemma 3.4 of [17] to the Maxwell system. We
recall the short and simple proof.

Lemma 3.4 (Orthogonality). The spaces Y; are orthogonal with respect to the form
Q: There holds Q(u,v) =0 for u € Y; and v € Y}, whenever j # j'.

Proof. We evaluate the expression F,, of (3.3) for two weights n,(-) = 7n(-) and
n2(+) = n(-+2mwey). We evaluate F,,, with the weight 7, by a substitution, using that
u is o quasiperiodic and v is ay quasiperiodic. The fact that F, , is independent
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of the weight 7 implies F,, = e*™ e ?m F, . This implies F,, = 0 and thus
Q(u,v) = 0. O

In order to shorten formulas in the subsequent text, we re-arrange the basis func-
tions into a set {¢¢[¢ =1,..., L} where L := >, ;m;. In the following, when we
write ¢ with a single index as in the expression “¢,”, we refer to one of the above
functions ¢ ;. With the corresponding eigenvalues A\, we can formulate: Assump-
tion 3.1 is satisfied if, and only if, Q(¢e, ¢¢) = A¢ # 0 for all £ = 1,..., L. Lemma

3.4 provides, in particular, that the family of functions (¢,), is linearly independent.

3.6. Solutions with decay, v € H(curl,2). We can now formulate the existence
and uniqueness result in H(curl,§2). This result gives the unique existence of a
decaying solution for right-hand sides that satisfy an orthogonality condition.

Theorem 3.5 (Existence and uniqueness of H (curl, Q2)-solutions). Let S, €, p, w be
as described after (1.1) and let Assumption 3.1 hold. We assume that the right-hand
side functions fe, fn € L2(2,C3) are orthogonal to the propagating modes (¢¢); in
the following sense:

(3.13) /{§f6~curl@—iwfh~@} =0 forevery (=1,...,L.
Q

Then there exists a unique solution uw € H(curl,Q) of (1.4). There exists a constant
C > 0, independent of f. and fy, such that ||u||geuwo) < C (|| fellL2) + || fal ).

Proof. Step 1: Solvability. We use L, of (2.8) and y, of (2.9). We solve, for a € I,
the family of equations L,v(-, ) = y, of (2.10). This is done with Theorem 3.3,
Part 2., the only point that we have to verify is y, € L.(X). This is clear for
every o € A since, in this case, L,(X) = X. It remains to check it for the critical
values «j. Once this is checked, estimate (3.11) yields also that the solutions satisfy
veL*(I,X),even v e L™(I,X).

For fixed j < J and fixed ¢ < my, we consider the basis function ¢, ; € ker(L,,)
and the «aj-quasiperiodic function ¢y () := ¢y j(x)e’** € Y;. For notational con-
venience, we perform the calculations for the case f;, = 0. Startlng with the orthog-
onality information (3.13), we find

1 _
0= / —fe - curl ¢y ;

= Z / (x4 2mmey) curl ¢ (x + 2wme, ) do

meZ
= Z/ (x4 2mmey) e PT4™ curl ¢y (z) da
MmeZ
:/ s(x)_l(FFBfe)(x,aj) curl ¢y ;(x) dz
w
- <yaja SOE,]'>X)

where the last step uses the definition of y,;. The calculation provides that ya,;
is orthogonal to the kernel of L, . Since L, is a self-adjoint Fredholm operator
with index 0 by Proposition 2.1, we conclude that y,, is in the range of Ly, (kernel
and range are orthogonal for self-adjoint operators, the vanishing index implies that
kernel and range span the entire space). This yields y, € Lo (X).

The result y, € Lo(X) for a = 1/2 implies the same result for « = —1/2, because
the operators L, and the right-hand sides ¥, coincide. To have the family y, defined



12 Maxwell’s equations in periodic waveguides

for all & € R, one can extend the family periodically outside I = [—-1/2,1/2]. The
calculations for f;, # 0 are completely analogous.

Step 2: Bounds on the solution. Theorem 3.3 implies a bound (uniform in «) for
Vo := v(+, ), namely sup,, [[va]|x < Csup, [||¥allx + [|0avallx]- We note that
1Yallx = sup {(¥a, d)x ||0]lx =1}

< O ((Fesfo) - )l 2wy + 1(Fesfa) (- @)l L2w))

and d
HaayaHX :Sup{%<yaa¢>X }
0
<C > | I(Fenfe) )2 + 8_a<]:FBf#)("a) :
#eleh) L2(W)
As in [17], * the

argument for this fact exp101ts that good decay properties of fu 1mply good regu—
larity properties of Frpfyx. We can therefore define u by the inverse Floquet-Bloch
transform,

u(x + 2mwley) = /v(z,oz) et2agn s eW, (e,
I

As discussed above, u € H(curl, Q) is a solution of (1.4). Furthermore, since Fgp is
an isometry,
o)

This provides the a priori estimate. O

lilr oy = el < suplloCa)lk < € (£l

3.7. The radiation problem. In order to formulate the radiation problem, we
introduce cut-off functions p, and p_.

Definition 3.6 (Cut-off functions py). We say that po,p— : R — R are admissible
cut-off functions when they are Lipschitz-continuous, satisfy p+(x1) € [0, 1] for every
x1 € R, and the limiting behavior is

pi(x1) =1 for x1 =00, pi(x1) =0 for zy — —o0,
p_(r1) =0 for vy — o0, p_(x1)—1 for 1 — —o0.
Moreover, we demand specific decay properties: 1—p, € L*(Rsg) and p € L*(R-),

and, analogously, 1 — p_ € L*(R) and p_ € L*(Rso). Additionally, for the deriv-
ative, we demand 0,,p+ € L*(R).

We fix admissible cut-off functions p4 as in Definition 3.6. For every ¢ < L, we say
that the mode ¢y is right-going when Q(¢y, ¢¢) > 0, we say that it is left-going when
Q(be, d¢) < 0. Note that, when @) is non-degenerate, these are the only possible
cases. For every ¢ such that ¢, is right-going, we set p, := p,, and for every ¢ for
which ¢y is left-going, we set p, := p_. As with other functions in one real variable,
we regard also p1 as functions on €2 through pi(x) := pi(x1).

Definition 3.7 (Propagating part and radiation condition). For fized cut-off func-
tions py as above, we introduce the following decomposition of solutions wu.

(i) Propagating part. For complex coefficients (as)1<i<r, we say that

L
(3.14) uPP = Z g pe Qe
—1
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is the propagating wave function corresponding to a € CF.

(ii) Radiation condition. We say that a solution u € Hy,e(curl, Q) of (1.4) satisfies
the radiation condition, when there exists a € C* such that, with the corresponding
propagating wave function uP*? of (3.14), there holds

(3.15) u™ =y — uP™P € H(curl, Q).

Some comments on the choice of the scalar product on Y; are appropriate at this
point. Recall that we chose an inner product on Y; after equation (3.12). The
basis functions (¢,), and, hence, the radiation condition of Definition 3.7, depend
on the choice of this scalar product. In general, also the solution depends on the
scalar product; this is in agreement with physics since different limiting absorption
settings lead, in general, to different radiation conditions and different solutions.
This is discussed in the scalar case in [17], see also Subsection 6.1.

Remark 3.8 (Choice of cut-off functions). Below we show, for fized cut-off functions
p+, the existence and uniqueness of a radiating solution. Nevertheless, when p4 is
replaced by another admissible pair p+, the coefficients (ag), remain unchanged as
can be seen with formula (3.17).

For the two corresponding solutions u = u™ + uP™P and @ = @4 + aP™P, the
difference is a solution to the homogeneous problem and it satisfies u — @ = (u™d —
@) 4 (yPror — PPy = (urd — gy £ SN ay (pp — o) e € H(curl, Q). We can
therefore conclude u = @ from Theorem 3.5.

Without loss of generality we can therefore choose in the following p+ such that,
for some R > 0, there holds Oy, ps(x1) =0 for |x;| > R.

Theorem 3.9 (Existence and uniqueness of solutions to the radiation problem).
Let S, w, €, u be as described after (1.1) and let f. and fy be as in (1.5). Let
Assumption 3.1 be satisfied and let admissible cut-off functions (pg)e be chosen as
in Definition 3.6. Then (1.4) has a unique solution u € H..(curl, Q) satisfying the
radiation condition of Definition 3.7. For a positive constant C = C(S, e, p,w, p+)
the solution components uP*P, u™ and a € C* of the radiation condition satisfy

(3.16) (|| rr(cure) + [P lw | mreany + llallce < C (| fellz2) + 11 fallr2@) -

The coefficients (ay)1<i<r are given by

21 )
(3.17) ag = WM (" fe, curl @) r20) — (iw fn, o) r20)) -

Proof. The strategy of the proof is very direct: We want to apply Theorem 3.5
to find u™! as described in the radiation problem. In order to apply Theorem
3.5, we must make sure that the right-hand side of the u"%-problem satisfies the
orthogonality condition (3.13). As mentioned in Remark 3.8, we can assume that
the cut-off functions py are chosen such that they are constant outside of some
bounded interval, i.e., the functions p, have compact support.

We want to find coefficients a = (ay)s, such that, with «P™P defined by a, the
equation for u™¢ has a right-hand side that satisfies the orthogonality condition.
We will see that the coefficients a of (3.17) have this property.

rad

Step 1: Equation for u**. We derive, for fixed coefficients (ay),, the equation for
u?d =y — yP"P =y — 25:1 ag pe ¢¢. Equation (1.4) yields, for ¢ with compact
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support,

1 _ _
/ {— curl v - curl ¢ — w?pu™ - ¢}
o L¢E

L

= — Zaz/ﬂ {é curl(pg ¢) - curl ¢ — w?pu py dy - 95}
=1

+/Q{éfe-curl¢—iwfh-¢} )

We next re-write the terms in the first integral on the right-hand side. We exploit
the homogeneous equation which is satisfied by ¢,. With this aim, we calculate

1 - 1 - 1 _
/ —curl(pg ¢y) - curl p = / —pecurl ¢y - curl ¢ —|—/ —py (€1 X @) - curl ¢
Q¢ Q¢ Q¢
1 - 1 - -
= / . curl ¢ - curl(pe) +/ gp2 e+ [ X curl g — ¢ x curl ¢y] .
Q Q

We recall that ¢, solves (1.4) with vanishing right-hand side; the test function is the
compactly supported function py¢. This leads to the cancelling of lower order terms
and we arrive at the following equation for 1™

1 - _
/Q {g curl v - curl ¢ — w?pur™d (;5}

- 1
(3.18) :—Kzlag/ﬂgp/gel- [0 x curl ¢ — ¢ x curl ¢

—i—/g{%fe-curl¢—iwfh-¢} )

We note that the terms containing p, are compactly supported, accordingly, the
right-hand side of this equation has the property of fast decay that is required in
Theorem 3.5.2

Step 2: Orthogonality condition. It remains to choose (ay), such that the orthog-
onality condition (3.13) is satisfied. We use, for arbitrary k& < L, the test function
¢ := ¢y, in (3.18). Using F,, of (3.3), the integrals containing pj are equal to

1 - T . :
/Qgpz €1+ [ x curl g, — dp X curl ¢y| = —i Fy, 4, 81gn/ pp(x1) day
R

= —% |Q(d¢, 1) s

where we used (3.5) and [ pj = sign(Q(¢y, ¢¢)). The right-hand side of (3.18) for
¢ := ¢y, is therefore

Zaz ’Q ¢£,¢k)|+/ {éfe'curlﬁgk_iwfh'qgk} :

Using finally |Q(¢g,¢k)\ = |Q(¢k, Pr)|0ke, we conclude that, with (as), chosen as
in (3.17), the right-hand side of (3.18) vanishes for every ¢ := ¢,. We can apply
Theorem 3.5 to find v, This yields a solution of the Maxwell radiation problem
together with the estimates of (3.16). O

2The right-hand side in the equation for 4% contains the curl of the test-function, but it also
contains the test-function itself. At this point we see that it was useful to include the right-hand
side f5, in the original system.
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4. TWO SPACES OF HOMOGENEOUS SOLUTIONS

The space Y. Let us first recall the spaces that were used in the above construc-
tions, based on Assumption 3.1. The space Y; of (3.12) consists of a;-quasiperiodic
homogeneous solutions, we recall a; € (—1/2,1/2]. When we take the span of all
the Floquet modes, we obtain the space

J
(41) Y = @Y; C H(ewl, W), identified with Y C Hige(curl, Q).

j=1

The identification is done by considering every «j-quasiperiodic function on W also
as an oy -quasiperiodic function on Q. The space Y has the basis {¢¢|{ =1,...,L}
with the orthogonality property Q(¢y, ¢p) = 0 for £ # 0.

We observe that, by the orthogonality of Y; with Y; for ¢ # j (see Lemma 3.4)
and by the choice of a basis in each Y}, the functions ¢, are linearly independent.
In particular, the dimension of the space Y is L > 0.

The space B. Let us consider another space, the space B of bounded solutions.
That space was extensively used in [25] (where it was named X ). In order to impose
a boundedness property, we introduce the norm [|Ul|sz := sup,corz |Ulw, ||L20w,)
for functions U € L2 _(Q), where W, = (r,7 + 27) x S. The space of bounded
homogeneous solutions is defined as

(4.2) B := {U € Hpp(curl,Q) | U solves (1.4) for fo = fr, =0, |[|U]|sz < o0} .

It is clear that every quasiperiodic homogeneous solution is a bounded homoge-
neous solution: ¥ C B. Our aim is to show that the spaces Y and B actually
coincide. When this is shown, we know that every bounded homogeneous solution
of Maxwell’s equations is a linear combination of Floquet modes.

Theorem 4.1 (Characterization of bounded homogeneous solutions). When As-
sumption 3.1 holds, the spaces Y of (4.1) and B of (4.2) coincide:

(4.3) Y = B.

Proof. Step 1: Preparations. The inclusion Y C B is clear, since every Floquet
mode has finite sL-norm. We know that Y has the dimension dimY = L since Y
is spanned by (¢¢)1<i<r. In order to show B =Y, it is therefore sufficient to show
dim B < L.

In this proof, we use a solution to the Maxwell radiation problem. For an arbitrary
M > 0 we choose the cut-off functions py so that the support of p/, is contained
in (—M, M). For arbitrary R > M, we furthermore use the piecewise affine cut-off
function vp : R — [0,1] with ¥g(s) = 1 for every s € [—R, R], Jg(s) = 0 for
|s| > R+ 2w, and linearly affine on [-R — 27, —R] and on [R, R + 27|. We interpret
Vg also as a function on 2 by setting Vg(z) := Jr(z1).

Let us recall the statements of Theorem 3.9. The theorem provides, for f, and
fn in the space L?(€), C3) defined in (1.5), a solution u = uP™P + u™d where uPP
is given by coefficients (a,), that are determined in (3.17). The coefficients (ay),
depend linearly and continuously on f. and f;,. We will use these facts for f = f,
and f. = 0.

We consider an arbitrary element U € B. Our aim is to show that U can be
written as a linear combination of the functions (¢y)1</<r. When this is achieved,
we know dim B < L and the proof of the theorem is complete.
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Step 2: The scalar product of an element U € B and a test-function f. We choose
a test-function f = f, € L?(Q) with compact support. This proof is based on the
evaluation of the L?(Q)-scalar product (U, f).

We use Theorem 3.9 and consider the solution u = uP™P + u**d of system (1.4),
the radiation condition introduces coefficients (ay)1<¢<r. The right-hand side of the
system is f, = f and f. = 0. Using Uty as a test-function in (1.4), we find

(4.4) / {lcurlu@url(UﬁR) — Wi - UﬁR} = —iw/ f-Udr = —iw/ f-u,
o l€ Q Q

where the last equality holds for R large enough such that the support of f is

contained in Q.

We now re-write the left-hand side of (4.4). We want to exploit that it coincides,
up to a complex conjugation and terms involving derivatives of ¥z, with the weak
equation for U (which has the right-hand side f. = f, = 0) for the test-function
utg. With a calculation as in the proof of Theorem 3.9, Step 1, we find that the
left-hand side of (4.4) coincides with

1 1 — —
— = [(curlu x U) = (curl U x u)] - &
21 Wg 3
1 1 — —
- — = [(curlu x U) — (curl U x u)] - €1,
27r W_pr—2x €

where W, = (r,r 4+ 2m) x S.
We now use the decomposition u = uP™P + u4. We write G(R) for all contribu-
tions of u™. In the limit R — oo holds G(R) — 0, since contributions of u™ vanish

by the decay of u™4. The contributions of uP™P = 25:1 ag pe ¢y are independent of
R for R > M. The left-hand side of (4.4) reads

L
R) + ;ae SignQ(Cbz,Cbe) % /[/VZ(R) é [(curlqbg X U) — (curlU X ¢€)] e,

where W(R) = Wy for £ with \; = Q(¢¢, ¢¢) > 0, and W (R) = W_g_, for £ with
Ao = Q(¢¢, d¢r) < 0. Altogether, we obtain from (4.4) the relation

(4.5) ) + ZCZ ar = —iw (f,U) 20

where the complex numbers ¢ depend on U and R, but not on f. These numbers
are bounded by the boundedness property of U. We choose a subsequence R — oo
such that all the coefficients ¢ converge along the subsequence, cff — ¢, for every
(. In the limit R — oo, relation (4.5) yields

L

(4'6) <f7 U>L2(Q) = ézcz Gy .

=1
By inserting a, from (3.17), we obtain
N omi

=
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Since f was chosen arbitrarily, this relation determines U. We find

4.8 U= Cy ¢

(48) Z G% ¢z)|

This shows that the arbitrarily chosen element U € B can be written as a linear
combination of the functions (¢¢)i1<¢<r and concludes the proof. O

5. A COMPACTLY PERTURBED MEDIUM

This section is devoted to more complex media, we recall that a medium is rep-
resented by the coefficients ¢ and u. We assume that outside a compact subset of
Q, the coefficients coincide with 27-periodic functions (as considered above). But,
within a central region in €2, the coefficients can be arbitrary positive functions.
We denote this situation as “a compactly perturbed medium”. Let us turn to the
concise mathematical description.

For some R > 0, we use the cylinder Z := Qr = (—R, R) x S and assume

(5.1) Epert = € — e , Ppert = f4— G » supp(q:) , supp(q.) C 7,

where € and p have a positive upper and lower bound and are 2m-periodic. We
always demand that Assumption 3.1 holds for € and p. Regarding the perturbed
coefficients, we also assume that et and fipert are of class L>(§2) and have a positive
lower bound. System (1.1) with the coefficients epert and pipert can be written as

curl H + iwe F = iwq. E + f.,

(5.2) —cwl £ +iwp H = iwq, H — f.

We seek for solutions (E, H) of this system. In Section 3, we imposed only a
radiation condition on H. In the formulation (5.2) as a coupled system, one would
rather expect a radiation condition for both variables as formulated in (5.3) below.
Actually, the two formulations are equivalent since, outside a compact set, the field
E can be calculated from H by taking the curl.

We follow the procedure of Definition 3.7. We use the cut-off functions p, of Def-
inition 3.6 and assume that the support of 0, p+ is contained in Z. Here, regarding
the equation as a system, the propagating solutions to the homogeneous system with
periodic coefficients are denoted as ¢, = (E;, Hy). The radiation condition demands
that, for some coefficients (a,)1<¢<, € C¥, the solution (F, H) has the form

(5.3) (B, H) = (E™ H™) + > " a;pe (Er, Hy),

(=1

and that the first part satisfies (E™4, ™) € Hy(curl, ) x H(curl, Q).
Our first aim is to write this system in a compact form. In this section, we use

the notations X := Hy(curl, ) x H(curl,Q) and Y := L?(Q, C?) x L*(Q,C?) and
= (B H*) e X, fi=(fo—f) €Y, ¢¢:=(E,H).
We introduce the operators D : X — Y and {,Q:Y — Y,

. 0 curl (e 0 (g O
D'_<—Curl O)’ g'_(0 u)’ Q'_(O qu)'

With this notation, equation (5.2) takes the form
(5.4) (D+iwé)u=iwQu+ f.
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The propagating waves are solutions to the homogeneous system; in the new nota-
tion, this condition reads (D + iw )¢, = 0 for every £ < L.

With the decomposition (5.3) of u, we can write the differential equation (5.4)
in terms of the unknown ™. Using the abbreviation ¢, := (D + iw &)(pec¢), the
equation takes the form

L
(5.5) (D + iw &)ur Zaggo = iwQu™ + szae (pede) + f.
=1

We note that the functions Qu**! and Q(p,¢y) are supported in Z = Qp since the
application of Q is a multiplication with a function with that support. Furthermore,
@y has support in Z since ¢ is a solution and Vp, has support in Z. On f we assume
the fast decay f., fn € L%(, C3).

It is our first aim to show a Fredholm property: if (5.5) posesses no nontrivial
solution (u™d a) for f = 0, then (5.5) posesses a unique solution (u™4,a) € X x CF
for every right-hand side f € L2(,C3?) x L%(Q,C3). Since (5.5) is equlvalent to
(5.2), this shows also the Fredholm property for the original Maxwell system in a
perturbed medium.

We recall from Theorem 3.9 that, in the unperturbed case Q = 0, system (5.5)
has a unique solution pair (u™9, a).

5.1. Helmholtz decompositions and reformulation. We use several Helmholtz
decompositions. In Appendix A, the decompositions Hy(curl, Q) = DE) ¢ GE) for
the electric field, and H(curl,Q) = D) @ G for the magnetic field are given;
they differ in the weight (¢ and p, respectively) and in the boundary condition for
the potential. When we apply these decompositions to the product space X =
Ho(curl, Q) x H(curl, §2), we find the decomposition

Accordingly, an element ™! € X is written as v = w9 + 49, An element

uBd € Xg is of the form vl = (Viog, Vioy) with ¢p € Hl( ) and ¢y € HY(Q)
where we refer to Appendix A for the definition of the space H'().

Regarding right-hand sides and the space Y, we need another decomposition.
Below, we introduce a decomposition Y = Yp @ Y5 and write

(5.7) f=fe—fr) €Y =L*QCH» =Yp Y.

Accordingly, we write an element f € Y as f fD + f& On Y, we use the scalar
product defined by (f,9) = ((fe:—fn): (ges —gn)) = [qe ' feGe + 1! fugn- The
subspace Yy is defined as a space of gradlents more precisely, an element f¢evy
has the form f¢ = (eVig, uViy) with g € HH(Q) and vy € HY(Q)). The
subspace Yp is the orthogonal complement of Y in Y. In particular, f2 € Yp has
the property that its components satisfy [, f2 - Vg =0 and [, fP - Vioy = 0 for
all Yy € HY(Q) and vy € HY(Q).

In Equation (5.5), we write ™! = 454 + 34 for the unknown. Furthermore, we
project the equation to the two subspaces Yp (with projection 7)) and Yg (with
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projection 7). We find the following system, equivalent to (5.5):

7H(D 4w &R + 7h(D 4w E)ul? + Zaerw
(5.8)
= iwrhQuRt + uld) + inagwﬁQ(pgqﬁg) + 75f,

1o (D +iwupt + mg (D +iw ug? + Zam@w
(5.9)
= iwrg QuEt + uld) + ’iwzagﬂ'gQ<,Oe¢g) + TG f.

These equations simplify considerably when we use the following facts: (i) Duid =
0, since the curl of a gradient vanishes. (ii) WD(furad) = 0 and 7% (Eud) = fur"‘d
because of &uldd € Yg. (iii) 7h(Eund) = &udd and 7l (€uts) = 0 because of furad €
Yp. (iv) nhDutsd = Dutsd and nf Du's? = 0 since every curl is L*-orthogonal to
gradients. In this last point, one has to be careful: The first entry is of the form
(curl H*4, eVhp) /e = (curl ™, Vpg) 2 = 0 because of ¢ € Hj(€). The second
entry is of the form (— curl B, uVipy )y, = (— curl B, Vipy )2 = 0 because of
the boundary condition £ x v = 0, encoded in E™4 € Hy(curl, Q).

Omitting the corresponding terms, system (5.8)—(5.9) takes the equivalent form

(D + iw E)ul3d + ZCLNTDW

(5.10)
= jwrpQust + dwrpQuiRd + inaNTgQ(pg¢g) + 75f,
L
iw o (Eusd) + Zawrgw
=1
(5.11) .
= Wy QuiEd + iwThQuisd + inawrgQ(pggbg) + 7o f.

/=1

We will see that (5.10) is a Maxwell system, while (5.11) is a Poisson problem.

5.2. Solution of (5.11). Our aim is to solve the second equation for u}3¢, assuming

that v} and (ag), are given. We have to study the problem
(5.12) iwrg (€ — QuiEY) = g € Yo C L*(Q,C%)?2%.

Solving (5.12) means that we want to achieve that the Yg-part of the function
iw (€ — Q)utdd — g vanishes. This is the case if, and only if, iw (£ — Q)uid — g is
Y- orthogonal to the subspace Y. Equation (5.12) is therefore identical to

(5.13) / (iw(€ — Qu) - (Vo Vipr) = / 9- (Von Vou)

for all (¢p, i) € HE(Q)x HY(Q). Recalling 3¢ = (Vig, Viby) shows that this is a
Poisson problem for (¢, ¢y ), which is unlquely solvable because of strict positivity
of £ — Q, see Lemma C.1. Note that we impose a Dirichlet boundary condition for
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Y g, while we impose no boundary condition for ¢y (leading to a Neumann boundary

condition).
The construction provides a solution operator for equation (5.12),
(5.14) G:Ye > g udd= (Vg Viou) € Xg .

This operator is linear and bounded.

5.3. Solution of (5.10). We know that the solution of (5.11) is given by

L L
upd =g <zw T QU + jw Z ar 7 Qpete) + TH f — Z ayg 7T1G/§0z) )
=1 =1

and can insert this expression into (5.10). Writing now u4p for the unknown, the
remaining equation reads

(5.15)

L
(D+iwé)up + Zawrggpg = jwnpQip + inagﬂgQ(pggbg) + 7o f
=1 =1

L L
+ iwTh QG <iw 75 Qiip + iw Zag 76 Q(pee) + T f — Zag ngpg) .
=1 =1

Our next aim is to construct a map that is closely related to this equation. We
want to map a pair (u@?,a®) € L*(Z,C3)% x CL to a new pair (u%%,a""V) €
L*(Z,C?%)? x CE. Let us give the construction of the map. In a first step we seek
for (WY, a™") € Xp x CF that solves

(5.16) (D +iw&)us™ + Za“ewwgw = f

in €2, where the right-hand side is defined as

f ZW?TDQUOId —w WDQgﬂ'GQuOld—i— sz old Y (petde)
(5.17)

L
+ g (i3 Z T Qo) - D at e ).

/=1

We claim that the existence and uniqueness result of Theorem 3.9 allows to solve
equation (5.16). Theorem 3.9 provides a solution @ = @4 + aP™P of (D + iwé)u =
f (we show below that f € L2(Q,C?)? is satisfied). Then (D + iw)aP™? =
ZeL 1 a7 @ for some coefficients ay®V. Decomposing @ = Up + U, the pair
(uD,a?eW) solves (5.16). Indeed, (D + iw)ug € Yg, since the curl of a gradient
vanishes and ¢ maps from Xg to Yg. Therefore, (D + iwé)ap = (D + iwé)ip =
5 (D + iwe) i = 15 f — 7h(D + iwé) i = f — w5 (D 4 iwé) TP, which shows
that (p,a)®™) solves (5.16).

The comparison of (5.16) with (5.15) shows that we added the superscripts “new”
on the left-hand side and the superscripts “old” on the right-hand side. Furthermore,
we have omitted the terms containing f in the definition of f. The function up”
L*(Z,C3) is defined as the restriction of 4¥% to Z,

new ., ~new
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This concludes the construction of the iteration operator
(5.18) T :L*Z,C°)? x C" 3 (up',a”™) = (up™,a™") € L*(Z,C%)? x C*.
Below, we will show that T is compact. While such a property is not unusual for
solution maps, it can only be expected when the underlying domain is bounded.
This is why the restriction to the bounded set Z is crucial in our construction.

We note that the definition of f in (5.17) uses the input variable u%¢ only with
a factor Q. This shows that the restriction of the unknown to the domaln Z is not
related to a loss of relevant information for the iteration.

Lemma 5.1 (The iteration operator). We assume, as before, that ¢ and p are real,
of class L>®(W), with a positive lower bound. Then the operator T of (5.18) is
well-defined and compact.

Proof. The fact that T is well-defined relies on a property of 7},. In the definition
of f we have to evaluate the projection 75 for an argument that is a compactly
supported function. When we identify a function that is supported on Z with its
trivial extension, we can regard L*(Z,C3)? as a subspace of L?*(€2, C?)%. With this
convention, we claim that

(5.19) 5 o LA(Z,C*)? — L*(Q,C?)?

is a bounded linear operator. Once this is shown, by definition of f in (5.17), it is
clear that T is well-defined.

In order to show (5.19), we have to recall the construction of 7). The projection
acts on a function f = (fe, fn), and the two components are treated independent
of each other. Regarding the first component, we want to find, for f, € L*(Z,C?)
with support in Z, the projection onto D). This projection is given by f. — eV,
where 1 € HZ (€, C) solves the problem

/5V¢~V(]§z/fe~V<5 for all ¢ € Hy(9).
Q 0

Solutions v of this equation have exponential decay of Vi) for |z1] — oo, which is
shown in Lemma C.1 of Appendix C. In that lemma, also the Neumann problem
is treated and, hence, an analogous result holds for the projection of f,. These two
facts provide (5.19).

Compactness. In order to show the compactness of 7, we have to recall the
last step in the construction of 7: A function u@? € L?(Z,C3) is, in the main
part of the construction, mapped to a function @™ € Hye(curl, Q) which is the
solution of a radiation problem. When we restrict «5" to any bounded subdomain
Qr = (—R,R) x S, then the map L*(Z,C?) > u%d = U5V q, € H(curl,Qp) is
bounded.

We choose R large such that Z is contained in 2z, and a cut-off function n € C?(Q)
depending only on z; such that n(x) =1 for x € Z and n(z) = 0 for x € 2\ Qp.
With this construction, the map

T L*(Z,C%) > udt v @™ n € L*(Qg, C?)
is bounded. Furthermore, for bounded arguments u3?, both, the curl of the right-
hand side 5™ 7 and the divergence of (ully™ n are bounded in L?(Qg). This follows
from the facts that the divergence of (5" vanishes and that the curl of @™ (that
s, D@™) is bounded in L?. The first component of 4™ n satisfies a (tangentlal)

D1r1chlet condition on all boundaries of g, the second component satisfies a Neu-
mann condition. Lemma A.2 can be used to obtain compactness of the second (the
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magnetic) component of u, Lemma A.2 with the spaces of (c) yields compactness
of the first (the electric) component. We note that the lemma remains valid when
W = (0,27) x S is replaced by Qg. This yields the compactness of 7', and hence
also the compactness of 7, which is given by the further restriction of the function
to Z. O

In order to include the given right-hand side f of (5.7) into the equation, we
finally define (a3, a°) € X x C* as the unique solution of
L
(5.20) (D +iw)ug, + Zaz’ Thee = Thf + iwmpOGnl f
=1
on 2. We refer to the discussion after (5.16) for the fact that the existence and
uniqueness Theorem 3.9 provides a solution to this equation. We set ug, := a9, |.
Let us not forget that we are interested in the Maxwell equations in a locally
perturbed periodic medium, i.e., in (5.2). The first part of this section was devoted
to an equivalent re-formulation of this system. The result was that (5.2) is equivalent

to equation (5.15). We now claim that (5.15) is equivalent to the following problem
for (up,a) € L*(Z,C?)? x CF:

(5.21) (up,a) = (up,a’) + T(up,a).

Let us verify this claim. To this end, we first consider a solution (up,a) to
(5.21). We use (a9, a°) as constructed in (5.20) and the function (a5%,a"") from
the definition of T (up,a) for (u@?, a®?) := (up,a). We claim that (ip,a) := (a$ +
wEY, a® + a™v) is a solution of (5.15).

In the subsequent calculation, we use the definition of (@p, a) in the first equation,
the definition of (@, a°) and (5.16) in the second equation, and the definition of f
in the last equation. We obtain

L L

(D+iw)ip + Y armhpr = (D +iwd) (@Y +ap) + > (af™ +af) mher

=1 =1

= [ + 7pf + iwnpQGnf

= iwT,Quipt + w? T QGTE Quat + szaOld 759 (peche)

— ZWWDQZ ldg(mng(pm) —Wgwg) + ng + iwﬁgnggf.

From (5.21) we ﬁnd u%d = WXV z + 13|z = Gplz and a? = @}V + by = a,. This
shows that (@p,a) is a solution of (5.15).

Vice versa, let (iip,a) be a solution of (5.15). By the definition of T, it is clear
that (up,a) with up := @plz is a solution of (5.21).

We have shown that the system with a locally perturbed medium is equivalent to
(5.21), which is of Fredholm type: The operator that acts on the unknown (up,a)
is of the form id — T (identity plus compact) by Lemma 5.1. We therefore obtain
Fredholm’s alternative for equation (5.5), and thus for (5.2). In particular, there
holds: If the homogeneous system admits only the trivial solution (u™4,a) = (0,0),
then system (5.2) has a unique solution (u™4,a) € X x C for every right-hand side.

In the proof of the subsequent theorem, we show that any solution (u™?,a) €
X x CF of the homogeneous system (5.2) is necessarily radiating, i.e. a = 0. This
property implies that Fredholm’s alternative can be formulated in a strengthened
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way: If the homogeneous system admits only the trivial solution in L2-spaces, then
system (5.2) has a unique solution (v, a) € X x C* for every right-hand side.

Theorem 5.2 (Fredholm alternative for perturbed media). Let S C R? be a bounded
Lipschitz domain and let w > 0. Let the coefficients p,e € L>®(QQ) have positive
lower bounds and let them be given as compact perturbations of periodic functions
with positive lower bounds. We demand that Assumption 3.1 is satisfied for the
periodic medium. Furthermore, let the homogeneous perturbed system, i.e. (5.2) for
fe = frn =0, admit only the trivial solution in Ho(curl Q) x H(curl, Q). (In other
words: Let w? be not in the point spectrum of upert curl(e, pert curl).) Then there exists
a unique radiating solution to (5.2) for every (fe, fn) as in Theorem 3.9.

Proof. We consider a solution (u™,a) € X x CL of the homogeneous system (5.2)
and want to prove a = 0. In this proof, we will work again with the magnetic
field only. To avoid confusion with the pair u = (E, H), we set v = H* and
pPTOP — Zle appe @¢. It is our aim to show that vP™P vanishes.

The form ) was defined in (3.4), we modify this definition and set

~ 1
Qr(u,w) := Z/ [(curlu x @) — (curlw x u)] - e,
Wy Epert

where W, = (r,7+ 2m) x S. Note that we made the position r variable and that we
replaced the periodic coefficient € by the perturbed coefficient epet. As in (3.3) for
the periodic case, one shows that Qr(u, w) is independent of r € R for solutions u
and w of curl(e;, curlu) — w?ppercu = 0.

We insert v = 0™ 4 PP in Q,(v,v). Because of v € H(curl, Q) and the
uniform (with respect to ) boundedness of ||vP*P|| g(eun,w,) We conclude that

Q- (v,v) — Q. (VPP YPIOP) = z/
W

+ (curlv™ x vPTP) — (curl vProp x prad)

[(curlv™! x vrad) — (curlorad x pad)

€ pert

+ (curl vPP x prad) — (curl prad x vpmp)} ey

tends to zero as |r| — co. We consider r > R such that epe coincides with € in W,.
From

Qr(bey, b y) = €2 Qs bp 1) = 64 boer Q(Dej, beg)

B ) = 57 5 Ja

Jj= 15/\43>0

In the same way, for 7 < —R — 2m, we have Q,(vP™P vP™P) < 0. Since Q,(v,v)
is constant with respect to r, we conclude that @,(v,v) has to vanish. This also
implies ay; = 0 for all £, j and hence vP*P = 0. U

follows

¢€,j> ¢£,]) Z 0.

6. CONCLUDING REMARKS

6.1. Limiting absorption principle. In a limiting absorption principle, one stud-
ies the original problem, in our case (1.1) with real coefficients € and u, and adds a
term that introduces physical absorption of energy. In our setting, a natural choice is
to replace € by the complex (still z-dependent and 27-periodic) parameter e+ino /w,
where 7 > 0 is a small real number and o € L*°(2) is a positive 2m-periodic function
describing the conductivity of the medium. With this choice, 1 is a parameter for
(small) ohmic losses in the system.
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The new system is solvable with the Lax-Milgram lemma, the new sesquilinear
form is coercive for positive 1. Denoting the corresponding solutions by E"7 and H",
the relevant questions are: (i) Are the fields E7 and H" in every compact subset of
Q bounded in L?? (ii) Are all weak limits £ and H solutions to the original problem
(1.1) and do they satisfy the radiation condition? We say that a limiting absorption
principle holds, when both questions can be answered in an affermative sense.

For the Helmholtz equation in the waveguide geometry, a limiting absorption
principle has been derived in several works, we mention once more [10], [13], and
[17]. We note that [17] provides also the following fact: the form of the radiation
condition and also the solution can depend on the choice of . In view of these
results for the Helmholtz equation and, moreover, the method of proof in [17], we
expect that it is not difficult to show that the limiting absorption principle holds
also in the above sense for the Maxwell system (1.1). It is interesting to note that in
this case the inner product (-,-)y, used in the construction of the orthogonal basis
{pe;|€=1,...,m;} in Y] is given by

1 o _
(u,v)y, = — [ — curlu-curlv.
w Jw €

In particular, this inner product — and thus the radiation condition — depends on
the conductivity o.

6.2. Scattering problem. Based on the results of Section 5, one can also study
a scattering problem. Given a mode (E™¢, H™) = (E,;, Hy;), which is interpreted
as an incoming field, one is interested in a corresponding solution in the perturbed
medium, which is given by epery and fipert. The problem is to determine the total
field (E%t H*%) = (E™, H"®) + (£, H*) which satisfies (5.2) for (f., f») = (0,0)
such that the scattered field (E*, H®) satisfies the radiation condition. We observe
that (E®, H®) solves (5.2) for the (compactly supported) right-hand side

(fer fn) = (iwq-E™, —iwg, H™).
Theorem 5.2 can be applied and provides the solution (E*, H®).
We furthermore observe that also the situation of Section 4 can be considered

for the perturbed system (5.2). By almost the same arguments as in the proof of
Theorem 4.1, one can show that the space

{(E,H) € Hooc(curl, ) x Hype(curl, Q) | (E, H) solves (5.2) for
(fes f) = (0,0), | Ellsp + | H||sp < oo}
of bounded solutions coincides with the space spanned by the total fields (E}°', H;%)

£7j’
of the above remark.

APPENDIX A. HELMHOLTZ DECOMPOSITIONS AND COMPACTNESS

A.1. The unbounded domain (). In this part we investigate Helmholtz decom-
positions in H (curl, Q) and Hy(curl, 2). The letter “D” is used for the space with a
condition on the divergence, the letter “G” is used for the space that is related to
gradients. For the field E, we introduce

/aE-w:()forauweHg(Q)},
Q
G = {E € Hy(ewl, Q)| € H(Q) : E=Vi} .

In contrast to the use of the letter ¢) in the main part of this article, we now use
the letter for scalar functions, ¢ : 2 — C. The above definitions are such that

DE) = {EE Hy(curl, Q)
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the spaces are orthogonal in the space L?(€2,C?) with the weighted scalar product
(u,v) = [,eu- 0. Furthermore, since the (distributional) curl of a gradient always
vanishes, curl(Vy) = 0, the two subspaces are also orthogonal in H(curl, 2) with
the scalar product (u,v) = fgeu -0 4 curlu - curlo. By construction, D®) ig
the H(curl, Q)-orthogonal complement of G*), we therefore have an orthogonal
decomposition Hy(curl, Q) = D) g G,

The decomposition implies the following for solutions (F, H) of (1.3): Let f. €
L?(Q) satisfy [, fo- Vi = 0 for every ¢ € Hj(2, C). In this case, since the left-hand
side of (1.3) vanishes for ¢ = Vi) € GP), we find E € D&,

An analogous decomposition can be made for the magnetic field. We must be very
careful in the definition of G) since the space of gradients of H'(Q)-potentials is
not closed in H(curl, 2). Loosely speaking, every limit of gradients is again (locally)
a gradient, but its potential may fail to be in the space L*(€2). We therefore work
with the Hilbert space where integrability is demanded only for the derivatives,
HY(Q) == {v € L} (Q,C)|Vv € L*(Q)}, equipped with the inner product (u,v) :=

(u, v) 2wy + (Vu, V) r2(0). We use the closed subspaces
D) .— {H € H(curl, Q) ‘ / pH -V =0 for all ¢ € Hl(Q)} ,
Q
GU = {H € H(curl, Q) ‘ Ty e HY(Q): H = w} .

In the above definition, it is important to use H'(Q) in order to achieve that GU?
is a closed subspace. Let us verify that, indeed, G is closed. With this aim,
we consider a sequence (¢;); with ¢; € H'(Q) such that (Vi;); is convergent in
H(curl, Q). Upon subtracting a constant ¢; € C and using the sequence v¢; — ¢;, we
can assume the normalization fw 1; = 0. For this sequence and for arbitrary R > 0,
the restrictions 9;]q, are a Cauchy sequence in H'(Qg) by Poincaré’s inequality.
This implies that (¢);); converges to some ¢ € H. _(Q) locally. Since (V);) converges
in L2(€,C?) to some F, there holds F = V¢ and ¢ € H'(Q). We conclude that
G is closed as a subspace of H(curl, Q) and of L?(2,C?).

The spaces D) and G are orthogonal in L?(€2, C?) with the weighted scalar
product (u,v) = [, pu-v and in H(curl, Q) with the scalar product (u,v) = [, pu-
U + curlw - curl v.

Let f, € L*(Q) satisfy [, fn - Vip = 0 for all ¢ € H'(Q, C); this is encoding that
fn is divergence-free with v - f;, = 0 on 9€2. Since the left-hand side of (1.2) vanishes
for ¢ = Vi € G we find H € DWH),

The condition H € DY) includes a boundary condition for H. The fact that
wH is L*-orthogonal to gradients (without condition on the boundary values of the
potential) is the weak form of V- (uH) = 0 and v - (uH) = 0 on 0. Since u is a
scalar, we find v - H = 0 on 0f).

A.2. The bounded domain W. We study now Helmholtz decompositions for the
bounded domain W = (0, 27) x S, noting that all results remain valid for domains of
the form W = (ry,75) X S. Here, we are interested in different boundary conditions.
In particular, we have to investigate the boundary condition of a-quasiperiodicity.
For fixed a € R, we use the spaces H,(curl, W) and Hg,(curl, W) := {u €
H,(cur, W) |vxu =0 on (0,27) x 9S}. We are interested in different pairs of func-
tion spaces (X,Y). The four choices of interest are (a) (H (curl, W), H'(W)), (b)
(Ho(curl, W), H3(W)), (c) (Hoo(curl, W), Hj (W) or (d) (Hq(curl, W), HL(W)).
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In the following, the weight function p is either € or u. In all these cases, we have
the decomposition X = D & G with

D::{UGX’/ pu~Vw:Oforallw€Y},
W
G={ueX|IWeY: u=Vi}.

(A1)

The decomposition is orthogonal with respect to the scalar products (u,v) = fW pu-
v in L*(W,C?) and (u,v) = [, pu-v+curlu-curlv in H(curl, W). In the following,
our aim is to show that, in any of these cases, the space D is compactly imbedded
in L2(W,C3).

We start by showing compactness in Case (a). The following lemma and its proof
are almost identical to Theorem 4.7 in [23], a small difference concerns the spaces X
and X, in [23] which contain more information on the boundary data. We include
the proof for convenience and also since we expand the result afterwards.

Lemma A.1 (Compactness). Let p € L®(W) be bounded below by some positive
constant. Then the space

D = {uEH(curl,W)’/ pu-Vz/J:OforallweHl(W)}
w

is compactly imbedded in L*(W,C3).

Proof. Step 1: The case p = 1. We first treat the special case p = 1, in which the
space of interest is D = Dy with

D, = {u € H(curl, W)

/ u-V@b:Oforall@/JGHl(W)}.
W

Compactness of Dy can be derived from classical results. Let (u;);jen be a bounded
sequence in H(curl, W) with u; € D, for every j € N. In particular, the sequence
curl u; is bounded in L?(W, C?). Because of u; € Dy, there also holds that divu; =0
in W and v-u; = 0 on 0W. The control of curlu; and divu; together with
the boundary conditions imply compactness of the sequence w; in L?*(W,C?) by
Theorem 3.47 of [23]. Compare also Theorem 3.1 of [24]. This shows compactness
of Dy in H(curl, W).

Step 2: The general case. We now consider a general coefficient p € L>* (W) and
use further Helmholtz decompositions. Just as D and G are defined as subspaces of
X, we can analogously define subspaces in L?(W, C3?),

D> = {u € L*(W,C?)

/pu-v¢20fora11¢eH1(W)},
w
Grz == {ve L’ (W,C°)|Fp e H'(W): v=Vv}.

These are closed subspaces of L*(W,C3). We observe that D2 is the orthogonal
complement of G2 with respect to the (p-dependent) inner product (pu,v) 2wy in
L*(W,C?). Tt is important to observe that the p-dependent norms in H,(curl, W)
and L?(W, C?) are equivalent to the norms for p = 1.

We will use the two different decompositions as orthogonal direct sums: X =
D @ G for the space of functions with a curl, and, for L2-functions,

L*(W,C*) = Dp> & Gypo.

All corresponding projections are bounded; the boundedness of a projection is in-
dependent of the choice of the scalar product (with or without the factor p).
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In order to show compactness, we consider once more a bounded sequence (u;)jen
in H(curl, W) with u; € D for every j € N. We decompose u; with respect to the
decomposition that corresponds to p = 1, that is, using H(curl, W) = D; & Gy,
where H (curl, W) is equipped with the scalar product related to p = 1:

U; = vj + v¢] with (% S D1 and ’QD]' S Hl(W, (C) .
Since w; is bounded in H(curl, W) and since projections are bounded, the sequence
v; € Dy is bounded in H(curl, W). Step 1 yields that there exists a subsequence,

again denoted by v;, which converges in L*(W,C?). With this knowledge, we now
read the previous decomposition in the form

Uj = Uj — ij y
and note that this is a decomposition of v; in L*(W,C*) = Dy @ Gy2; we exploit
here that D is contained in Dyz. Since v; converges in L*(W, C?) and since the pro-
jection onto Dyz is bounded in the space L?(W, C?), we conclude that u; converges
in L?(W, C?). This concludes the proof. O

The choice of function spaces that was given as (b) can be treated with exactly
the same arguments. We obtain that the space

{u € Hy(curl, W) ‘ / pu-Vi =0 forall ¢ € H&(W)}
w

is compactly imbedded in L*(W, C?).

Our next aim is to generalize these result. Instead of demanding div(pu) = 0, we
want to impose only a boundedness property.

Lemma A.2 (Improved compactness). Let p € L®(W) be real with positive lower
bound. Let (u;); be a bounded sequence in X = H(curl, W) such that, for a sequence
(f;); that is bounded in L*(W), there holds

(A.2) /Wpuj~V<p=/ijso

for every ¢ € Y = HY(W). Then there exists a subsequence j — oo and a limit
function u such that u; — w in L*(W,C?).

The result remains valid for other pairs (X,Y), e.g.: (b) (Ho(curl, W), Hj(W)),
(6) (Hoa(curl, W), H, (W), (d) (Halcurl, W), HI(W).

Proof. On the two spaces H(curl, W) and L?(W,C3) we define again inner products
Jycurlu - curld + pu - © and [, pu - U, respectively. We use the decomposition
H(cur, W) = D @& G with D as in Lemma A.1 (that is: (A.1) for the choice (a)).
We decompose u; as

u;j = v; + Vi; withv; € D and ¢o; € H'(W).

Since v; is obtained as a projection of u;, the sequence v; is bounded in H (curl, W).
Additionally, the sequence lies in D. Lemma A.1 provided the compactness of the
subspace D, hence we find a subsequence j — oo and a limit function v such that
v; = v in L*(W,C?).

The functions ¢; € H'(WW) solve the problem

/pV%-V@:/ p(uj—vj)-Vsoz/ fip forall p € H'(W).
w w w

We consider the solution operator f; — V1), of this problem. By the Lax-Milgram

!/

lemma, the solution operator is a bounded operator (Hl(W)) — L*(W,C?) on
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the dual space (HI(W))I of HY(W). As H'(W) is compactly imbedded in L*(W),
the embedding L*(W) — (H I(W))/ is also compact. This compactness allows to
choose a subsequence j — oo and a limit function f € L*(W,C?) such that f; — f
is a strong convergence in (H 1(I/V))/. The corresponding solutions Vi, are then
strongly convergent in L?(W, C?).

The strong convergences of v; and V1); imply the strong convergence of u;. This
concludes the proof in the case (X,Y) = (H(curl, W), H*(W,C)).

Case (b) with the pair (X,Y) = (Ho(curl, W), Hj(W)) can be shown with exactly
the same arguments, compare the remark after the proof of Lemma A.1.

We now turn to the cases (¢) and (d) which involve functions with quasiperiodic
boundary conditions at the flat boundaries {0} x S and {27} x S. We start by
choosing a cut-off function n € C*°(R) with n(x;) = 1 for 2 € [0,27] and n(x1) =0
for z1 ¢ [—1,2r + 1]. Let now u; be a bounded sequence in X as demanded in
the lemma. We identify u; and f; with their quasiperiodic extensions to R x S.
We consider the truncated sequence @;(z) := n(x1) uj(x). This truncated sequence
satisfies homogeneous Dirichlet conditions on the boundaries {x|x; = —27} and
{z |z, = 47} of the cylinder W := (=27, 4r) x S. For the truncated sequence we
observe, for an arbitrary a-quasiperiodic test-function ¢,

/pﬂj-V¢=[pufWW%[ﬂWW@Z[fjnw—[pujV??so
w w w w w
:/[fj_Puj'Vn]SO-
w

The sequence fj = f; — pu; - Vnis bounded in LQ(W). We can therefore apply the
compactness result for case (b) with the domain W and obtain the convergence of a

subsequence @; in L*(W). This implies, along this subsequence, also the convergence
of u; in L*(W). O

For use in Appendix B, we formulate the following special case of our results.

Corollary A.3. Let € L>®(W) be bounded below by some positive constant and
let a € [=1/2,1/2] be a quasimoment. Then the space

{u € H,(curl, W)

/ pu - Vi =0 for all ) € Holé(W)}
W
is compactly imbedded in L*(W,C3).

APPENDIX B. PROPERTIES OF THE OPERATOR curl curl

In this appendix, we study an operator on a space of a-quasiperiodic functions.
The parameter o € [ is fixed throughout this appendix and any dependence on « is
suppressed. Correspondingly, for notational convenience, we suppress the tilde that
was used in (2.11) and write L instead of L,. In this appendix, we study the space
H,(curl, W), equipped with the scalar product

(B.1) (s 0 curtir) = /

W
and the operator L : H,(curl, W) — H,/(curl, W), defined by

<B2) <LU, @)H(Curl,W) = /
w

1
{—curlu-curlgp+,uu-gp}
£

1
{—curlu-curlcp—uﬂ,uu-go}
€
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for all u,p € Hy(curl,IW). As above, W = (0,27) x S and ¢,y € L*(Q2) are real
valued and have a positive lower bound.

The previous subsection provides with case (d) the Helmholtz decomposition
H,(curl, W) = D & G with

D = {ueHa(curl,W)‘/ pu - Vip =0 for allweHé(W)},
w

G = {ve Hy(cwr,W) |3 € Hy(W): v=Vi}.
The subspace D is the H (curl, W)-orthogonal complement of G.

Lemma B.1 (Fredholm property). The operator L is a self-adjoint Fredholm oper-
ator with index 0.

Proof. The definition of L in (B.2) is symmetric, this implies that L is self-adjoint.

Step 1: Ezpressing L in the decomposition H,(curl, W) = D @ G. We claim that
Lu € D holds for every u € D. This follows when we show that Lu is orthogonal to
G. Let therefore v = Vi € G be arbitrary. We calculate

<Lu7 U>H(curl,W) = <Lu7 Vzﬁ)H(curl,W) = _w2<,uu; Vw>L2(W) = 07

using the definition of D. This shows L|p : D — D. The same calculation can be
performed for G: Let v € G be arbitrary, we consider Lv € X and a test-function
u € D to calculate

<L117 U>H(cur1,W) = —w2<,tw, U>L2(W) = —W2<U, ,UU>L2(W) =0,

where we exploited that p is real. This shows L|g : G — G. We can therefore write
L on the space H,(curl, W) = D & G in the form

(B.3) L= (L!)D L(!)G) .

Step 2: Fredholm property of L|p. We claim that L|p : D — D is a Fredholm
operator with index 0. To prove this, we show a stronger property, namely that
K := L —id is a compact operator D — D. The equation Ku = F' is equivalent to
Lu = u + F', which can be written as

(L, ©) Hcu,wy = (U, @) H(eun,w) + (F, @) Hewtwy for all ¢ € Hy(curl, W) .
This, by definition of L, is equivalent to

1 1
/ —curlu - curl g — w?pu - @ :/ —curlu - curlg + pru - @ + (F, ©) i (cut,w)
w € w €

for all ¢ € H,(curl, W), and hence also equivalent to

<B4) / K (1 + WQ) u-p= _<F7 @)H(Curl,W) for all pE HQ(CUI'L W) :
w

In order to show compactness of K, we consider a bounded sequence u; € D
and the images F; := Ku;. Corollary A.3 provides compactness of D in L?(W, C?),
hence, up to the choice of a subsequence (not relabeled), we can assume u; — u in
L*(W,C?). Because of (B.4), the sequence Fj consists of the Riesz representations
of (—pu(1 4 w?)uj, 2wy in H(curl, W). This implies the convergence F; — F in
H(curl, W). Since we have found a convergent subsequence of the images F}, we
have verified the compactness of K.

Step 3: Fredholm property of L|g. Let us investigate the action of L on the
subspace GG. We consider Lu = F with u € G and, hence, F' € G. The equation is
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reads (Lu, ©) g(cur,w) = (F, ©) H(cun,w) for every ¢ € Ho(W). By definition of L and
by definition of the scalar product on H (curl, W), this is equivalent to — fw Wi
Q= fW wF-@. We find that, on GG, the operator L is nothing but the multiplication
u — —w?u. This operator has a continuous inverse and is therefore a Fredholm
operator with index 0.

Step 2 and Step 3 imply that L is Fredholm with index 0. O

APPENDIX C. DECAY OF SOLUTIONS TO POISSON PROBLEMS

The subsequent lemma is a very general statement about solutions of Poisson
problems in unbounded cylindrical domains. In this appendix, we only assume the
following: The dimension is d > 2, the set S C R%! is a bounded Lipschitz domain,
the unbounded domain is €2 = R x S, the coefficient is a map p : 2 — R of class
L*>(Q) with a positive lower bound. In particular, we do not assume that p is
periodic in direction x7.

In our results on compactly perturbed media, we use the lemma with the coeffi-
cient function p being the permittivity € or the permeability p. For shorter formulas,
we use here segments of unit length instead of segments of length 2.

Lemma C.1 (Decay of Poisson solutions). Let p : Q — R be of class L>°(Q2) with
a positive lower bound. Let R > 0 be fized, we consider right-hand sides g that are
supported in Qg = (=R, R) x S. For arbitrary r > 0 let W,. be the segment W, =
(r,r4+1)x.S. Then there ezists a constant C = C(p, R) and a decay rate § = §(p, R)
such that the following holds: For every function g :  — C that is supported in
Qg, the two Poisson problems below have solutions which decay exponentially. More
precisely:
Dirichlet problem: Fuvery solution v € Hg(2,C) of

(C.1) /va'V@:/gV@ Y o € Hy(Q)
Q Q

satisfies the exponential decay estimate:

(C.2) / Vol? < CllglEagy e VreR.
W

Neumann problem: Every solution v € H(Q) := {v € L2 .(Q)|Vv € L*(Q)}
of the Neumann problem

(C.3) /pVU-Vgoz/g-Vgo Ve H(Q).
Q Q

satisfies the exponential decay estimate (C.2).

Proof. Step 1: Existence of solutions. The Dirichlet problem can be solved in stan-
dard function spaces with the Lax-Milgram lemma. On the space Hj(Q2) we use
the sesquilinear form b(v, ) := [, pVv - V@. This form is coercive since Hg(f)
permits a Poincaré inequality [, [v]* < Cp [, [Vo[*>. The right-hand side of (C.1)
defines a linear form on ¢ € Hj (). We find existence and uniqueness of solutions
v € Hj(Q, C) together with an estimate ||v]| g1 < Cllg]l22(p)-

For the Neumann problem (C.3) one has to modify the function space. We use
the space H'(Q) := {v € L2.(Q,C)|Vv € L*(Q)} with the squared norm ||v||? :=
fQR [v|*+ [, [Vv|?, and consider once more the sesquilinear form b(v, ) := [, pVov -

V@. In order to find a solution v, we restrict b to a closed subspace of H'(£),
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namely to H}(Q) := {v € H'(Q) ‘ Jo, v = O}. The Poincaré inequality on Q for

vanishing averages of u implies that b is coercive on H!(); the Lax-Milgram lemma
yields a solution v € H(Q) of

(C.4) b(v,v) = / g-Vip  forallp € HHR).
Q

An arbitrary function‘ Y E H 1(Q) can be decomposed, for some constant ¢ € C, as
p = c+¢ with ¢» € H}(Q). This allows to check (C.3): For arbitrary ¢ = c+1 €
H'(Q) with ¢ € H}(Q) holds

/prwz/va?ww:b@,w)=/Qg-v2/7=/gg.w.

Lax-Milgram yields also the uniqueness of Vv and, hence, uniqueness up to constants
of v. We emphasize that, in general, v will not be of class L?(f2), for any choice of
the constant.

Step 2: Fxponential decay for the Dirichlet problem. We consider a solution
v € H}(Q) of (C.1). All constants in this proof will be independent of v and g, they
depend on p only through the upper and lower bounds of p.

For arbitrary r > 0, we use the domain %, := (r,00) x S C Q. We perform all
arguments for r > 0, the arguments for r < 0 are analogous.

We note that the test-function ¢ = v leads to the equality [, p|Vo|* = [, g- V7.
We now modify the test-function and construct ¢ as follows: ¢(x) := v(x) for z; < r,
o(x) =v(x)(r+1—x) forr <z <r+1, ¢(z) := 0 for ; > r+1. The definition
implies p € HJ (), hence ¢ is an admissible test-function. For r > R we find, using
that the support of g is contained in g,

/p[Vv[zz/g-szfg-Vgo = /va-Vgo
Q Q Q Q

:/ p|Vv|2+/ pVu-[(VO)(r+1—x1) —veq].
o\, W,

Subtracting the first term of the right-hand side, and using a Poincaré inequality
for the last integral, we find

(C.5) / VP < C / pIVuf?
™ W’V‘

The constant C' > 1 is independent of r, it is a consequence of the Poincaré inequality
vllzow,y < Cp|IVol| 2w, for all v € Hg(Q2). Inequality (C.5) allows to calculate

1
o) [ ovep = [ pvep - [ p|Vv|2s(1——) LR
Er+1 T T C E'r

This implies, in particular, the exponential decay (C.2).

Step 3: FEzxponential decay for the Neumann problem. We follow the ideas of
Step 2 and consider the solution v € H*(Q) of (C.3). Without loss of generality,
subtracting a constant, we can assume v € H!(Q); this means that we work with
the solution v that was found by solving (C.4).
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For » > R, we consider the average ¢, := ﬁ fWr v of the function v in W, and
define
v(z) for 1 <r,
px) =S¢+ W) —¢)r+1—mz) forr<az <r+1,
Cr forxy >r+1.

We note that, for 7 = r, the expression in the middle coincides with v, while, for
x1 = r+ 1, the expression in the middle coincides with ¢,. In particular, there holds

o€ H(Q).
Repeating the first calculation of Step 2 yields

/Tp|w|2 _ / PV (V) +1—a1) — (5— ) e

The constant ¢, is chosen such that [;;, (v —¢,) = 0. This allows to use a Poincaré
inequality on W;: There exists Cp > 0 with ||9]/z2w,) < Cp||V| 2wy for all
v € HY(W,) with [, @ = 0, the constant Cp is independent of r. Using this
inequality for v = v — ¢,, we obtain

/ oIV < [ p|vuf?

Wy
with C' independent of g, v, and 7. We have thus obtained (C.5) also in the Neumann
case and the exponential decay follows as in Step 2. OJ

Data Availability Statement: No datasets were generated or analysed during the
current study.
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